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The current issue of the Bulgarian Chemical
Communications consists the papers, presented as
lectures and posters at the 6th national conference
“Sofia Electrochemical Days’2017” (SED’2017
held in Sofia from 10 to 13 May 2017.

The forum dedicated to the 50th anniversary of
the “Academician Evgeni Budevski Institute of
Electrochemistry and Energy Systems”, Bulgarian
Academy of Sciences gathered more than 80
participants from 12 countries - young and
experienced scientists, representatives of various
academic institutions and companies. For the first
time the conference was sponsored by the
International Electrochemical Society (ISE).

During the conference a jubilee session was held,
attended by The President of Bulgarian Academy of
Science, directors of scientific institutes, and
representatives of many partner organizations. On
the occasion of the jubilee, IEES was awarded with

the honorary plaque of BAS “Marin Drinov” for
merits in the development of electrochemistry in
Bulgaria and globally.

The organizers would like to express their
gratitude to the SED’2017 participants for their
contribution to the conference success as well for the
warm and collaborative atmosphere they created.
We express our sincere thanks to the authors for their
incentive presentations, to the referees for their
efforts in reviewing the submitted manuscripts and
to the Editorial Board of the Bulgarian Chemical
Communications for the publications in this issue.

Guest editor:

Antonia Stoyanova,

Academician Evgeni  Budevski Institute  of
Electrochemistry and Energy Systems, Bulgarian
Academy of Sciences
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AA1050 alloy against corrosion
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The present research provides data about the remarkable durability of Anodized Aluminum Oxide (AAO) film
grown on technically pure AA1050 alloy during and after extended exposure to 3.5% NaCl model corrosive medium.
The samples were cut from thick aluminum foil with approximate dimensions 30 x 30 mm. The anodization was
performed for 48 min in 15%wt. H,SO4 in galvanostatic (15 mA ¢m?) and isothermal (20 °C) regime. This process was
carried out in a two electrode cell with continuous stirring. The obtained AAO films were submitted to regular weekly
electrochemical measurements via Electrochemical Impedance Spectroscopy (EIS) and Linear Sweep Voltammetry
(LSV). The EIS spectra have shown almost pure capacitive behavior of the investigated samples. This fact is an
indication for the well-expressed insulating capability of the obtained AAO films. Furthermore, the specimens kept their
capacitance during the entire exposure period, showing remarkable AAO durability. Only gradual EIS spectra shape
evolution was registered, without any abrupt changes. The obtained spectra were further submitted to quantitative data
fitting analysis to suitable equivalent circuits. The EIS results were further confirmed by the LSV measurements. The
registered currents were in the range of the equipment minimum detection threshold, confirming the assumption for the
purely capacitive AAO behavior. The obtained data reveal that the formed AAO films efficiently protect the metallic
substrates even after 5208 hours of exposure without any indication for corrosion damage.

Keywords: Anodization, Alumina films, EIS, LSV
INTRODUCTION

Pure aluminum and its low doped alloys find
various applications in both mass production and
hi-tech industrial sectors. One of the widest fields
of use of this metal is the packaging of various
nutrition products and soft drinks [1-4]. However,
reliable packaging requires additional surface
protection of the Al-based packaging materials,
prior to contact with whatever nutrition product.
This requirement has arisen because Al-ions
resorption was recently evinced from such
packaging products [5-7], which can be dangerous
for the human health [8, 9]. The specific
conjunction of electrical conductivity with the
strength to weight ratio [10-12] makes aluminum an
indispensable material for high voltage, long
distance electricity distribution [13-16]. Aluminum
rolls with precisely textured AAO surfaces are
widely used for ink-printing on paper and plastic
packaging materials [17-20], and even for
production of flexible solar cells by printing [21].

Anodization is a relatively simple process,
which at defined conditions enables the formation
of highly ordered oxide layers with various possible
applications in the hi-tech industrial branch. The
AAO films are representative for the so called
“self-assembled monolayers” (SAM) [22]. Besides,
both the porous and barrier AAO layers can be
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successfully used for large series of Metal Oxide

Semiconductor  (MOS), Metal Dielectric
Semiconductor (MDS) and Metal Oxide
Semiconductor Field Effect (MOSFE) high
performance transistors and integral micro-

schemes, based on these electronic elements [23-
25]. The capabilities of the anodized aluminum
self-assembled layers have recently been
investigated for fuel cell electrodes [26] and even
for gas analysis sensors [27] and biosensors [28].
The aim of the present research work is to
provide information regarding the durability of
porous AAO layers on AA1050 substrates in a
conventional 3.5% NaCl model corrosive medium.
The experiments were performed by regular (once
per week) electrochemical measurements via
Electrochemical Impedance Spectroscopy (EIS)
and Linear Sweep Voltammetry (LSV) for
extended exposure times, up to 5208 hours.

EXPERIMENTAL

A set of samples of technically pure aluminum
(AA1050) were submitted to anodization and
subsequent electrochemical measurements. The
samples were preliminary etched in 50 g dm?
NaOH solution at 60°C and then activated in
diluted (1:1 v/v) HNO3z at room temperature. Both
operations were performed for two minutes. The

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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anodization was performed for 48 min. in 15%wt.
H.SO, in galvanostatic (15 mA c¢m?) and
isothermal (20 °C) regime, after vigorous cleaning
by tap and distilled water. This process was carried
out in a two electrode cell (250 ml) with continuous
stirring. The actual working zones, submitted to
anodization were with a diameter of 24.5 mm for
all samples.

The already anodized samples were then put
through electrochemical characterizations, using
Electrochemical Impedance Spectroscopy (EIS)
and Linear Sweep Voltammetry (LSV) as
measurement  techniques. The respective
measurements were carried out regularly (once per
week), until 5208 hours of exposure to 3.5% NaCl
(100 ml) model corrosive medium. The sample
exposure was carried out in three electrode cells
with Ag/AgCI/3M KCI reference electrode and a
platinum cylindrical counter-electrode. Only part of
the anodized zones (diam. 16 mm) was exposed to
the electrolyte, in order to avoid any edge effects.

The EIS data acquisition was performed in the
frequency range from 10* to 102 Hz, distributed in
50 steps at 120 mV, according to the Open Circuit
Potential (OCP). This excitation signal amplitude
was selected in order to overcome the high oxide
layer resistance. After each EIS spectrum
recording, individual LSV curves were recorded
from +30 to -500 mV (in cathodic direction) and
from -30 to +600 mV (in anodic direction),
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respectively. The cathodic curves were acquired
immediately after the EIS spectra acquisition,
whereas the anodic ones were recorded after several
hours of retention at OCP. This measurement cycle
organization was selected for avoiding any
polarization effects from the cathodic curves, on the
shape of the anodic ones. The LSV curves in both
directions were recorded with a potential sweep rate
of 10 mV s?, in order to avoid any electrode
damage due to excessive polarization.

RESULTS AND DISCUSSION

The visual inspection of the investigated
samples (after 5208 hours of exposure to model
corrosive medium) has shown lack of any notable
features of localized corrosion attack whatsoever.

Since all specimens revealed absence of any
corrosion activity, the possible AAO deterioration
caused by the corrosive medium was evaluated by
precise data analysis of the performed
electrochemical measurements.

Electrochemical impedance spectroscopy
Initial EIS spectra acquisition

The EIS spectra, acquired after 168 hours of
exposure resemble capacitors, due to the well-
defined barrier properties of the formed AAO
layers. An example for the EIS spectra of three
samples is shown in Fig. 1.
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Fig.1. EIS spectra of three samples, recorded after 168 hours of exposure: Nyquist (a) and Bode (b) plots.

Besides, obviously the spectra in Fig. 1 almost
completely overlap, indicating the remarkable
reproducibility of the obtained AAO films. In order
to determine the AAO durability, the experiments
have been extended for larger exposure times, up to
5208 hours. The obtained results are shown below.

EIS spectra shape evolution within the exposure to
the model corrosive medium

Fig. 2 illustrates the typical EIS evolution

trends during the sample exposure to the corrosive

medium. The Nyquist plots (Fig. 2a) acquired after

336 hours, until 5208 hours of exposure, remain
unchanged, being almost straight vertical lines.
Since such lines are typical for electronic
capacitors, it can be inferred that the AAO films
grown on AA1050 substrates possess definitely
insulating properties which do not suffer significant
changes during the entire period of exposure.
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Fig. 2. Nyquist (a) and Bode (b) plots of typical EIS
spectra, acquired after different exposure durations

The Bode plots (Fig. 2b) recorded after the
same periods of time look more distinguishable
from each other. The maxima of the ¢/log(f) lines
displace towards the lower frequency range and at
the high frequency range minima appear.
Simultaneously, additional inflexions of the
log|Z|/log(f) curves appear, revealing an increase of
the electrical resistance. This gradual change of the
EIS spectra during the exposure, reveal coincident
increase of the capacitive and the resistive
components of the spectra. Both these trends reveal
an AAO thickness decrease, combined with
obstruction of the AAO pores and possible defects
by insoluble corrosion products. These effects are
probably result of the following reactions
proceeding during the exposure of the AAO coated
AA1050 samples to the model corrosive medium
[29]:

Al;O3 + 6H* + 6CI" < 2AICl3 + 3H,0
1)
Although the corrosive medium provides a
neutral environment (pH = 7), local acidification
appears near the metallic surface, according to [30]:

AP* + H,0 — AI(OH)?* + H )
AP + 3H;0 — Al(OH)s + 3H* )

Alternatively, because the model corrosive
medium was left to natural aeration, it contains
dissolved oxygen and it can cause localized
alkalization, following the reactions [30]:

O, + 2H,0 + 4e" — 40H" (4)
2H,0 + 2e- — 20H" (5)

The hydroxide anion generation causes additional
attack against the AAO layer:

Al;O3 + OH — AlI(OH); (6)

Both proposed chemical mechanisms result in
AAO thickness decrease, combined by obstruction
of the AAO pores and possible defects by insoluble
corrosion products. The occurrence of such
insoluble products with Keggin type cluster
structures was proposed in previous works [31, 32].
This concept has served as a basis for the
equivalent circuit description, commented below.

EIS modeling and quantitative data analysis

In order to obtain quantitative data, the
acquired EIS spectra were fitted to suitable
equivalent circuits, following the basic circuit
description code (CDC) rules, proposed by
Boukamp [33]. There, the capacitance elements are
being used for description of charge transfer across
interfaces, whereas the ohmic elements describe the
charge transport through homogeneous medium.
The spectra acquired after 168 hours of exposure
were appropriate for fitting to an equivalent circuit,
composed by two parallel RC-units, connected in
series. However, after 336 hours of exposure, an
additional constant phase element (CPEgi) was
necessary for data fitting. The need for this
supplemental element is a consequence of the
already occured notable obstruction of the AAO
pores by corrosion products, commented above.
Consequently, the equivalent circuit suitable for
EIS data fitting after 336 hours of exposure was
composed by two time constants (i.e. parallel RC-
units), with additional CPE, as illustrated in Fig. 3.
The first element of the equivalent circuit is the
model corrosive medium (electrolyte) resistance
(Re)), which is consecutively connected with the
first time constant (Coxy, Roxy). It is composed by
the capacitance of the interface between the model
corrosive  medium and AAO (Coxy) and the
resistance of the electrolyte, within the pores of the
oxide layer (Roxy). The second time constant (Ceal,
Rct) can be ascribed to the interface between AAO
and the metallic substrate. It comprises the electric
double layer capacitance (Cea) and the charge
transfer resistance (Rc). Finally, the additional
constant phase element (CPEgi) describes the
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diffusion limitations caused by the corrosion
product obstruction.

The quantitative data acquired by the fitting of
the spectra shown in Fig. 2, to the equivalent
circuits, illustrated in Fig.3 are summarized in
Table 1 (for three of the investigated samples). It
shows only the numerical values determined at 336
and 5208 hours of exposure, since it would be
onerous to represent the obtained data from all
recorded spectra (all exposure times).

Re 3.5% NaCl model
corrosive medium
(electrolyte)

Anodic Alumina
Oxide (AAO) layer

== Oxide layer pores

_.. Insoluble corrosion
"~ products

| Metallic substrate

__ICPEus N

Fig. 3. llustration of the equivalent circuit, suitable for
EIS data fitting for extended exposure durations and the
respective conceptual model.

Table 1. EIS data fitting results for the corrosion process kinetics

336 hours of exposure

Element Unit Sample 1 Sample 2 Sample 3
Rel Q cm? 29.94 +2.03 95.40 £ 6.12 30.7 £6.32
Coxy F cm™? 107 2.67+£0.21 2.97+0.03 3.19+£0.26
Roxy Q cm? 108 0.49 £0.04 0.204 £ 0.002 0.48 £0.01
Cel Fcm? 107 1.16 £ 0.01 1.36 £0.06 1.44 +0.01
Ret Q cm? 103 0.17£0.03 0.46 +0.02 0.24 £ 0.01
Quiff s" Q1 cm? 107 5.91+0.31 6.36 £ 0.05 6.04 + 0.89
n 0.71 £0.02 0.82 £0.03 0.84 £0.02
5208 hours of exposure

Element Unit Sample 1 Sample 2 Sample 3
Rel Q cm? 103 2.44 +0.43 3.00 +0.63 2.80+0.56
Coxy F cm™? 10° 12.55+2.88 11.78 £ 1.62 13.16 £ 1.69
Roxy Q cm? 108 163.40 £ 3.58 122.80 £ 8.65 131.40 £ 7.00
Ceal Fcm? 10° 3.34+0.16 2.34+0.10 2.58+0.12
Ret Q cm? 108 63.60 £2.47 73.60 £7.21 60.80 £5.33
Quife s" Q1 em? 107 5.06+£0.10 4.88+0.11 546 +£0.12
n 0.90+0.01 0.88 +£0.01 0.89 £0.01

The comparison of the data, represented in
Table 1 shows that both Coxy and Ceqi, decrease by
three orders of magnitude from 10 to 10° F cm™,
The diffusion related constant phase element
(CPEuifr), follows the same trend. However its
coefficient (n) retains its value (around 1). This fact
indicates that the CPEgis resembles pure
capacitance, resulting from the obstruction effect,
caused by the insoluble corrosion products.
Simultaneously, all the resistance elements: R,
Roxy and Re, increase in value, due to corrosion
products  accumulation.  Consequently,  the
accumulation of polynuclear Keggin type
Alx(OH)sx,Cl; corrosion products suppresses the
Al-oxide layer thinning, by hindering the access of
corrosive species to the surface.

The impedance spectra components do not
follow similar trends of evolution (Fig. 4).

The Re, initially increases progressively, and
afterwards remains unchanged at about 3 kQ cm?.
The rest resistance components Roxy and Reqi tend to
increase linearly. This difference of the resistance
evolution kinetics can be explained, having in mind
that Re corresponds to the total accumulation of
corrosion products on the entire sample surface,
whereas Roxy and Reql are rather related only to the
corrosion product accumulation inside the AAO
pores and defects.

The capacitance elements show similar trends.
Initially, Coxy shows a sharp decrease, followed by
reaching of almost steady state at about 2 nF cm.
The Ceq and CPEgisr suffer weak linear decrease
with insignificant slope.
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Fig. 4. Resistance (a - ¢), capacitance and CPE (d - f) values evolution during the exposure to the model corrosive
medium

Linear sweep voltammetry

This method was used, because any eventual
AAO breakdowns could easily be determined by
the sharp changes of the respective LSV curves.
Besides, this method enables the detection of
localized corrosion activities [34], by the
occurrence of sharp inflexions in the anodic LSV
branches.

In the present case the LSV curves acquired
even after 5208 hours of exposure to the model
corrosive medium, remain at the equipment
minimal current detection threshold (Fig. 5).

This fact obviously evinces the lack of any
oxide film breakdowns for the entire period of

10

exposure (5208 hours), confirming the inferences
done for the EIS measurements. The LSV curves
are horizontal, revealing the passivation role of the
AAO formed during anodization.

Summarizing the data obtained by both
electrochemical methods, it can be concluded that
the corrosion process of anodized AA1050 alloy in
stationary hydrodynamic conditions is a self-
inhibiting process, due to the insoluble corrosion
products accumulation and the consequent pore
obstruction. These processes suppress the corrosion
process, because of the corrosive species hindering
the inside of AAO pores and defects.
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Fig. 5. Cathodic (a) and anodic (b) LSV curves, recorded for two exposure durations (336 and 5208 h)

CONCLUSIONS

The remarkable durability of Anodized
Aluminum Oxide (AAO) layer grown on
technically  pure aluminum  substrates in
conventional 3.5% NaCl model corrosive medium
was evaluated. The specimens did not show any
remarkable indications for corrosion even after
5208 hours of exposure.

The acquired EIS spectra have shown almost
pure capacitance, revealing the well-defined
insulation properties of the obtained AAOs. Indeed,
the phase shift approached 90 degrees. Besides, the
spectra shapes changed gradually, due to lack of
any film breakdowns for the entire exposure period.

A guantitative numerical analysis was applied
to the acquired EIS spectra by fitting to appropriate
equivalent circuits. The successful data fitting
required pure capacitances (C), instead of Constant
Phase Elements (CPE). This fact confirms the
purely capacitive properties of the obtained AAO
films. The equivalent circuit data fitting has shown
that additional CPE was necessary for the data
fitting of the spectra, acquired after 336 hours of
exposure. This element was ascribed to pore
obstruction by Alx(OH)sx,Cly products. The further
data fitting analysis has shown gradual decrease of
the capacitances, coupled by simultaneous
resistance increment.

On the basis of all data, it was established that
the AAO suffer gradual deterioration which
decelerates with time. The reason for this
deceleration is the access suppression of corrosive
species, due to the pore obstruction commented
above.

The LSV curves have undoubtedly confirmed
the inferences done for the EIS data analysis. All
the curves, acquired for the entire period of 5208
hours of exposure were at insignificant currents,
approaching the equipment minimum current
detection threshold. This fact confirms the
statement that the AAO films are able to resist and

do not suffer any breakdowns for the entire
exposure period.

Acknowledgements: The authors are grateful for
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KOPO3VMOHHA YCTOMYNBOCT HA AHOIHM OKCUJTHU CJIOEBE (AOC) OTJIOXKEHU
BBPXY TEXHUYECKU YUCTA CITJIAB AA1050

K. A. Tuprunos, C. B. Koxyxapos, M. X. Munanec
Xumuxomexuonoauuen u memanypeuuen ynusepcumem, oyin. Knumenm OxpuockulNe8, 1756 Cogus, bvreapus
[Hoctenuna va 03 ronu 2017 r.; npuera Ha 07 oktomBpu 2017 1.
(Pesrome)

[IpencraBeHu ca JaHHW 3a 3HAYHTEIHATa KOPO3WOHHA YCTOWYHMBOCT HA aHOAHM OokcuiHH cioeBe (AOC), popmupann
BBpPXY TexHHYeckaTa anymuHuesa ciuias AA1050. @opmupaneTo Ha OKCUIHUTE QUIMHU € IPOBEJCHO rajBaHOCTATUYHO
(15 mAcm?) u usorepmuuno (20 °C) B 15% H,SO0s, B npoasmkennena 48 min. IIporechT e npoBeskaad ¢ 06pasy oT
AAI1050 (30x30 mm) B ABYeNEKTpOAHA €JIEKTPOJM3HA KJIETKa, NMPH HENPEeKbCHATO pa30bpKBaHE HA EJIEKTPOJINTA.
WacneaBanusata Ha AOC ca npoBeneHu clie] MPoIbDKUTENHO (10 5208 vaca) ekcrioHupaHe Ha o0pa3uTe B MOJETHA
koposuonHa cpera (3.5%  NaCl). Upes Enexrpoxumuuna Wmmemancua Cnekrpockonus (EWMC) wu Jluneiina
Bonramnepomerpust (JIBA) okcugHHTE ClIOeBe Ca TOMJIAraHW HAa PETYIIPHA (€KECEAMHUYHH) EICKTPOXUMHYHU
HU3MEpBaHUsA. AHANM3BT Ha UMIICJAHCHUTE CIIEKTPH ITOKA3Ba MOYTH YHCTO KAMAIIMTHBHO IMOBEICHHUE HA W3CJICIBAHHUTE
00pa3my, KOeTo ce ABDKU Ha J00pe M3pa3eHaTa M30JIaTOpHA CIIOCOOHOCT Ha OKCHAHUTE clioeBe. OKCHIHUTE CIOeBE
3ama3BaT CBOUTE KAITAIMTHBHHU CBOWCTBA Tpe3 MENWs MNEpUoJ Ha eKCIIO3WIHA, JAEMOHCTPHPAWKH MHOTO I00pa
KOPO3HOHHA yCTOHYHMBOCT. [loydeHNTEe MMITEJAaHCHH CIIEKTPH Ca TOTOKCHH HA KOJMMYECTBCH aHAIN3 TIPH H3IIOJI3BaHE
Ha TIOJXO/IAIIN CKBUBAJIICHTHU CXeMH. Pe3ynTatuTe MOIy4YeHH Upe3 UMIICAaHCHHUTE CIIEKTpH 3a cBoiicTBata Ha AOC ca
TIOTBBPACHU U OT MPOBEACHUTE BOJTAMIICPOMECTPUYHN U3MCPBAHUA. PCFI/ICTpI/IpaHI/ITe TOKOBH IINIBbTHOCTHU (B AHOOHA U
KaToJHA TIOCOKA) TIOTBHPKIABAT 3aKIIOUEHUATA 33 MOYTH YHUCTOTO KamaluTUBHO ToBeaeHue Ha dopmupanute AOC.
[Tonmydyennte maHHM TOKa3Batr, ue mopu ciex 5208 vacoBo m3iaraHe B KOpPO3WMOHHA cpela He ce HabmojaBaT
3a0esIeXMMH KOPO3UOHHM NopaxkeHHs. ToBa € yOemIuTenHo 10Ka3aTescTBO, 4e (OPMUPAHUTE OKCHIIHH CIOEBE MOraT
edexTuBHO Aa 3amuraBat arymuHueBata AA1050 crinas.

KirouoBu nymu: Anomupane, AHonan ¢uimu Bepxy amymunnid, EC, JICB
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The remarkable difference between the mechanical properties of pure aluminum and its industrial alloys
predetermines significant variations in their chemical comportment. This fact imposes more detailed investigations on
the correlation between the alloy’s chemical composition and its behavior during the preliminary chemical treatments
and further exposure to corrosive media. In this sense, the present research is devoted to the comparison of Anodic
Aluminum Oxide (AAO) films, formed at the same conditions on technically pure aluminum (TPA) and the highly
doped (AA2024-T3) aircraft alloy. The anodization process was performed galvanostatically with simultaneous in-situ
chrono-potentiometric curve recording. The electrochemical behavior of the investigated anodized specimens in 3.5
%NaCl medium was elucidated by Electrochemical Impedance Spectroscopy (EIS) and Linear Voltammetry (LVA).
The topology of the obtained AAO films was observed by Scanning Electron Microscopy (SEM) and Atomic Force
Microscopy (AFM). Remarkable differences between the AAO films formed on TPA and AA2024-T3 were registered
by all analytical techniques used in the present research. The electrochemical methods used have shown completely
different curve shapes and the further numerical analysis confirmed the observed significant dissimilarities. The SEM
and AFM surface observations also revealed entirely different surface morphologies, for both investigated aluminum
compositions. The remarkably distinguishable morphologies were observed in both cases: prior to and after anodization.
Summarizing the results of both types of electrochemical measurements and the topological observations, it can be
inferred that the TPA forms uniform barrier AAO film, whereas the oxide layer on AA2024-T3 is rather cracked and
possesses lower durability in the model corrosive medium.

Keywords: Aluminum anodization, AA2024-T3, EIS, LVA, SEM, AFM

INTRODUCTION

Although the anodization process has been
intensively studied [1-13] and well described in the
literature [14], its impact on Al-based industrial
alloys is not sufficiently investigated. On the other
hand, the industrial branch requires highly doped
alloys with extended mechanical strength and
reliable exploitation characteristics [15, 16]. The
alloying dopants promote chemical and structural
heterogeneity, which enhances the resulting alloys’
susceptibility to localized corrosion [17-22].
Especially, the Cu-Mg-doped AA2024 type of
alloys contains a large variety of intermetallic
inclusions, which precipitate during the finishing
metallurgical thermal post-treatments [23, 24].
These inclusions initiate considerable deviations of
the alloy surface behavior from the expected for
pure aluminum. In a previous work [25], it was
established that the AA2024-T3 alloy has different
behavior than a clad alloy with the same
composition, during both coating primer deposition
and subsequent corrosion tests. In addition, only a
few papers on the AA2024-T3 anodization were

* To whom all correspondence should be sent.
E-mail: stephko1980@abv.bg

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

found [26-28], but the results reported in these
works are not compared to pure aluminum.

All these facts have predetermined the aim of
the  present research: to compare the
electrochemical characteristics and topological
features of Anodized Aluminum Oxide (AAO)
films, obtained at the same conditions on
technically pure aluminum and AA2024-T3 aircraft
alloy.

EXPERIMENTAL

Two sets by three samples of (Al 99.5%)
technically pure aluminum (signed as TPA) and
AA2024-T3 were submitted to anodization,
followed by  subsequent electrochemical
measurements and morphological observations.
Prior to anodizing, all samples underwent
preliminary treatment by etching in 50 g dm?
NaOH solution at 60 °C and activation in diluted
HNO; (1:1 wv/v) at room temperature. Both
procedures were performed for two minute,
followed by vigorous cleaning with tap and distilled
water.

The anodization was performed at
galvanostatic (15 mA cm) and isothermal (20 °C)
13
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conditions for 48 minutes with simultaneous in-situ
chrono-potentiometric  curves acquisition. The
curve recording enabled to determine the AAO
formation voltage (Ur) with anodization time (t). A
two electrode cell, with 250 ml of 15%wt. of H,SO4
with continuous stirring was used. The zones
submitted to anodization were circular with 24.5
mm diameter for all samples.

The electrochemical ~measurements were
performed after 24 and 168 hours of exposure to
100 ml 3.5% NaCl model corrosive medium in
three electrode cells. The exposed areas from the
anodized zones were 16 mm in diameter and served
as working electrodes. This lower surface area was
selected, in order to avoid any edge effects. The
signal acquisition was performed against
Ag/AgCI/3M  KCI  reference electrode and
cylindrical platinum mesh, serving as a counter
electrode.

The measurements were performed using
Electrochemical Impedance spectroscopy (EIS),
followed by Linear Voltammetry (LVA) in
cathodic and anodic directions. The former was
performed from 10 kHz to 10 mHz, with 50
frequency steps at 20 to 120 mV, according to the
Open Circuit Potential (OCP). This relatively high
excitation signal amplitude interval was selected
because of the high oxide layer resistance
(corresponding to definitely insulating properties in
the case of pure aluminum). After each EIS
spectrum acquisition, individual cathodic (from 30
to -500 mV) and anodic (from -30 to 500 mV) LVA
curves were acquired, respectively. The anodic
curves were recorded at least 3 hours after the
respective cathodic ones, in order to restore the
initial OCP values. The potential sweep in both
cases was 10 mVs?, in order to avoid any
significant polarization and electrode damage.

The AAO morphology of some of the samples
was additively observed by Scanning Electron
Microscopy (SEM), using a TESCAN SEM/FIB
LYRA | XMU device. The respective Atomic
Force Microscopy (AFM) observations were
performed on both cases of technically pure
aluminum and AA2024-T3 alloy. These
observations were done in dynamic regime by
Eayscan 2, “Nanosurf’ (Switzerland) on square
zones with linear size of 49.5 um from both the
anodized and bare areas, at 256 points per line of
resolution. The AFM device was equipped by TAP
190-G cantilever, produced by Budgetsensors
(Bulgaria).
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RESULTS AND DISCUSSION
In-situ data acquisition
In general terms, all the curves look quite
similar, being composed of a sharp vertical slope at
the beginning and horizontal line until the end of
the anodization process (Fig. 1).

.......
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Fig. 1. In-situ chronopotentiometric curves, acquired

during the anodization process

However, the more detailed analysis of the
Us(t)-curves reveals a sharp initial rise (until 22.5
V) in the case of TPA, whereas for AA2024-T3
alloy, there is a retention at about 30 - 40 s at 5 V.
This fact is related to the differences in the initial
oxide layers, formed on Al-foil and AA2024-T3
alloy during the preliminary treatment procedures.
In the former case, the oxide layer is more uniform
and has specific resistance of 1.5 kQ cm?, whereas
in the latter case the potential barrier at 5 Volts is
somehow related to the thinner oxide layer,
corresponding to a resistance of about 0.3 kQ cm?.
The occurrence of the potential retention at 5 V is
related either to copper oxidation or oxide layer
growth on the Al matrix adjacent and beneath the
intermetallic inclusions, after their dissolution.

Another difference between the in-situ Ux(t)-
curves is that the horizontal part in the case of TPA
is situated at 16.3 V, whereas the curves of the
AA2024-T3 alloy are positioned at 18.75 V. This
difference is related to the larger specific surface
area provided by the alloy. It is a consequence of
the higher roughness (commented in the next
sections), resulting from the intermetallics’
selective dissolution, during both the preliminary
treatment procedures and the anodization process
itself. Finally, it is worth mentioning that the
horizontal parts of the chrono-potentiometric curves
correspond to gradual proceeding of Al-oxidation
conjugated with reduction of HzO" ions to H, on the
cathode. In the case of AA2024-T3, these processes
are coincided with metallic Cu deposition on the
counter electrode. Thus, in the case of AA2024-T3,
besides reactions 1 and 3, additional reactions 2 and
4 proceed:
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On the anode:
4AI1° + 18H,0 — AP + Al,O3; + 6H3;0 + 6e

(1)
Cu® — Cu® + 2e 2

On the cathode:
6Hs0" + 6e- — 6H,0 + 3H, (3)
Cu® +2e — Cu° 4)

The additional reactions (2 and 4) require
higher voltage, in order to achieve 15 mA cm?,
which is the reason for the higher Us values for the
alloy.

Electrochemical measurements
The already anodized TPA and AA2024-T3
samples were submitted to  systematical
electrochemical measurements during exposure to
3.5% NaCl model corrosive medium. These
measurements  were  performed by two
electrochemical analytical methods.

Electrochemical Impedance Spectroscopy

The impedance spectra acquired at the initial
24 hours of exposure were not sufficiently
representative, probably due to intensive adsorption
and penetration of the corrosive medium species
across the oxide layers. Well-ordered impedance
spectra were acquired after 168 hours of exposure.
As it was mentioned in the experimental section,
the TPA samples needed EIS data acquisition at
much higher amplitudes (120 mV versus OCP), in
order to obtain readable spectra.

The rather distinguishable shapes of the EIS
spectra for the investigated types of aluminum
reveal clear structural differences of the AAO film
properties, as consequence of the respective
substrate compositions. An example of typical EIS
spectra acquired for both the investigated
compositions (i.e. TPA and AA2024) is represented
in Fig. 2.

The dependence of the phase shift (¢) on the
excitation signal frequency (f) (i.e. ¢(f)- curves) for
TPA show almost completely pure capacitance
from 1 kHz to 10 mHz, tending to 90° angular. For
comparison, the respective curves for AA2024-T3
in the Bode plots (position b) show two maxima at
the high and middle frequency ranges, combined
with indistinguishable inflexion at the lowest
frequencies.
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Fig.2. EIS spectra for AAO films after 168 hours of
exposure to the model corrosive medium

The Nyquist plots recorded for both types of
samples look rather different, as well. In the former
case (TPA) almost vertical arcs are obtained,
whereas in the alloy case, overlapped semi-circles
are observable. It is noteworthy, that pure
capacitors give vertical lines and consequently the
pure aluminum AAO films behave as almost pure
capacitors. Such behavior can be explained
assuming dense dielectric film, formed on TPA.
Another reason for the occurrence of almost
completely pure capacitance might be the higher
surface smoothness in the case of the technically
pure aluminum.

The rather different spectra shapes required
different equivalent circuits (EC) for quantitative
data fitting analysis (Fig. 3).

¥ Con C_{
Rel ”

Roxy Ret
—

b)
CPEquy1|| CPEoyxy2|| CPEea
Rel
Roxy1 Roxy2 Rct

Fig. 3. Equivalent circuits used for EIS data fitting: (a)
technically pure Al (TPA) and (b) AA2024-T3 aircraft
alloy
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The spectra acquired for TPA are composed by
only two time constants (i.e. parallel RC units),
whereas the data for AA2024-T3 were successfully
fitted to circuits, composed by three time constants,
connected in series.

Another, rather interesting feature of the
equivalent circuit, appropriate for the pure Al
spectra fitting was that the use of capacitors (C)
was more suitable instead of constant phase
elements (CPEs). This fact is an additional
evidence for the purely capacitive behavior of the
AAO films in this case.

The necessity for description of the AAO
formed on the AA2024-T3 alloys by surface CPEs
reveals structural and topological irregularity of the
oxide layer in this case. This irregularity is an
obvious consequence of the variation of the oxide
layer growth kinetics on the intermetallic inclusion
locations and the basic alloys’ Al-matrix. During
the anodization process, copper deposition was
observed on the cathode, according to reaction (4).
This fact is an evidence for Cu-dissolution from the
AA 2024-T3 alloy (reaction 2), coinciding the
AAO growth. Initially, it was suggested, that the
occurrence of two time constants in the case of
AA2024-T3 is a result of the simultaneous AAO
growth on the basic Al-matrix (with higher rate)
and under the actively dissolving Cu-intermetallics
(with lower rate, hindered by reactions 2 and 4).
However, this assumption is not consistent, because
otherwise the oxide layer time constants (CPEoyy:
Roxy1) and (CPEoxy2 Roxy2) should be connected in
parallel, but the data fitting to such equivalent
circuit was not successful. The consecutive
connection of both time constants reveals
occurrence of an interface inside the oxide layer.
Thus, distinguishable exterior and interior AAO
composing layers are obviously formed. The outer
electrolyte/outer oxide interface (CPEqxy1) and the
resistance (Roxy1) Of the electrolyte penetrated in its
defects belong to the upper irregular film. Beneath
this outer layer, another, inner layer is formed with
a well-defined intermediate interface. This
interphase is characterized by its own constant
phase element (CPEoy2) and ohmic resistance
(Roxy2). This resistance is probably related to
electrolyte penetration towards the metallic surface
or AI** ion transport resistance, as proposed in [1].

The last time constant for both equivalent
circuits (Ceat or CPEeq and Re) is related to the
chemical reactions of the corrosion process (i.e.
oxygen reduction and Al-oxidation) of the already
formed AAOQ films.

In order to evaluate the data dissipation, the
numerical data of all the investigated samples
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obtained by the data fitting of the EIS the spectra
by the equivalent circuits (Fig 3) are summarized in
Table 1.

The R« value of sample 3 of TPA group has
shown 96.85% deviation. The same trend has been
shown by the rest pure aluminum samples after
larger exposure times. Probably, the equivalent
circuit undergoes changes, due to corrosion product
accumulation.

Linear voltammetry

The averaged LVA curves in Fig. 4, acquired
after 168 hours of exposure show even more
remarkable differences between the typical
behavior possessed by the AAO layers on TPA and
the alloy, respectively. The LVA results confirm
the statements done for the EIS spectra. Indeed,
both the cathodic (position a) and anodic (position
b) types of curves show significant differences.

The cathodic curves for TPA are almost
horizontal, due to the barrier passivation of AAO
film, whereas the curves acquired for the AA2024-
T3 alloy are smooth and reveal clear occurrence of
corrosion processes, being positioned at much
higher current densities.

107 | AA2024
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H I8
168 h

. . . . \ . \ \
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Fig. 4. Cathodic (a) and anodic (b) polarization curves

acquired after 168 hour of exposure of the investigated

specimens.

Current density (mA cm?)
3

Similar trends are observable for the respective
anodic curves. Besides, the anodic curves of the
alloy possess inflexions, revealing localized
corrosion activities [34]. The registered current
densities for TPA approach the equipment detection
minimum threshold, due to the strong insulating
properties of its AAO film.
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All differences between the curves’ shapes
described above evince the aptitude of TPA to form
dense and uniform AAO with well-expressed
barrier properties, whereas the AA2024-T3 forms
an oxide layer which does not protect the alloy
efficiently.

The LVA curves, acquired after 168 hours of
exposure for all investigated samples were
submitted to further Tafel slope analysis and the
results are shown in Table 2.

The corrosion potential (Ecor) values of the
alloy samples are in a very narrow interval between

-618 and -634 mV, (measured vs. Ag/AgCl/3M
KCI), whereas a great Ecr dissipation was
registered for the pure aluminum. The mentioned
Ecor deviations for TPA are a result of the
insignificant current densities (approaching the
equipment detection minimum threshold). The R,
values for TPA are by two orders of magnitude
higher than those for AA2024-T3. This fact is an
additional evidence for the superior barrier
properties of the AAO, formed on the technically
pure aluminum.

Tablel. EIS data fitting results from the spectra acquired after 168 hours of exposure

Anodized TPA samples

Element Unit Sample 1 Sample 2 Sample 3
Rel Q cm? 28.24 +£3.08 50.74 £ 6.78 50.04 £4.90
Coxy uF cm 1.50£0.12 0.760 = 0.10 1.40+£1.40
Roxy Q cm? 108 1.568 £ 0.76 0.29 £ 0.06 3.08+0.80
Cedl uF cm™ 0.685+0.01 0.570 £ 0.01 0.70+0.01
Rt Q cm? 105 102.80 +28.26 120.40 + 38.44 286.40 + 274.54
Anodized AA2024-T3 alloy
Element Unit Sample 1 Sample 2 Sample 3
Rel Qcm? 16.04 +0.73 40.38 +£2.85 14.42+0.76
Qoxy1 s"Qlem 106 4.23+0.49 27.78 £ 6.00 48.04 + 1.84
n - 0.88 £0.03 1.00 +0.09 0.96 +£0.02
Roxy1 Qcm? 108 0.85+0.13 51.78 £12.32 12.16 + 1.34
Qoxy2 s"Qlem?  10° 7.78 £ 0.51 431+0.19 730+1.22
n - 0.77£0.01 1.00+0.03 0.95+0.04
Roxy2 Qcm? 102 71.00+15.14 31.50 £ 5.05 0.48 +0.06
Qeal s"Qlem 106 14.78 £2.50 19.62 +£3.10 27.25+2.28
n - 0.96 £0.03 0.60£0.15 0.65 £ 0.07
Ret Q cm? 103 161.00 + 16.09 109.60 + 14.61 40.80 £ 1.08

Table 2.Tafel plot analysis of the polarization curves acquired after 168 hours of exposure

Cathodic curves

Anodic curves

Rp (kQ cm?) Rp (kQ cm?)
Sample TPA AA 2024 TPA AA 2024
S1 22.90x10° 192.08 26.76x10° 192.26
S2 23.32x10° 161.90 40.14x103 157.30
S3 51.10x10° 41.72 37.60x10° 45.90

The corrosion potential (Ecor) values of the
alloy samples are in a very narrow interval between
-618 and -634 mV, (measured vs. Ag/AgCl/3M
KCI), whereas a great Ecn dissipation was
registered for the pure aluminum. The mentioned
Ecor deviations for TPA are a result of the
insignificant current densities (approaching the
equipment detection minimum threshold). The R,
values for TPA are by two orders of magnitude
higher than those for AA2024-T3. This fact is an

additional evidence for the superior barrier
properties of the AAO, formed on the technically
pure aluminum.

Impact of the anodization process on the surface
morphology
Scanning Electron Microscopy

The SEM images (Fig. 5) reveal that the

impact of the anodization process for

the technically pure aluminum and the highly
doped
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AA2024-T3 differs. In the former case, the AAO
film repeats the substrate’s topology. It can be
described as laminar surface (inset of position (a))
with multitude of pits (position (a) basic image).
The laminar surface is obtained during the Al-foil
rolling, whereas the pits are formed during the
preliminary etching and acid activation.

Magn.x 500 200 km

20 um

SE detector
Magnification x 3000

Magn,x 500 200 pym:

SE detector

ILOCTo| 20 um
Magnification x 3000

Fig. 5. SEM images of the investigated samples: (a) TPA
and (b) AA2024-T3

The AAO layer, formed on AA2024-T3 is
covered by multitude of cracks and ruptures. In
addition, in the inset of position (b) a large number
of wide caverns (not pits) are observable. The
results of previous research works dedicated on the
preliminary treatment of this alloy [31-33] lead to
the inference that these concavities are rather result
of the sample etching and acidic activation than to
be consequence of the anodization process. These
observations completely correlate with the EIS data
analysis results. Probably, the cracks and ruptures,
together with the entrapped electrolyte correspond
to (CPEoxy1 Roxy1), Whereas the time constant
(CPEoxy2 Roxy2) shows that these defects do not
reach the metallic surface, hence a denser inner
oxide layer is present.

Atomic Force Microscopy
The AFM images (Fig. 6) reveal that in the
case of TPA, the AAO film repeats the substrate’s
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topology. Consequently, the anodization of the
technically pure aluminum results in only slight
smoothening of the laminas and increase of the
pits’ number and depth.

For comparison, the AA2024-T3 surface looks
rather different from the above described even prior
to anodization. Besides the cracks commented
above (regarding the SEM images), wide caverns
instead of pits are observable for the alloy samples.
Also, coarse formations are observable, probably
due to occurrence of large-sized intermetallics,
which are formed during the thermal treatment of
the alloy.

The formation of pits and caverns during the
preliminary treatments (etching and acidic
activation) can be ascribed to selective dissolution
phenomena. These phenomena involve the smaller
grains in the case of TPA and adjacent Al-matrix
surrounding the cathodic intermetallics of the
AA2024-T3 alloy, respectively.

.

Line fit 7um

3.5 ym
49.5 ym

Line fit 7um .

Line fit 7um —
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Line fit 7um

49.5 pm

Fig. 6. AFM images of reference (a, ¢) and anodized (b,
d) samples of TPA (a, b) and AA2024-T3 (c, d)

The quantitative AFM data analysis for TPA
causes surface roughness increment, regarding the
roughness mean (Sm) from 0.4 to 31.2 pm. This Sy,
increase (of almost 80 times) confirms the inference
for pit depth and number increase during the
anodization.

For comparison, the anodization of AA2024
leads to greater topological changes than in the case
of TPA. The AAO film formed on the alloy shows
that the anodization results in twice rougher
topology (Sm values from 62.8 pm for TPA up to
190.1 pm for AA2024). This difference can be
explained, considering the coincidence of Al-oxide
film growth and selective dissolution around the
intermetallics.

The maximal distance between the highest and
the lowest points (Sy) for TPA changes from Sy =
1.50 to 1.31 um, due to the anodization process.
This Sy decrement with about 0.30 pm is
consequence of the smoothening of the laminar
ridges, which cannot be compensated by the pitting
proliferation, discussed above. For comparison, the
AA2024-T3 samples preserve their topology with
negligible decrease of Sy from 6.40 to 6.14 um,
regarding the total roughness.

CONCLUSIONS

The in-situ chronopotentiometric curves of
TPA possess a sharp initial rise (until 22.5 V),
whereas for AA2024-T3 alloy, there is retention of
about 30-40 s at 5 V. This phenomenon is related to
the differences of the initial oxide layers, formed on
TPA foil and AA2024-T3 alloy during the
preliminary treatment procedures. The occurrence
of the potential retention at 5V is probably related
either to Cu-intermetallics oxidation, or to adjacent
Al matrix oxide layer growth, coinciding the
intermetallics dissolution. Besides, the horizontal
parts of TPA are slightly lower, compared to those
for the alloy. This fact is a result of the higher
roughness, resulting from the intermetallics
selective dissolution during the preliminary
treatment procedures.

The TPA samples needed EIS data acquisition
at a much higher excitation signal amplitude, in
order to obtain readable spectra. The rather
distinguishable EIS spectra shapes for the pure
aluminum and the alloy reveal clear structural
differences of the AAO films, as consequence of
the respective substrate compositions. These rather
different spectra shapes required different
equivalent circuits for quantitative data fitting
analysis. The analysis results have shown purely
capacitive properties of the AAO formed on TPA,
whereas the alloy showed irregular oxide layer, due
to intermetallic occurrence.

The cathodic curves for TPA are almost
horizontal, due to the barrier passivation of AAO
film, whereas the respective curves acquired for the
AA2024-T3 alloy are smooth and reveal clear
occurrence of corrosion processes. Similar trends
are observable for the respective anodic curves.
Besides, the anodic curves of the alloy possess
inflexions, revealing localized corrosion activity.
The polarization resistance (Rp) values for TPA are
by two orders of magnitude higher than those for
AA2024-T3, because of the superior barrier
properties of the AAO, formed on the technically
pure aluminum. The corrosion potential (Ecor)
values of the alloy samples are in a very narrow
interval, but a great Ecor dissipation was registered
for TPA as a result of the random pit distribution,
as well as the insignificant current densities, near to
the equipment detection minimum threshold.

The SEM and AFM images reveal that the
impact of the anodization process for the
technically pure Al and the highly doped AA2024-
T3 is quite different. In the former case, the
anodization results in only slight smoothening of
the laminas and increase of the pits’ number and
depth. The AA2024-T3 surface looks rather
different from the above described even prior to
anodization. Wide caverns instead of pits are
observable for the alloy samples. Besides, coarse
formations are also observable, probably due to
occurrence of large size intermetallics, which are
formed during the thermal treatment of the alloy.
The formation of pits and caverns during the
preliminary treatments can be ascribed to selective
dissolution of smaller grains of the TPA, and
adjacent Al-matrix surrounding the cathodic
intermetallics of the AA2024-T3 alloy,
respectively. Its AAO film has a more
distinguishable  topology, compared to the
respective bare alloy. The quantitative AFM data
analysis shows that the AAO film is twice smoother
for TPA, than the bare AA2024-T3 alloy (with Sp
values of 190.10 to 62.8 pm), because of
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coincidence of Al-oxide film growth and selective
dissolution.

Summarizing the results of the electrochemical
measurements and the topological observations, it
can be inferred that the TPA forms uniform AAO,
whereas the oxide layer on AA2024-T3 is
composed by a cracked outer layer and an
underlayer.
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CPABHUTEJIHO EJIEKTPOXUMMNYHO 1 TOIIOJIOTUYHO U3CJIIEABAHE HA AHOTHU
OKCHUIHHN ®NJIMN ®OPMHNPAHHN BHPXY TEXHUYECKU UUCT AJIYMHWHNU U
CAMOJIETHA AA2024-T3 CITJIAB

C. B. Koxyxapos, K. A. 'uprusos

Xumukomexuonozuuer u memanypeuier yHugepcumem, 6yin. Knumenm Oxpuocku Ne 8,
1756 Coghus (bvaeapus)

INocrenumna Ha 28 rouu 2017 r.; npueta Ha 07 oxkTomBpu 2017 .
(Pestome)

lonemuTe pa3nuky B MEXaHMYHUTE CBOMCTBA HA YUCTHUS AIyMUHHH W HETOBUTE MHAYCTPHUAIIHH CIUIABU MPEAONPENeIs
3HAQUUTEJIHN BapHallMM Ha TAXHOTO XHMHUYHO M EJIEKTPOXMMHYHO IOBeAeHHe. To3M (akT Hamara no-rnojapoOHO
n3clie/IBaHe Ha Bpb3KaTa MeX/y ChCTaBa Ha CIJIaBTa M HEHHOTO OTHACSHE MU NPEIBAPUTEIHUTE XUMUYHN 00paboTKH,
KakTO M TPH W3JaraHe B KOPO3HOHHM cpenu. HacTosmioTo m3cienBaHe € IMOCBETEHO HA CPAaBHEHHETO HA AHOIHUTE
okcunan ¢pummu (AAO), popMupaHu mpu eTHAKBU YCIOBHA BhPXY TeXHUUecKH axymMuHuid (TPA) n BHCOKO Jiernpana
cruaB (AA2024-T3). AHOTUpPAHETO € TPOBEKAAHO B TAIBAHOCTATUYHO-U30TCPMHUUCH PEKUM, KaTO Ca PETUCTPUPAHU
iN-Situ XpOHO-NOTEHIIMOMETPUYHH KUHETHYHH KPHBH. ENEKTPOXMMHYHOTO MOBEACHHE Ha AaHOJUPAHHTE OOpaslH B
3.5% NaCl cpena e uscieqBaHo upe3 eNEKTPOXMMHUYHA uMIenaHcHa crekrpockomnust (EIS) u nuHeilina BontameTpust
(LVA). Tomnonorusita Ha dopmupanunre AAO ¢uiMu e HabmrOgaBaHa Ype3 CKaHUpalla eJIeKTPOHHA MHUKPOCKOIHSI
(SEM) u atomHo-cumoBa Mukpockonust (AFM). Upe3 U3Mon3BaHNTE aHATUTHYHE TEXHUKU € YCTAHOBCHA 3abenexuma
pasnuka B oTHacsHusTa Ha AAO-Qunmute, oOpaszyBaHu BbpXy TPA u Te3su Bbpxy AA2024-T3. MznonsBanute
CJNIEKTPOXMMHUYHM METOIM TO0Ka3aXxa HAIbJIHO pAa3JIMYHU OTHACSHUS, KOETO € IOTBBPJCHO M OT H3BBPIICHHS
JOIBJIHUTEIHMST NU(PPOB aHAIN3 HA EKCIepUMEHTaTHUTE HaHHH. [loBbpxHOCTHUTEe HabmoneHus (SEM u AFM)
pasKpuxa HaIrbJIHO pa3jiMyHa TOMOJOIMYHA KaPTHHA Ha ITOBBPXHOCTTA 3a JIBaTa M3CJIEABaHN alyMHHUEBH chcTaBa. OT
0000IIEHNEeTO HA PE3yNTATHTE OT EJIEKTPOXMMHUYHUTE H3MEPBAHUS M TONOJOTHYHHUTE HAOIIONEHMS, MOXE Ja ce
3akmoun, 4e TPA oOpasysa paBHOMeper AAO ¢umM, 1okato okcHaHUAT ciaoit Bepxy AA2024-T3 e mo-ckopo HamykaH
U TIpUTEKaBa MO-Majlka TPalHOCT B MOZIETTHATa KOPO3UBHA Cpesia.

KarouoBu nymm: anogupane Ha anymuanid, AA2024-T3, EIS, LVA, SEM, AFM
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The electrochemical removal of an aqueous solution containing 0.25 mM of methylene blue (MB), one of the most
important thiazine dye, has been investigated by electro-Fenton process using a graphite-felt cathode to electrogenerate
in situ hydrogen peroxide and regenerate ferrous ions as catalyst. The effect of operating conditions such as applied
current, catalyst concentration, and initial dye content on MB degradation has been studied. MB removal and
mineralization were monitored during the electrolysis by UV-Vis analysis and TOC measurements. The experimental
results showed that MB was completely removed by the reaction with «OH radicals generated from electrochemically
assisted Fenton’s reaction, and in any conditions the decay kinetic always follows a pseudo-first-order reaction. The faster
MB oxidation rate was obtained applying a current of 300 mA, with 0.3 mM Fe?* at T=35 °C. In these conditions, 0.25
mM MB was completely removed in 45 min and the initial TOC was removed in 90 min of electrolysis, meaning the

almost complete mineralization of the organic content of the treated solution.

Keywords: Methylene Blue, electro-Fenton, graphite felt, dye oxidation.

INTRODUCTION

Synthetic dyes usually contain aromatic rings
and consequently they are toxic and bio-recalcitrant
and cause serious environmental problems.
Therefore, there is a widespread consideration on the
development of efficient and cost effective methods
for the removal of such hazardous pollutants from
industrial effluents. Conventional methods for the
removal of synthetic dyes, such as coagulation and
filtration generate large volume of sludge to be
disposed and/or need the regularly regeneration of
adsorbent materials, resulting in an increase in the
operational costs [1-3]. Many papers reported that
Advanced Oxidation Processes (AOPs) such as
Fenton’s reagent, ozonation and photochemical
oxidation provide effective colour removal and
complete destruction of dyes molecules avoiding the
potential formation of wastes [4-6].

Among the AOPs, the Electrochemical
Advanced Oxidation Processes (EAOPs) are a
promising  alternative  because they are
environmentally clean and can produce large amount
of hydroxyl radicals (*OH) on demand, under control
of applied current [7-12]. In these processes,
heterogeneous *OH generated by anodic oxidation
(AO) of water using high O2 overvoltage anodes
such as boron-doped diamond (BDD) [13-21] or
PbO, [22-27] anodes:

H,O ->°0OH + ¢ + H* @

* To whom all correspondence should be sent.
E-mail: marco.panizza@unige.it

Recently, a new EAOP was proposed for
synthetic dye removal and it is based on the
production of homogeneous «OH in solution bulk
through electrochemically assisted Fenton’s reaction
(EF), where hydrogen peroxide is generated in situ
from the two-electron reduction of Oa:

O+ 2H* + 26— H,0, )
Fe?* + H,0,— Fe(OH)?* + *OH 3)

These reactions occur with high yield and
satisfactory rate only at gas diffusion cathodes
(GDE) [28-32] and three-dimensional carbon-based
cathodes, such as RVC [33] and graphite felt [34-
38].

Reaction (3) is propagated thorough the
continuous regeneration of ferrous iron at the
cathode (reaction 4) thus avoiding Fe3+
accumulation in the medium and consequently
eliminating the production of iron sludge:

Fe¥* + e— Fe?* (4)

In this study we report a detailed discussion on
the degradation of methylene blue (MB), a thiazine
dye selected as model compound, by electro-Fenton
process using commercial graphite-felt as cathode
for the production in situ of hydrogen peroxide.

EXPERIMENTAL

Chemicals and analytical procedures
The synthetic solution was prepared by
dissolving 0.25 mM of MB (C16H18CINS3S, inset of
Figure 1 (a)) (Carlo Erba reagents, 92% purity) used

22 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria


mailto:marco.panizza@unige.it

M. Panizza et al: Application of electro-Fenton process for the treatment of Methylene Blue

without further purification, in bi-distilled water, in
50 mM NazSO4 (Sigma Aldrich). Analytical grade
H,SO4 (Sigma Aldrich) were used to adjust the
initial pH of the solution at the value of 3 using a
Schott Gerate CG822 pH-meter. This value of pH
was chosen because many literature studies reported
to be the optimum for electro-Fenton process [39].

A JascoV-570 UV/VIS spectrophotometer
using silica cells of path length 1 cm was used for
the determination of MB concentration. A Lambert—
Beer diagram was established to correlate the
absorbance at 664 nm to MB concentration.

The evolution of TOC was analyzed by using a
Hach-Lange reagent Set and the spectrophotometer
Dr. Lange LASAS50.

Electrochemical system

The experiments were performed using an
undivided cell with a volume of 300 mL, supplied
with a heat exchanger and a magnetic stirrer under
galvanostatic conditions using an AMEL 2055
potentiostat/galvanostat. The cathode was a 70 cm?
(10 cm x 7 cm) carbon-felt piece (Carbone Loraine)
with a thickness of 0.5 cm, and the anode was a 4.5
cm height cylindrical grid (i.d = 3.1 cm). The anode
was a Ti/RuO; net centered in the electrolytic cell,
surrounded by the cathode, which covered the inner
wall of the cell. The distance between the electrodes
was 1.6 cm. H,O, was produced from reduction of
O, dissolved in the solution, from reaction (2).
Continuous saturation of the solution by 02 at
atmospheric pressure was ensured by bubbling of
compressed air having passed through a frit at about
1 dm?® min?, starting 10 min before electrolysis.
Solutions were vigorously stirred using a cylindrical
with a magnetic bar (length: 25 mm, diameter: 6
mm) with a rotation rate of about 700 rpm to allow
mass transfer.

RESULTS AND DISCUSSIONS

For each experiment, the removal of MB and
the effectiveness of electro-Fenton process has been
followed using UV-vis spectrophotometry. The
absorption spectra of MB at room temperature
present two absorption bands at about 664 and 611
nm which are directly related to the colour of the
solution. The more well-defined peak at 611 nm was
chosen for the determination of the concentration of
MB using Lambert—Beer correlation. Figure 1(a)
shows an example of UV-spectra evolution for 0.25
mM MB during electrolysis with an applied current
of 200 mA and iron concentration of 0.3 mM. During
the electrolysis the absorbance bands decreas
continuously until disappearing meaning that the
MB is almost completely removed by the reaction
with *OH radicals electrogenerated (Eq. 3). Figure

1(b) shows that 98% of MB was removed in 90 min
and its oxidation can be satisfactory described by a
pseudo-first order reaction kinetic.
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Fig.1. Evolution of (a) UV-visible spectra; (b) MB
concentration and corresponding kinetic analysis (inset)
as a function of time during electrolysis of 0.25 mM MB.
Experimental conditions: [Fe?*] = 0.3 mM, |1 =200 mA,
T=20°C,pH=3.

The effect of several operational parameters
including applied current, initial iron concentration
and temperature on MB removal was studied during
the electro-Fenton treatment of 0.25 mM of MB at
pH=3. In the electro-Fenton process the applied
current is an important parameter that have to be
optimised because both the production rate of H.O-
and the regeneration of Fe?* is affected by the
applied current [40, 41]. The effect of this parameter
on the decay Kkinetics of MB was investigated
performing electrolysis at different current values,
i.e., 100, 200, and 300 mA in the presence of 0.3 mM
of Fe*" as catalyst and the results are reported in
Figure 2.
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Fig. 2. Effect of applied current on the evolution of MB
concentration during the electrolysis of 0.25 MB solution
at applied current of: (1) 100 mA; (A) 200 mA; and (o)
300 mA. Conditions: pH = 3; T =20 °C; [Fe?*] = 0.2 mM.
The inset presents the corresponding kinetics analysis
assuming a pseudo first-order reaction.
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As can be seen, an increase of the applied
current resulted in a higher oxidation rate and in less
time required for the complete oxidation of MB. In
fact, the time necessary for 96% removal of MB was
180, 90 and 60 minutes at a current of 100, 200 and
300 mA, respectively.

This enhancement of the oxidation rate with the
applied current can be related to a greater production
of H,0. (Eq. 2) and regeneration of Fe?** (Eq. 4)
leading to the generation of higher amount of
hydroxyl radicals from Fenton’s reaction (Eg. 3).

It can be also seen from Figure 2 that the
concentration of MB decreases exponentially for all
current values and it can be satisfactory described by
a pseudo-first order reaction kinetic (inset of Figure
2). Apparent rate constants for oxidative degradation
of MB, obtained from the slop of straight lines of the
inset of Fig. 1 were reported in Table 1. The values
of the apparent rate constant increased almost
linearly with the applied current.

The Fe?* concentration is another important
parameter in the electro-Fenton process. in an
attempt to optimise reaction conditions on the EF
system, degradation of 025 mM MB was
investigated in the presence of different
Fe?*concentrations at pH 3 applying a constant
current of 300 mA. The effect of Fe?* concentration
on the degradation of MB was shown in Figure 3.

The MB removal rate increases with increasing
Fe?*concentration from 0.1 to 0.3 mM, and after this
value the degradation rate decreases by increasing
Fe?* concentration. The negative effect of the higher
catalyst concentration on the degradation kinetic can
be explained by increase of the rate of the waste
reaction occurring between the hydroxyl radicals
and the excess of ferrous ions [39, 42-44]:

Fe?" + *OH — Fe® + OH' )

LnfC'C)

(R TR

[MB] / mM

015 | B 11 g ==
TN ] 20 40 60
Time / min

e T —
o e S —

0 50 . 100
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Fig. 3. Effect of Fe** concentration on the oxidation
kinetics of MB during its degradation electro-Fenton
treatment. Conditions: pH = 3; T = 20 °C; applied current
=300 mA; [Fe?*]=(11) 0.1 mM. (0) 0.3 mM, (x) 0.5 mM,
(A) 1.0 mM, the inset presents the corresponding kinetics
analysis assuming a pseudo first-order reaction.
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The inset of the panel of Figure 3 presents the
excellent correlation decay considering a pseudo-
first-order reaction rate. The values of the apparent
rate constants obtained from the kinetic analyses of
the plots in Figure 4 are reported in Table 1.

Table 1. Effect of applied current on the of the relative
pseudo-first-order rate constant under conditions given in
Figs 2-6

Run I [Fe2+] T kapp

(mA)  (mmoldm?™) (°C) (min?)
1 100 0.3 20 0.0184
2 200 0.3 20 0.0441
3 300 0.3 20 0.0928
4 300 0.1 20 0.0568
5 300 0.5 20 0.0823
6 300 1.0 20 0.0436
7 300 0.3 35 0.1177

Figure 4 reports the effect of temperature on the
removal of MB in the range 20 — 35 °C. As can be
observed, there are no significant differences
between the two temperatures, but higher oxidation
rate was obtained at higher temperature because the
reaction of hydroxyl radicals oxidizing the dye
molecules could be accelerated by increasing the
temperature, according to  Arrhenius  law.
Temperature above 35 °C was not considered
because it is not convenient, from economic point of
view, to further heat the solution.
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Fig. 4. Effect of temperature on the evolution of MB
concentration during the electrolysis of 0.25 mM MB
solution. Conditions: pH = 3; applied current 300 mA;
[Fe**] = 0.2 mM, T = () 20 °C; (o) 35 °C. The inset
presents the corresponding kinetics analysis assuming a
pseudo first-order reaction.

The complete oxidation of MB is not an
indication that all the organic compounds presents in
the solution oxidation have been degraded because
of formation of oxidation reaction intermediates.
Thus, the mineralization of MB was monitored
measuring the TOC of the solution during the
electrolysis under best conditions found previously
(i.e. applied current 300 mA and Fe2+ concentration
0.3 mM and temperature of 35 °C) and the results are
presented in Figure 5.
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Fig. 5. Evolution of the (o) TOC, (1) MB concentration
and (A) intermediates expressed as mg/L of carbon,
during electro-Fenton treatment of MB aqueous solution.
Experimental conditions: pH = 3; applied current 300 mA,
[Fe*]=0.2mM, T =35 °C; [MB] = 0.25 mM

After 90 min of treatment, more than 96% of
TOC was removed, meaning that almost all the
organic compounds (i.e. MB and its oxidation
intermediates) are completely mineralised to CO2
and water. However, the faster decrease of MB
concentration (expressed in term of mg dm-3
carbon) compared to the removal of TOC indicates
that some intermediates are produced during the
oxidation. The concentration of this intermediates,
obtained by difference between TOC and MB
concentration, increased in the first 20 min and then
it progressively decreased up to zero.

CONCLUSIONS

The oxidative degradation of MB, one of the
most important thiazine dye, by electro-Fenton
process has been studied under different
experimental conditions. Results show that it is
possible to attain a complete removal of the dye and
the TOC. This fact is due to the generation of
hydroxyl radicals, from Fenton’s reagent, that attack
to the organic matter present in wastewater, favoring
its complete degradation.

In any applied conditions the decay kinetic of
MB follows a pseudo-first-order reaction and the
oxidation rate largely depends on applied current,
Fe?* concentration, while temperature has only a
slightly effect. With our cell design the higher
oxidation rate was obtained for applied current of
300 mA, catalyst (Fe?*) concentration of 0.3 mM and
T=35°C.

In these conditions, 0.25 mM MB was
completely removed in 45 min and the initial TOC
was removed in 90 min of electrolysis, meaning the
almost complete mineralization of the organic
content of the treated solution.
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IMTPMJIOXXEHUE HA EJIEKTPO-FENTON ITPOLIECA 3A TPETUPAHE HA METUJIEHOBO
CHHBO

I. Knemaruc!, H. Kmuan?, A. BapOyun?, M.I1. Kapnanese!, M. Jlenykul, I'. Kepuzona®, M. ITaanmal

Kameopa no cmpoumenno, xumuuecko u exono2uyno unxcenepcmeo (DICCA), Yuueepcumem I'enya, 16129 I'enya,
Hmanua
2Hscnedosamencko seeno ,, Enexmpoxumus, mamepuanu u oxoana cpeda“ (UREME), Hayuen gaxyrmem,
Yuueepcumem 6 I'abe, 6072 I'abe, TyHuc

[MocTenumna va 7 ronu, 2017t.; [Ipuera 3a meyat Ha 26 oktomBpu 2017T.
(Pesrome)

EnexTpoXuMHIHOTO OTCTpaHsBaHe Ha METHIIEHOBO cHBbO (MB) oT BosieH pa3tBop, chabpxair 0.25 mM MB, earo ot
Hali-BaKHUTE THA3WHOBH Oarpumiia, € M3CIIe/IBaHO 4pe3 ejekTpo-Fenton mporec, kaTo ce M3noji3Ba rpaguTHO Kede 3a
KaToII, 32 Jla ce TeHepupa iN Situ 1o eNeKTPUYEH BT BOJOPOJICH TIEPOKCHIT U JIa C€ PETeHEPHUPAT JKEIIC3HUTE HOHU KaTo
karanu3atop. M3cnenBaH € eeKThT Ha yCIOBUATA Ha paboOTa, KaTO HANpPUMEp MPHIOKEH TOK, KOHIICHTPALUs Ha
KaTalu3aTopa W [IbPBOHAYAIHO ChHIBbpPKAHUEC BBPXY pasrpaxnmaHero Ha MB. OrcrpansBaneto Ha MB u
MUHEpAIM3UPAHETO Osixa HaONromaBaHM MO BpeMe Ha enekrponmsara upe3 UV-Vis anamusz u TOC wu3mepBaHws.
ExcniepuMeHTaTHUTE pe3yiTaTH Mmokas3sat, ue MB e HamblIHO oTCcTpaHeH upe3 peakiusta ¢ * OH paaukamy, reHepupanu
OT CJICKTPOXMMHUYHO NOAINNOMOTHATa pCaKknd Ha Fenton u IIpy BCUYKHU YCJIOBHS KMHETHUKATA Ha paslaJ BUHAru CjacaBa
peaximst OT IceBIO-IbPBU pe. [1o-0bp3aTa cCKOpOCT Ha okucieHre Ha MB ce nosyvasa mpu mpuiiarade Ha Tok ot 300
mA ¢ 0,3 mM Fe*npu T = 35°C. Ilpu Te3u ycrnosus 0.25 MM MB ce oTcTpaHsBa HAmbBJIHO 3a 45 MHUHYTH U
mppBoHadanHUAT TOC ce oTcTpansaBa 3a 90 MUHYTH eIeKTPOJH3a, KOETO 0O3HadaBa MOYTH IThJIHATA MUHEPAIH3AINS Ha
OpPraHUYHOTO ChbPIKAHKUE HA TPETUPAHHUS PA3TBOP.

Ki11040BH 1yMH: METHICHOBO CHHBO, €l1eKTpo-Fenton, rpadutoBo kede, OKMCIIsIBaHE Ha OarpHIIOTO
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The electrochemical characterization of two pyrrolo[1,2-c]pyrimidines has been performed by cyclic voltammetry
(CV), differential pulse voltammetry, and rotating disk electrode voltammetry. Their diffusion coefficients were
determined from the scan rate influence on CV anodic currents. Modified electrodes were prepared in pyrrolo[1,2-
c]pyrimidines solutions in acetonitrile containing tetrabutylammonium perchlorate by cycling the potential or by
controlled potential electrolysis at different anodic potentials and charges.

Keywords: pyrrolo[1,2-c]pyrimidines, cyclic voltammetry, differential pulse voltammetry, diffusion coefficients,

modified electrodes, rotating disk electrode

INTRODUCTION

The pyrrolo[1,2-c]pyrimidine type structures
are present in many natural products [1-6], and these
compounds have been studied for their bioactivity.
Some compounds of this class have antioxidant,
antifungal and antimicrobial properties, or are used
in cancer treatments. Pyrrolopyrimidine derivatives
are used for their PI3Ka kinase inhibitory activity,
for the treatment of MDR pathogens [6-10].

Pyrrolo[1,2-c]pyrimidine is an N-bridgehead
heterocyclic compound obtained by formal
condensation of a pyrrole with a pyrimidine [9].
Different procedures for the synthesis of
pyrrolo[1,2-c]pyrimidines starting from suitable
substituted pyrroles [10-11] or pyrimidines [12-15]
are described. The reactions starting from different
pyrrole structures such as pyrrole-2-carboxaldehyde
with tosylmethyl isocyanide gives pyrrolo[1,2-
c]pyrimidine derivatives with a good “yield, but they
use the hazardous isocyanide derivative, and the
tosyl group cannot be removed so easy. Thus, the
most efficient and environmentally friendly method
to obtain pyrrolo[1,2-c]pyrimidines is by 1,3-dipolar
cycloaddition reaction of the pyrimidinum N-ylides
in 1,2-epoxybutane as reaction medium. The use of
the epoxide as a reaction medium and acid scavenger
has the advantage of direct formation of the final
compound avoiding the generation of the inactivated
product [9, 16-21].

There are several studies on the electrochemical
characterization ~ of  pyrrolo[1,2-c]pyrimidine

* To whom all correspondence should be sent.
E-mail: ungureanu2000@yahoo.com

derivatives reported by our group [22]. Their
characterization has been done by cycling
voltammetry (CV), and differential pulse
voltammetry (DPV). The present paper is focused on
the electrochemical characterization of two other
related pyrrolo[1,2-c]pyrimidines. The
electrochemical study is important as it offers the
simplest method to estimate HOMO and LUMO
energies of a molecule [23], which is essential for
organic light-emitting diode (OLED) applications.

The two compounds are ethyl3-(2,4-
dimethoxyphenyl)-pyrrolo[1,2-c]pyrimidine-5-
carboxylates substituted at position 7 of the pyrrole
ring either with 2-naphthoyl (P1) or with 4-
methylphenylcarbonyl (P2). CV, DPV and also
rotating disk electrode (RDE) voltammetry have
been used for their characterization. Modified
electrodes have been obtained by potentiodynamic
or potentiostatic methods in order to future
applications.

EXPERIMENTAL

The pyrrolo[1,2-c]pyrimidines were
synthesized as previously described [20-22]. The
structure and melting point (m.p.) of compounds
considered in the present study are given in Table 1.
Their electrochemical study was performed in
acetonitrile  (CHsCN) in the presence of
tetrabutylammonium perchlorate (TBAP), both from
Fluka.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Table 1. Investigated pyrrolo[1,2-c]pyrimidines

Formula Entry X m.p. (°C)
oo e

163-164

P2 230-231

L,

3

PGSTAT 12 AUTOLAB  potentiostat
connected to a three-electrode cell was used for
electrochemical investigation. A glassy carbon
electrode disk (3 mm diameter) from Metrohm was
used as working electrode. Its active surface was
polished with diamond paste (2 um) and cleaned
with the acetonitrile before each experiment. Ag/10
mM AgNOs in 0.1 M TBAP/CH3CN was used as
reference electrode. The auxiliary electrode was a
platinum wire. The experiments were performed at
room temperature (25°C) under argon atmosphere.
All potentials were referred to the potential of
ferrocene/ ferrocenium redox couple (Fc/Fc*) which
in our experimental conditions was +0.07 V. CV
curves were usually recorded at 0.1 V-s? or at
various scan rates (0.1 -1V-st), DPV curves at 0.01
V-s with a pulse height of 0.025 V and a step time
of 0.2 s, and RDE curves at 0.01 V-s*

RESULTS AND DISCUSSIONS

pyrrolo[1,2-c]pyrimidine by CV, DPV, and RDE at
different concentrations in 0.1 M TBAP/CHsCN. All
anodic and cathodic curves were recorded starting
from the stationary potential. In all cases, the
processes put in evidence by DPV were denoted in
the order of their apparition in DPV curves in anodic
(a1, a2, ...) or cathodic (c1, c2, ..) scans, and this
notation was kept for the corresponding processes
recorded by other methods (CV or RDE).

Study of P1

DPV and CV curves at different concentrations
(0 - 0.75 mM) of P1 are presented in Figure 2. The
DPV curves show four anodic (al — a4), and four
cathodic peaks (cl c4). They highlight,
respectively, 4 oxidation and 4 reduction processes
which can occur during the potential scans. The
peaks are also seen in CV curves. CV anodic peaks
are less prominent, due to the superposition to the
background oxidation process (dotted line). The
peak currents increase with concentrations for CV

The electrochemical characterization was
) - . and DPV curves.
performed in millimolar solutions of each
OCH 3
-5
2.0x10 " HsCO OO
1.0x10° HiciosC j
g 0-0; -~ 0mM
= ] ——0.25 mM
5 | ——0.5mM
-1.0x10 _ el
2.0x10™
1.0x10™ - cv
P . 0mM
< 0.0 - al —0.25 mM
— ] s p— B n =205 mM
[cac2 ¢ 0.75 mM

-2

0
E (V) vs Fc/Fct

Fig.2. CV (0.1 V-sY) and DPV (0.01 V-s2) curves on glassy carbon electrode (diameter 3 mm) at different concentrations

for P1in 0.1 M TBAP/CH3CN
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Fig. 3. Linear dependences of the peak currents on concentration from DPV (0.01 V-s?) (a) and CV
(0.1 V-s1) (b) curves from Fig. 2

Table 2. Equations and the correlation coefficients of the linear peak currents dependences on P1 concentration* from
CV (0.1 V-s) and DPV (0.01 V-s) curves from Fig. 3

Method Equation Corr_el_at|on

coefficient

ipeaka1 = —1.03 + 15.86 - [P1] 0.984

ipeak a2 = —0.14 +9.81 - [P1] 0.998

DPV Ipeak a3 = 3.86 + 18.75 - [P1] 0.896

ipeak c1 = 3.22 — 22.99 - [P1] 0.997

ipeak 2 =-0.22-3.49 - [Pl] 0.905

ipeak c3 = 1.02 — 10.24 - [P1] 0.999

ipeak c4 = 1.11 -13.72 - [P1] 0.994

Ipeak a1 = —3.02+ 42.94 - [P1] 0.972

cV Ipeak a2 = —1.05 +45.48 - [P1] 0.960

ipeak a3 =29.53 +153.78 - [Pl] 0.821

ipeak c1 = 1.83—24.58 - [P1] 0.971

ipeak 2= 1.57 — 38.07 - [P1] 0.997

ipeak 3= 1.15 — 57.46 - [P1] 0.979

*ipeak 1S expressed in pA, and [P1] in mmol.It
The linear dependences of the total currents vs underneath, in order to allow their parallel
concentration for DPV and CV curves are presented evaluation.

in Figure 3a and 3b, respectively. Table 2 shows the
equations and the correlation coefficients for these
linear dependences of all peak currents on P1
concentration. The slopes in Table 2 show the
increase in peak height with the P1 concentration. It
occurs with different slopes for the investigated
peaks, indicating a complexity of the involved
processes. It can be seen that peak a3 has a
correlation coefficient less than 0.9, both in DPV and
in CV. The peak potentials from DPV and CV curves
for P1 are given in Table 3.

RDE anodic and cathodic curves at various
concentrations (0.25 — 0.75mM) are given in Fig. 4
for a constant rotation rate (1000 rpm) and in Fig. 5
for different rotation rates (500 — 2000 rpm) at
constant concentration (0.5 mM) of P1. The DPV
curves for this concentration are presented

From Figs. 4 and 5 it can be seen that RDE
cathodic currents have regular behaviour (increasing
with P1 concentration and rotation rate of the
electrode). Conversely, the anodic currents have
particular variation: they are increasing with
concentration for RDE anodic wave corresponding
to al process, while in the range of a2 DPV peak, the
current promptly decreases to the background value
and it increases again in the range of a3 process, but
not proportionally. The isosbestic point is situated at
about 1.53 V. There is no wave corresponding to a4
DPV peak on RDE curves.

The anodic curves for P1 could be explained by
the processes given in Table 3. After P1 oxidation to
the radical cation (peak al), there is an irreversible
process of film formation in the range of a2 peak,
which continues at more positive potentials. In the
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range of a3, there is another oxidation process,
which competes with the film formation started in
a2. It has the highest current at the smallest
concentration of P1. These aspects are in agreement
with the RDE curves in Fig. 5. When increasing the
rotation rate of RDE, only the currents for anodic al
and a4 peaks are increasing. The currents for a2 are
constant, while those for a3 are decreasing. This
means these processes (al, ad4) are not involved in
the film formation, as it is the case for a2. The
currents for a3 are inversely proportional to the
imposed rotation rate. At low rotation rates, the
current in the domain of a3 is higher, as the
intermediates for the film formation can stay close to
the electrode and keep on the polymerization
process. Two isosbestic points which delimitates the
change between processes can be noticed at 1.299 V
(11) and 1.627 V (12), respectively.

al a3 a4
1.0x10" (@) 1000 rpm
o 1 RDE
= ] e ——o05mM
== c1 0.75 mM
1.0x10 €2
r -
2 0 2
2.0x10°4 a3 [
1 (b) at I
ox10°] PN [
10x107 ppy J\a-/\v
< 00 B e T e omM
- V c2 —0.5mM
1.0x10° = 0.75 mM
T T
-2 0 2

E (V) vs Fe/Fct
Fig. 4. RDE curves (0.01 V-s1) on glassy carbon
electrodes (3 mm diameter) at different concentrations in
P1 solution in 0.1 M TBAP/CH3CN at 1000 rpm (a), DPV
curves (0.01V-s) obtained for P1 on glassy carbon
electrode (3 mm diameter) in 0.1 M TBAP/CHsCN (b)

Figure 6 presents the CV curves in the range of
the first anodic and cathodic peaks for P1 (0.5 mM)
at different scan rates, and the dependences of the
total peak currents for al and c1 peaks vs the scan
rate. It can be seen that the total currents linearly
increase with the square root of the scan rate (with
good correlation coefficients for al and c1). It can be
seen also from Fig. 6a that al is an irreversible
process, while cl is a quasi-reversible process,
having a corresponding peak in the reverse scan c1’
situated at about 100 mV vs c1.

In figure 7 are given the CV curves for P1 (0.5
mM) on different scan domains. From these curves,
the reversibility of each process in the anodic and
cathodic domains has been estimated. Processes
obtained in the anodic domains are irreversible,
while the cathodic ones are reversible or quasi-
reversible (Table 3), the last mentioned showing
corresponding peaks situated at potentials of less
than 100 mV in respect with the peaks in the direct
scans.
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Fig. 5. RDE curves on glassy carbon electrode (3 mm
diameter) in P1 solution (0.5 mM) in 01 M
TBAP/CH3CN at different rotation rates (500 — 2000 rpm)
(a), and DPV curve (0.01V-s?) for P1 (0.5 mM) on
glassy carbon electrode in 0.1 M TBAP/CH3CN (b)
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Fig.6. CV curves in 0.1 M TBAP/CH3;CN on glassy

carbon electrode (3 mm diameter) for P1 (0.5 mM) at
different scan rates (0.1 — 1 V-s) (a) and dependences of

the peak currents on the square root of the scan rate (b)
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Fig.7. CV curves (0.1 V-s) at different scan domains
on glassy carbon electrode (3mm diameter) for P1 (0.5
mM) in 0.1 M TBAP/CH3CN; inset A: detail of the
cathodic domain

Modified electrodes based on P1

Chemical modified electrodes (CME) based on
electrode coverage with compound P1 were
obtained either by potentiodynamic (successive
scans) or potentiostatic (controlled potential
electrolysis) methods in solutions of P1(0.5 mM) in
the domain of the anodic processes al, a2, a3, and
a4.

i (A)

V) va Fefe®
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Table 3. Peak potential values (V) vs Fc/Fc* for P1 from DPV and CV curves

Method _
Peak Process characteristic
DPV 04V
al 0.81 0.86 irreversible
a2 0.93 0.97 irreversible
a3 1.44 1.57 irreversible
a4 1.80 1.98 irreversible
cl -1.99 -2.03 reversible
c2 -2.23 -2.26 quasi-reversible
c3 -2.61 -2.65 quasi-reversible
c4 -2.82 - quasi-reversible
c1 Cc1
4.0x10° 4 [P1]=05mM . P1]=0.5mM
2.0x10° |
0.655V =
E 1.048 V
2.0%10° | _1 0x10° 1 .
c20
E‘ c20
0.0 0.0 | =
04 02 00 02 04, 06 08 04 02 00 02 04 06 08 10 12
E (V) vs FelFc E (V) vs Fe/Fe*
a b
c1 2.5x10™ 4 g
1.5x10™ - [P1]= 0.5 mM [F31=0:0 c1
2.0x10* 4
1.723Vv 2105V
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: y . . ) -5.0x10* - ; : ; . '
-0.5 0.0 0.5 1.0 1.5 2.0 E 0.0 0.5 1.0 1.5 2.0 25
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Fig. 8 . CV curves (0.1 V-s?) during the preparation of CME by successive scans in 0.5 mM solution of P1in 0.1 M
TBAP/CH3CN between -0.3 V and different anodic limits; +0.655 V (a); +1.048 V (b); +1.723 V (c); +2.105 V (d)

Figure 8 presents the CV curves during the
preparation of CME by potentiodynamic method.
Figure 9 shows the CV curves obtained after the
transfer of the modified electrodes obtained by
successive potential scans between -0.3 V and
different anodic potentials (+0.655 V (Fig. 8a);
+1.048 V (Fig. 8b); +1.723 V (Fig. 8c); +2.105 V
(Fig. 8d)) in 1 mM ferrocene solution in 0.1 M
TBAP/CHsCN. The ferrocene CV curves obtained
on CMEs are different than the CV curve obtained
for the bare electrode. In the inset A are the
dependences of the anodic and cathodic peak
potentials for ferrocene (Fc) on the anodic limit
scan, that show important variations starting at
potentials more positive than 1.5 V. In the inset B
are shown the corresponding anodic and cathodic
currents dependencies, which have the same
behavior as those shown by inset A. It can be seen

that the ferrocene signal is the most diminished for
the potential scan limit of +2.105 V, where it can
be assumed that the most compact coverage of the
electrode is attained

bare electrode

5.0x10*+ -
= {
= 004

5.0x10° 4

-1.0x10° 4

04 03 02 014 00 01 02 03
E (V) vs Fc/Fc®

Fig. 9. CV curves (0.1V/s) for CME prepared by
successive scans (in 0.5 mM solution of P1 in 0.1 M
TBAP/CH3:CN) after the transfer of CME in 1mM Fc
solution in 0.1 M TBAP, CH3CN; dependences of the
anodic and cathodic Fc peak potentials (inset A) and
currents (inset B) on the anodic limit
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Fig. 10. CV curves (0.1V/s) for CME prepared by CPE
(at +2.105 V in 0.5 mM solution of P1 in 0.1 M
TBAP/CH3CN) after the transfer of CME in 1mM Fc
solution in 0.1 M TBAP, CH3CN; dependences of the
anodic and cathodic Fc peak potentials (inset A) and
currents (inset B) on electropolymerization charge (Q)

Films based on P1 have been also prepared by
CPE at different potentials: 0.655V, 1.048 V, 1.723
V, 2.105 V using a charge of 1 mC. The CV curves
of the CMEs in transfer ferrocene solution have
very small changes in respect with the bare
electrode, indicating a weak coverage of the
electrode. However, the CPE performed at 2.105 V
led to evident changes which occur continuously
when the charge increases from 1 mC to 8 mC. In
Fig. 10 are given the CV curves after the transfer in
ferrocene solution of the CMEs obtained at 2.105
V, indicating the continuous increase of the
coverage of the electrode. For the potential of
+2.105 V the most insulating film is obtained at 8
mC, for which the ferrocene curve has the smallest
anodic peak, and the most shifted potential to
positive values, as shown in the inset A, which
presents the dependences of the anodic and
cathodic potentials on the applied charge (Q). The
current for anodic and cathodic peaks for ferrocene
are almost linearly decreasing with Q, as it can be
seen in the inset B. This evolution is in agreement
with the thickness of the film.

Study of P2

Experiments were carried out to characterize
compound P2, similarly to the assays performed to
characterize the compound P1. The CV and DPV
curves have been recorded in P2 solutions in 0.1 M
TBAP, CH3CN. They are shown in Figure 11 for
different concentrations (0 — 0.5 mM). DPV curves
show five oxidation peaks (al — a5) and three
reduction peaks (c1-c3). One anodic peak (al) and
three cathodic peaks (cl, c2, c3) are seen in CV,
denoted in agreement with processes notation from
DPV curves. The peak currents are increasing with
the concentration for both CV and DPV curves. In
Figure 11 and Table 4 are given the linear plots of
the peak currents on P2 concentration for the main
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peaks, and their equations and correlation
coefficients, respectively. Good correlation
coefficients have been obtained. The slopes in
Table 4 indicate an increase of the peak height with
P2 concentration, with different slopes for the
investigated peaks, as in the case of P1. The peak
potentials from DPV and CV curves for P2 are
given in Table 5.
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Fig. 11. CV (0.1 V-s!) and DPV (0.01 V-s) curves on
glassy carbon electrode (diameter 3 mm) at different
concentrations for P2 in 0.1 M TBAP/CH:CN
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Fig. 12. Linear dependences of the peak currents on P2
concentration from (a) DPV (0.01 V-s) and (b) CV (0.1
V-s?) curves from Fig. 11
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RDE anodic and cathodic curves at different
rotation rates (500 - 2000 rpm) recorded for [P2] =
0.5 mM and the corresponding DPV curve are
given in Fig.13. The curves present the isosbestic
point (I11) situated at about 1.45 V. In the range of
a2 DPV peak, RDE currents have constant values,
and they increase again in the range of a3 process.
These anodic RDE curves could be explained by
the processes given in Table 5. The currents in the
potential domain of a3 are inversely proportional to
the rotation rate, while those in the domains of a4
and a5 are almost not influenced by the rotation
rate.
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Table 4. Equations and the correlation coefficients of the linear peak currents dependences on concentration* from CV
(0.1 V-s'Y) and DPV (0.01 V-s!) curves from Fig. 11

Method Equation* Correlation coefficient
ipeaka1 = 0.95 + 13.1 -[P2] 0.994
ipeakas = 5.26+ 10.6 - [P2] 0.941
DPV ipeak as = 5.89 +28.8 - [P2] 0.999
ipeakas = 4.65+ 30.92 - [P2] 0.986
ipeakct = 0.31-15.2 - [P2] 0.996
ipeaskc2 =—0.71—3.33 [ P2] 0.894
ipeak 3 = —0.27 — 11.06 - [P2] 0.978
ipeak a1 = 6.41 +30.2 -[ P2] 0.984
cv ipeakc1 = —2.81-21.0 - [P2] 0.978
ipeak c3= —10.6 — 31.8 <[ P2] 0.999
*ipeak is expressed in pA, and [P2] in mmol/L
In Fig.14 are given the CV curves at different o e y
scan rates for the first anodic and cathodic peaks, <
and the linear dependences of their currents on the " 00l
square root of the scan rate. High values of
correlation coefficients have been obtained (Fig. > % W a
14b). 1.0x10*{ (o) E (V) vs FelFc*
e 62”53“35 5.0x10° e
a%y’ {3 ) I":'1??:-1?09{0113"‘:?7502t;;:-:;:'ﬁ.gr;: 0.957
T - - —— 500 rpm 5.0x10% k—.—hﬁ'—\. .
. i i 03 04 05 06 07 08 03 10 14
- PP 2000 rpm 112 pype 112
v (Wis)
-2.0x10* -
20x10° . . By Fig. 14. CV curves in 0.1 M TBAP/CHsCN on glassy
2 o carbon electrode (3 mm diameter) for P2 (0.5 mM) at
= v different scan rates (0.1 — 1 V-s') (a) and dependences
0.0 05 mM of the peak currents on the square root of the scan rate
&' o et (b)

E(V) vg Fe/Fet
Fig.13. RDE curves (0.01 V-s%) on glassy carbon
electrode (3 mm diameter) at different rotation rates
(500 — 2000 rpm) in 0.5 mM P2 solution in 0.1 M
TBAP/CH:CN (a); DPV curve obtained for 0.5 mM
solution of P2 on glassy carbon electrode (3 mm
diameter) in 0.1 M TBAP/CH3CN (b)

In figure 15 are shown the CV curves of P2 on
different scan domains. The reversibility of each
process has been estimated from these curves
(Table 5). Processes obtained in the anodic domain
are irreversible. Those from the cathodic domain
are irreversible (c1) or quasi-reversible (c2, c3),
with corresponding peaks situated at potentials
shifted of 70 mV (for c2”) and 100 mV (for c3’) in
respect with the peaks in the direct scans.

ad

3.0x10
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s0x10"{
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0.0 3 [P2] =0.5 mM

E (V) v: FelFc*

Fig. 15. CV curves (0.1 V-st) on glassy carbon electrode
(3mm diameter) on different scan domains for P2 (0.5
mM) in 0.1 M TBAP/CHsCN; inset: detail of the
cathodic domain

Table 5. Peak potentials values (V) vs Fc/Fc* from DPV and CV curves for P2

Peak DPV Method cvV Process characteristic

al 0.82 0.87 irreversible

a2 1.19 - irreversible

a3 1.54 1.57 irreversible

ad 1.81 2.17 ireversible

ab 2.12 - -

cl -2.08 -2.12 irreversible

c2 -2.33 -2.33 quasi-reversible

c3 -2.57 -2.62 quasi-reversible
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Fig. 16. CV curves (0.1 V-s1) during the preparation of CMEs by successive scans in 0.5mM solution of P2 in 0.1 M
TBAP, CH3CN between -0.3 V and different anodic limits: +1.02 V (a); +1.78 V (b)
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Fig. 17. CV curves (0.1 V/s) in 1 mM ferrocene
solutions in 0.1 M TBAP, CH3CN for the CME prepared
in 0.5 mM P2 solution in 0.1 M TBAP/CH3CN by CPE at
+1.78 V at different charges Q; dependences on Q of the
anodic and cathodic Fc peak potentials (inset A) and
currents (inset B)

Modified electrodes with P2

Chemical modified electrodes based on P2 were
obtained either by potentiodynamic or potentiostatic
methods in solutions of P2 (0.5 mM) in the domain
of the anodic processes al and a2. In order to test that
the electrode is covered, the modified electrodes
were transferred in 1 mM ferrocene solution in 0.1
M TBAP, CH3CN.

The modified electrodes were prepared by
successive scans (20 cycles) between -0.3V and
different anodic limits: 1.02 V (Figure 16 a); 1.78 V
(Figure 16 b). The curves obtained after the transfer
in ferrocene solution for anodic limits of 1.02 V, and
1.78 V are presented in Fig. 17. It can be seen that
the ferrocene signal is much more flat in comparison
to the bare electrode when the potential limit is more
positive. The dependencies of the anodic and
cathodic peak potentials for ferrocene (Fc) on the
selected anodic limit scan are seen in Fig. 17 inset A;
they show important changes starting at potentials
more positive than 1 V. The corresponding anodic
and cathodic currents dependencies, which indicate
a sharp decrease after 1 V, are shown in Fig. 17 inset
B.
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Films based on P2 have been also prepared by
CPE at different potentials (1.02 V and 1.78 V);
there were no important changes in ferrocene CV for
charges of 2.37 mC or 3.5 mC. However, if CPE has
been performed at 1.78 V evident changes occur
continuously when the charge increases from 2.37
mC to 5 mC. In Fig. 17 are given the CV curves after
the transfer in 1 mM ferrocene solution of the CMEs
obtained at 1.78 V at different charges, indicating an
increase with charge of the electrode coverage. Fig.
17 insets A and B show the dependences of ferrocene
anodic and cathodic peak potentials and currents,
respectively, on charge (Q); after Q = 3.5 mC, the
anodic and cathodic potentials are sharply increasing
with Q, while the currents are decreasing with Q.

Comparison between P1 and P2

The diffusion coefficients for P1 and P2 have
been calculated from the slopes of al peaks given in
Figure 6 (b) and Figure 14 (b) using Randles—Sevcik
equation (1), taking into account that the CV curves
have been obtained at room temperature (298 K). In
(1), ip = peak current (A), n = number of electrons
transferred in the redox process (n=1), A = electrode
area (cm?), D = diffusion coefficient (cm?/s), C =
concentration of P1 or P2 (mol/cm?®), and v = scan
rate (V/s). Compound P2 has a higher diffusion
coefficient (Table 6) than P1, in agreement with his
small molecular volume.

i, =268600-n*%-A-C.D"? .2 )

Table 6. Diffusion coefficients for compounds
P1 and P2
Comp. X Slope

105x D
(cm?/s)

P1 0.000068 102
P2 \©\
CH

0.000131 19.1

3
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It can be noticed from Figure 18 and Table 7 that
compounds P1 and P2 have very close potentials for
al and cl peaks, as expected taking into account
their similar structure.

2.0x10* /\j
ey oPv 1 /
< 0.5mM 3
0.0 —FPi
—P2
f &1
4.0x10% 1 2 v
CV
z.0x10™ 0.5 mM
<
- 0.0
g . . 4 ;
2 0 2

E (V) vs FeiFe®

Fig.18. Comparison of DPV and CV curves in 0.1 M
TBAP, CH3CN for P1 (0.5 mM) and P2 (0.5 mM)

Pyrrolo[1,2-c]pyrimidine has a low aromatic
character, which confers a high reactivity in
comparison to the common aryls. The difficulty of
peak assessment is increased by the presence of
stabilizing functional groups, which have redox
potentials close to the aromatic moiety. The
potentials of DPV peaks and the assessed processes
for the compounds P1 and P2 are presented in Table
7.

The transfer in ferrocene solution (Figure 19) of
the modified electrodes based on P1 and P2,
obtained by successive cycling between -0.3 V and
about 1.7 V, lead to more distorted curves in case of
P2, indicating that P2 covers better the electrode
surface, probably due to the formation of a more
compact film.

Table 7. Peak potentials (V) from DPV curves (0.5 mM) and the assessed processes for P1land P2

ompound
P1 P2 Functional group/process
Peak
al 0.81 0.82 Py—Py" /oxidation 1*
a2 0.93 1.19 Ph / oxidation 2
a3 1.44 1.54 Py/oxidation 3
a4 1.80 1.81 Py/oxidation 4
a5 - 2.12 Py/oxidation 5
cl -1.99 -2.08 CO—CO "—CHOH/reduction 1
c2 -2.23 -2.33 Pyrrole double bonds/reduction 2
c3 2261 257 Ester/reduction 3
cd -2.82 - Pyrimidine/reduction 4

*= pyrrolo[1,2-c]pyrimidine moiety

=« bare rode

JR—

plectrode by cycling for P1(1.723 V)

0d
— i electrode by cyclng for P2{1.78 V)

1.0x10% 4

i{A)

-1.0x10" 4

04 03 02 H4 00 04 02 03
E (V) vs Fo/Fc*
Fig. 19. CV curves (0.1 V-st) in 1mM ferrocene solutions
in 0.1 M TBAP, CH3CN on modified electrodes prepared
by 20 scans between -0.3 V and 1.723 V for P1 and 1.78
V for P2, and on bare electrode (dotted line), respectively

CONCLUSIONS

The electrochemical characterization of ethyl 3-
(2,4-dimethoxyphenyl)-7-(2-naphthoyl)pyrrolo
[1,2-c]pyrimidine-5-carboxylate (P1) and ethyl 3-
(4-methylphenyl)-7-(4-methylbenzoyl)pyrrolo [1,2-
c]pyrimidine-5-carboxylate (P2) was performed by
cyclic voltammetry, differential pulse voltammetry
and rotating disk electrode methods.

The pyrrolo[1,2-c]pyrimidines present similar
peaks in the anodic and cathodic domain. Modified

electrodes were obtained by successive scanning or
by controlled potential electrolysis at different
anodic peaks and charges. The coverage of the
electrode surface was confirmed by the transfer of
the modified electrodes in ferrocene solutions, when
the CV signal for ferrocene was found attenuated in
intensity and distorted (with an increased gap
between the peak potentials). P2 gave the best
electrode coverage by electrooxidation. The
modified electrodes investigation is in progress in
view of OLED applications.
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EJIEKTPOXUMMWYHU U3CJIEABAHNS HA IBA ITMPOJI [1,2-c] IMPAMUAMHNA
M.-JI. Tary!, ®. Xaps!, E.-M. Yurypeany'*, E. Jlxxopmkecky?, JI. Bupzan®, M.-M. ITona®

Kameopa no neopeanuuna xumus, usuxoxumus u enexmpoxumus, Yuusepcumem "Ilomumexnuxa” na Byxypeuw,
011061, Pymovnus
2 Hayuen yenmvp Onmxum, 240050, Ramnicu Valcea, Pymvrus,
SPymvncka akademus, Mucmumym no opeanuuna xumus "C. JI. Henumuecko", 060023-Byxypewy, Pymvrus

ITocTpruna Ha 25 aBrycr, 2017 1.; mpuera Ha 18 cenremBpwu, 2017 T.
(Pesrome)

EnexTpoXMMHYHOTO OXapakTepu3npaHe Ha JBa Mupod [1,2-c] MIPpUMUANHY € U3BBPIICHA Ype3 NUKINTIHA BONTAMETPUS
(CV), mudepeHnyraita UMITyJICHa BOJITAMIIEPOMETPHS M BOJTAMIIEPOMETPHSI C POTUPAI JIUCKOB eJeKTpoJ. TexHure
JUQy3HOHHH KOS(QHIMEHTH ca OIPEAe]IeHN Ha OCHOBA BIMSHHETO, KOETO OKa3Ba CKOPOCTTa Ha CKaHUpaHE Ha
noreHuuana Bbpxy CV anogunte TokoBe. MoaudupannTe eIekTpoau ca IPUroTBeHU B upod [ 1,2-¢] MUpUMUANHOBU
pa3TBOpU B ALETOHUTPHWI, CHIAbpXKAll TETPaOYyTWIAMOHHEB IEpXJIOpaT 4ype3 LUKIMpaHe Ha MOTEHIMala WIN 4pe3
KOHTPOJIMpaHa MOTEHIMAIHA eJIEKTPOIN3a IPU Pa3IMUHI aHOIHHU MOTEHINAIHN U 3apsiIu.

KarouoBu pymm: mmpon [1,2-c] mUpUMHINHE, LOUKIAYHA BOJTaMIEpOMETpHs, AudepeHInanHa HWMITYJICHA
BOJITaMIIEPOMETPHs, TU(Y3NOHHN KOSHUINESHTH, MOAUGDHUIMPAHH SIEKTPOIH, POTHPALL JUCKOB EIEKTPOL
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The rate of growth, composition, morphology and microstructure of Ni-Co-P coatings, deposited at Constant
Potential Mode (CPM) and at Pulse Potential Mode (PPM) were investigated depending on the content of NaH2PO; in
the electrolyte, temperature, cathodic polarization and the pulse frequencies.

It was established, that with the rising of NaH.PO, content (from 0.189 M up to 0.5 M), the rate of growth and the
phosphorous content in the Ni-Co-P coatings in both modes of deposition increase. Maximum phosphorous content in the
coatings are received in pulse mode at pulse frequencies 100 Hz at a temperature of the electrolyte 20°C (9.7 mass.% P)
and at 80°C (14.8 mass. % P) at cathodic polarization AE = -1.15 V. With the raising of pulse frequencies the rate of
growth of the coating and the phosphorous content decrease. The pulse potential mode (PPM) of deposition results in
weaker manifestation of the phenomenon “anomalous” deposition of cobalt in the alloy and this being explained by
stabilizing the pH of the solution in the pulse mode. The different conditions of electrocrystallization in the both mode of
deposition reflect in formation of different type structures. Ni-Co-P coatings, deposited at stationary mode are monophasic
and polycrystalline. The identified phase of the type NiCoP has a hexagonal symmetry. The coatings, deposited at pulse

mode (PPM) are typical amorphous.

Key words: Ni-Co-P coatings,electrodeposition, pulse mode,alloy coatings, morphology, phase structure

INTRODUCTION

The ternary Ni-Co-P alloy coatings combine by
unique way the high wear- resistance, corrosion
resistivity and hardness of Ni-P alloys with the
magnetic and lubricant properties of Co-reach Ni-Co
coatings [1]. That is why they are used as
anticorrosion coating (as alternative of the hard
chromium coatings) [1-3] and as layers in magnetic
recorders [4, 5].

The deposition of Ni-P and Ni-Co-P coatings
can be carried out by two methods: electroless
deposition [6] and electrodeposition [3, 7-12] using
sulphate electrolytes [10], modified Watts
electrolytes [11, 12], chloride [7] and sulphamate
solutions [8].

It was established, that Co-P [12] and Ni-P [13]
alloys are possible to be deposited at room
temperature, which is an important contribution to
the searching of the ways for the raising of the
efficiency of the electrodeposition method.

Recently, a bigger attention is payd to the pulse
methods of electrodeposition, and the most common
being square-wave pulsed direct current and pulsed
reverse current [14-19]. The possibility to receive
fine-crystal and nano-structured coatings by pulse
mode of deposition can be explain by creating of

* To whom all correspondence should be sent.
E-mail: katya59inatova@gmail.com

conditions of electrocrystallization in thinner
diffusion layer [14-17]. According to [18], applying
the pulse mode give Ni-P coatings with higher
phosphorous content and higher cathodic current
efficiency. This effect of the pulse electrodeposition
is strongly manifested at lower pulse filling (6 =0.1),
which is explained by the mechanism of deposition
of Ni-P coating. The mechanism of deposition can
be direct [11, 12] or indirect [22], and the possible
reactionsare given in Table 1. In the case of
deposition of Ni-Co-P coatingto the reactions for Ni-
P have to be added two other possible reactions: (5)
and (10) [1, 21].

Independent of the mechanism of deposition,
the presence of the high concentrations of H* and the
formation of conditions for adsorbtion of atomic
hydrogen on the surface of the rising coating (which
is observed at bigger pauses) are the necessity
condition for phosphorous incorporation [1,3,18].
pH of the solution is an important factor not only for
the mechanism of Ni-P deposition [18], but also for
the appearance of the phenomenon of “anomalous”
deposition of cobalt in Ni-Co [15-17] and in Ni-Co-
P alloys [1, 3].

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Table 1. Possible reactions during the deposition of Ni-P and Ni-Co-P coatings by direct and indirect mechanism

Direct mechanism

Indirect mechanism

(1) Ni** +2e" — Ni

(QH" +e >H,, and

H, +H.s > H,

(3)H,PO, +3H" +3e" —P(wh)+3H,0
(#HH,PO, +2H" +e” - P(red)+2H,0
(5)Co%* +2e" — Co

(6) 6H" + 6" —>6H,
(7) H,PO,; +6H,,, > PH,+3H,0

(8) 2PH, +3Ni? —3Ni+3P+6H"
(9) H,PO, +5H" +4e” —PH,(g)+2H,0
(10) 2PH, +3C0% —>3C0 +3P +6H"

In the case of electroless deposition of Ni-P, the
most commonly used phosphorus-producing agent is
NaH.PO.and the main reaction in this case is as
follows [6]:

Me?* + 2H,PO; + 2H,0 —Me + 2H,PO;3 + 2H* +
H: (11)

There is not a common opinion in the literature
about what phosphorous — producing agent to be
used in electrolytes for electrodeposition of Ni-P
[11], Co-P [5] or Ni-Co-P coatings [1, 6]. According
to most of the authors, most frequently this is only
sodium hypophosphite [1]. Its influence on the
phosphorous content and on the structure of Ni-Co-
P alloy coating in the presence of the two
phosphorous oxyacids (HsPOas, H3POs) is not
sufficiently discussed in the literature. Data about
the use of pulse potentiostatic mode for deposition
of Ni-Co-P alloy coating was not found.

The aim of the presented paper was to
investigate the influence of the sodium
hypophosphite during the stationary and pulse
potentiostatic mode of deposition, as well as the
effect of the pulse frequency and electrolyte
temperature on the rate of growth, composition,
morphology and microstructure of Ni-Co-P
coatings.

EXPERIMENTAL

The electrolyte for Ni-Co-P alloy deposition
was with composition: 0.2M NiSO4.6H.0; 0.1M
C0S0..7H20; 0.1M KCI; 0.125M HsPOs; 0.2M
HsPOs; 0.32 M H3BOs and NaH:PO, (0.189 M + 0.5
M) with pH = 2. The pH correction was done using
diluted solutions of NaOH and H;SO.. The
potentiodynamic voltammograms (sweep rate 30
mV s?1) and coating deposition at constant
potentiostatic mode (CPM) were realized using
Potentioscan type Wenking (Germany).

Tree-electrode thermostated electrochemical
cell was used with total volume 150 dm?3. The
working electrode for the voltammograms was
cylindrical, disk-shaped with surface area 1 cm?,
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made from copper foil (Merck, 99.97%).The counter
electrode was Pt foil with surface, ten times bigger
than this one of the working electrode(=>10 cm?).
The reference electrode was commercial saturated
calomel electrode (SCE). The alloy coatings were
deposited on copper foil (Merck, 99.97%) with work
area 4 cm? (2x2 cm). Before the deposition, the work
electrode was etched, rinsed with distilled water and
drying [19]. The mass of the coating was calculated
by the difference of the cathodic masse before and
after the deposition, using analytical balance
(accuracy 0.0001g). By calculation, the masse of the
coating, deposited on the unity of surface during the
unity of time (i.e. the rate of growth), G [mgecm™2 h-
1], was determined.

The realization of the pulse potentiostatic
mode (PPM) with rectangular form of pulses of the
potential is described in details in [20]. The
frequency of pulses are changed from 100 up to 500
Hz at constant pulse filling 6 = 0,5 . The theoretical

relation between the average and amplitude value of
the polarization AEn (calculated as difference
between the potential at a given current and the
equilibrium potential), and the amplitude value

(AE;) of the polarization isAE  =6.AE . The

coatings are deposited with the aim of comparison at
the same value of the cathodic polarization in both
modes of deposition (AE for CPM and AEn for
PPM).

The morphology and the elemental composition
of the coatings were investigated through SEM and
Energy Dispersive Spectral Analysis (EDSA)
methods using equipment of Oxford Instruments,
JSM-6390- Jeol. The phases, presented in the
deposited coatings, were identified by XRD analysis
using vertical automatic diffractometer Philips PW
1050 with secondary graphitemonochromator,
operating with CuKo radiation and scintillation
counter. The diffraction curves were recorded in
angular interval from 10 to 100 degrees, 20 with step
0.04 degrees and exposure 1 sec.
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RESULTS AND DISCUSSIONS

At Fig. 1 are compared the cathodic
voltammograms in electrolytes for deposition of Ni-
Co-P alloys without (curve 1) and with 0.5M
NaH.PO,(curve 2) at room temperature (20°C) at
constant composition of the rest of solution.

As can be seen, in the presence only of the
phosphorous — containing acids (cv.1),

the current reach to very high values at high
cathodic polarizations and at the potential of E = -
1.75V (SCE) passes through maximum.

100, 1

~_ 80

O 60/

<

£ 40 2

=20,
o}

-20 . :
0,0 -0,5 -1,0 -1,5 2,0

E,V (SCE)
Fig. 1 Cathodic voltammograms in electrolytes for
deposition of Ni-Co-P coating without NaH»PO, (curve 1)
and with 0.5M NaH2PO; (curve 2) in the bath at 20°C.

Supplementing to the bath of 0.5M NaH»PO,
(curve 2) results in strong decrease of the current and
to displacement of the potential, corresponding to
the maximum, in a more positive direction.

The two opposite effects, observed in the
presence of NaH.PO, — its depolarization effect and
the lowering of the rate of the process of deposition,
could be explained using the chemical mechanism of
deposition. According to this mechanism, NaH2PO,
is a reducing agent regarding to nickel and cobalt
ions and its presence at high concentrations can
result in reduction of these ions not only by the
electrochemical but also by chemical mechanism [6,
19] according to the reaction (11).

Data about the rate of grow of the mass G (Fig.
2a) and the phosphorous content in the coating (Fig.
2b) depending on NaH2PO- content in the solution
at stationary (curve 1) and pulse (curves 2-4) mode
of deposition at pulse frequencies 100 up to 500 Hz
is presented at Fig. 2.

The coatings of Ni-Co-P are deposited at room
temperature at the same cathodic polarization in
CPM and PPM at -1.15V (AE and AEnresp.).

Data, presented in Fig. 2 show, that when
stationary mode is applied, with the rise of NaH.PO,
content up to 0.4 M the coating mass rise with bigger
rate, almost linearly. At bigger concentration the rate
decrease (Fig. 2a, cv. 1). Applying the pulse mode,
the mass of the coating rise slowly with the
increasing of NaH,PO, concentration (Fig. 2a, cvs 2-

4) compared to the stationary mode (Fig. 2a, cv. 1)
especially at frequencies, higher than 500 Hz (Fig.
2a, cv. 4). At a given average value of the
polarization, according to the relation AEmw = 0.AE,,
during the pulse time, almost twice bigger values of
the amplitude values of the polarization
(respectively of the current density) are achieved. It
can be assumed, that at this conditions, the part of
the current, used for hydrogen evolution is bigger,
compared to the stationary conditions [18]. At pulse
frequencies, higher than 250 Hz, the time for nuclei
creation and growth, as well as for the recovery of
the concentration gradient of the deposited ions, is
smaller than this one at lower frequencies, which
results in lowering of the rate of coating deposition
(Fig. 2a, cv. 4).

14 1(cpm)
(a) )
- 121 >-.i
“_,-;10_ 2(100 Hz) 3(250 Hz)
G sl V/ e
o //* 4(500 Hz)
£ 6 Af
O 4
¢
2 02~ 03 0+ 05
NaH,PO,’ gmol o
104
(b) o ———42(100 H2)
&3(250 Hz)
X " / 07.1 (cpm)
7 /
é /: _AA(500 Hz)
~8-
o =]
A/
74

0,2 0,3 04 ,05

CNaHZPOZ, gmol dm

Fig. 2. Effect of NaH.PO, concentration in the solution on
the rate of growth G of the coating (a) and the content of
P, mass.% (b) of the Ni-Co-P alloys in CPM (curve 1) and
in PPM (curves 2-4); AE, resp. AEm = - 1.15V (SCE)):
(2) 100 Hz; (3) 250 Hz and (4) 500 Hz, 6 = 0.5.

At stationary mode, with the growing of
NaH,PO; content, the phosphorous content in Ni-
Co-P coatings also grow (Fig. 2b, cv. 1), but it stay
lower compared to this one at pulse mode at pulse
frequencies from 100 up to 250 Hz (Fig. 2b, cvs 2,3).
The maximum phosphorous content (up to about
9.7%) is achieved at pulse frequency 100 Hz and
maximum NaH:PO; content in the solution 0.5M.
With the raising of pulse frequencies (Fig. 2b, cv. 4),
the phosphorous content in the alloys going down
under this one in stationary mode. The fact, that at
lower pulse frequencies (100 and 250 Hz) the

phosphorous content in the alloy is higher, can be
39
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explained with the time of pauses between the
pulses, which in these conditions is higher. This give
a possibility for adsorbtion of hydrogen ad-atoms on
the cathodic surface, which facilitate the reactions
(7) and (8) and (10) from Table 1, all chemical by
nature, and resulting in producing of P, Ni and Co,
combined in the ternary Ni-Co-P alloy.

Table 2 presents data from EDSA analysis
about the composition of the coatings. It can be seen,

that at all studied concentrations of NaH.PO;, the
phenomenon of “anomalous” high cobalt
concentration in the coatings (compared to this one
in the solution in respect to the nickel concentration)
is observed.The cobalt content, compared to this of
the nickel, decrease notably at pulse mode (for
example by 0.189 M NaH,PO. from 70,6% at CPM
to 66.3% in PPM).

Table 2 Chemical composition of Ni-Co-P coatings (in mass %), deposited in stationary mode (CPM) and in pulse
mode at 250 Hz (PPM)depending on the NaH,PO, content in the solution;Cathodic polarization AE, resp. AEn= -1.15V

(20° C)

Content, mass % %P % Ni % Co %P % Ni % Co
N

C ,M | CPM CPM CPM PPM PPM PPM

NaH2PO2

0.189 7.0 22.4 70.6 7.8 25.9 66.3
0.250 7.6 25.9 66.5 8.8 28.1 63.1
0.400 8.7 27.8 63.5 9.7 315 58.8
0.500 9.3 29.3 61.4 9.8 33.1 57.1

In pulse mode a supplementary rise of the
phosphorous content (up to 14.8 % at 100 Hz) in the
coatings and decreasing of the manifestation of the
“anomalous” deposition is observed at rising the
electrolyte temperature up to 80°C at lower pulse
frequencies (Table 3). The explanation can be
related to the change in pH of the solution close to
the electrode and its raising as a result of hydrogen
evolution simultaneously with the main reactions
(Table 1). According to many authors, the hydrogen
evolution from Watts and sulphamate electrolytes
begins at potentials, close to the potentials of
deposition of nickel and cobalt [15, 16, 18].

With increase of the pH of the solution in the
cathodic range, the appearance of hydroxide

complex ions of the metals is observed. The constant
of stability of Co(OH)* are lower than this of
Ni(OH)* which means, that at conditions where the
first ones are formed and adsorbed easier, a
preferential deposition of Co in Ni-Co alloys is
observed [15, 16]. As it is shown in [18] during the
pulse mode of deposition the pH of the solution is
stabilized, i.e. the low values of pH are supported, as
a consequence of restoring of the concentration
gradient, created during the pulses at hydrogen
evolution. That is why at lower and middle pulse
frequencies the possibility for formation of metal-
hydroxide complex ions decreases and as a result the
effect of “anomalous” Co deposition decrease.

Table 3. Composition of Ni-Co-P alloys depending on the parameters of the applied mode (AE for CPM and
frenquency, ffor PPM, AEy =-1.15 V) at 80°C and 0.189 M NaH,PO;

CPM %P % Ni % Co PPM %P %Ni % Co
AE,V f,Hz

-0.95 10.3 336 56.1 100 148 36.7 48.5
-1.15 9.5 31.1 59.4 250 13.7 34.2 52.1

-1.25 8.7 29.3 62.0

500 123 344 53.3

Morphology

At the Fig. 3, the SEM images are shown of the
surfaces of the Ni-Co-P alloys, deposited at room
temperature at stationary (Fig. 3 a,b) and pulse (Fig.
3 ¢,d) potentiostatic mode (AE u AEn = -1.15V) and
different content of NaH.PO in the solution: 0.189
M NaH2PO:; (a, ¢); 0.5 M NaH2PO; (b, d). The SEM
images show, that the mode of deposition has a
strong effect on the character of the formed crystals.
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The deposited at stationary mode coatings have
a columnar structure. At lower concentration of
NaH»PO; the coatings are nano-dimensioned (Fig.
3a), and at higher concentration of NaH:PO;
simultaneously with the predominate nano-
dimensional crystals, crystals with dimensions about
and over 500 nm are formed (Fig. 3b).



K. Ignatova: Electrodeposition and structure of Ni-Co-P alloy coatings in stationary and pulse potentiostatic mode

Fig.3. SEM images of Ni-Co-P alloys, deposited in CPM (a, b) and in PPM (c, d) (AE, resp. AEm = -1.15V) at different
content of NaH2PO; in the solution: 0.189 M NaH2PO: (a, ¢); 0.5 M NaH2PO: (b, d)

At pulse mode of deposition, the dimensions
and the form of the crystals are changed (Fig. 3c,d),
which prove, that during this mode the conditions of
electrocrystallization are changed. The coatings
have prolonged crystals, arranged in networked

20kV ' X5,000  5pm 11.48 BEC

v 20KV X5,000% = Sumy

structure, peculiar to the higher concentration of
NaH2PO; (Fig. 3d). In the both modes of deposition,
the coating at lower content of NaH,PO- have more
fine-crystal structure (Fig. 3a,c).

v salk "G

'Y 1038 E1 w”

-y
e a0kv 4 X000 - By el

Fig. 4. SEM images of Ni-Co-P alloys, deposited in pulse mode at pulse frequencies 100 Hz (a, d); 250 Hz (b, €); 500
Hz (c, f) at 20°C (a-c¢) and 80°C (d-e); 0,189 M NaH;PO; (AE, resp. AEn =-1.15V).

Fig.4 shows the influence of the pulse
frequencies and the temperature on the morphology
of the Ni-Co-P alloys in pulse mode. The increase of
the pulse frequency at room temperature does not
change importantly the morphology of the coatings
(Fig.4 a-c). The coatings are build up from crystals
with filiform structure. In the coatings, deposited in
pulse mode, at a temperature of the electrolyte 80°C,
the morphology of the Ni-Co-P coatings is changed
(Fig.4, d-f). At low pulse frequency (100 Hz) a
layered structure is seen with a maximum smoothing

compared to other coatings (Fig. 4d). With the rising
of pulse frequencies up to 500 Hz, the structure of
the coatings begins to look like this one in stationary
conditions (for comparison Fig.4 f and Fig. 4a) — it
is fine-crystal, composed by separate grains. The
established higher phosphorous content for the
coatings, deposited at lower pulse frequency
compared to these, deposited at 500 Hz (Fig. 2b) is a
possible reason for the smoother structure at 100 Hz.

Phase composition
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Fig.5 (a, b) show the diffractograms of the
deposited at stationary and at pulse mode Ni-Co-P
alloys at temperature 80°C at the same cathodic
polarization and the same content of NaH:PO;
(0.189 M) in the solution. In the stationary mode of
deposition a monophasic polycrystalline Ni-Co-P
coating is forming. The compound is of the type
NiCoP and it is well distinguished by the diffraction
peaks. It has a hexagonal symmetry (according
ICSDref 98-062-4449).

The Ni-Co-P coating, deposited in pulse mode
at frequency about 250 Hz, is amorphous. The
deposited coating is thin (under 10 um), as the peaks
of the substrate is seen (Fig.5, b).
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Fig. 5. Diffractograms of Ni-Co-P alloy coatings,
deposited at temperature 80°C in stationary, CPM (a)
and pulse mode, PPM (250 Hz) (b) at the same cathodic
polarization AE (CPM), resp. AEm (PPM) =-1.15V.

CONCLUSIONS

1. With the increase of the NaH,PO, content in
the solution the mass of the deposited Ni-Co-P
coating and the phosphorous content grow up faster
in stationary mode compared to the pulse mode.
Using the pulse mode with frequencies between 100
and 250 Hz results in higher phosphorous content in
the coatings;

2. When the temperature of the electrolyte rise
and the polarization is lower, in stationary mode and
at lower pulse frequencies in pulse, the content of
phosphorous in the coatings grow (up to 14.8% P at
100 Hz, 80°C); the manifestation of the phenomenon
of “anomalous” cobalt deposition and of the fine-
crystal structure going down.

3.Ni-Co-P coatings, deposited in stationary
mode, are monophasic and polycrystalline and the
identified phase has hexagonal symmetry. The
coatings, deposited in pulse mode are typical
amorphous.
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EJIEKTPOOTJIATAHE U CTPYKTYPA HA NI-Co-P CIUIABHU [TIOKPUTH A B
CTAIOMOHAPEH 1 UMITVYJICEH IIOTEHITUOCTATHUYEH PEXNM

Kats H. Urnarosa?, ﬁopaaHKa C. Mapuesa?, Crena At. Bnagumuposa®, I'eopru B. Apnees®, Jlanuena
C. Jlunosa!

Xumuxomexnonozuuen u Memanypauuen Yuusepcumem, 6ya. Kn.Oxpuocku 8,1756 Coghus
2Texnuuuecku ynusepcumem Cogpusa, 6yn. Kn. Oxpuocku 8,1000 Cogus
SUncmumym no Qusuxoxumus ,, Axad. Pocmucnae Kauwes “- Bvneapcka akademus na naykume, yi. Axao. I'.
bonyes 6n. 11, Copusa 1113

Ioctenmna Ha 21 aBryct, 2017 r.; mpuera Ha 07 cenrremBpu, 2017 1.
(Pesrome)

W3cnenBaHu ca CKOpPOCTTa Ha HapacTBaHe, ChCTaBa, Mopdoioruira W MHKpocTykrypata Ha Ni-Co-P mokpurns,
OTJIOXKEHH B CTALOHAPEH M B MMITYJICEH MOTEHIMOCTATHYCH PEXUM B 3aBUCUMOCT OT ChAbpikaHueTo Ha NaH:PO; B
CJICKTPOJINTA, TEMIIEpaTypaTa, KaTOJIHUS MOTCHINAN W YecToTaTa Ha UMITyJICUTE. YCTAHOBEHO €, 4e C HapacTBaHe Ha
chabpxkanneto Ha NaH:PO; (ot 0.189 M g0 0.5 M), ckopocTra Ha HapacTBaHe Ha MacaTa Ha MOKPUTHETO U
chabpkanneTo Ha ocpop B Ni-Co-P nokpuTHs 1 npu 1BaTa TOKOBH peKUMa HapacTBa. MakCHMalHO ChABbpPKAHUE Ha
(ocdop B IOKPUTHATA € TI0Ty4eHo OpH yecToTa Ha ummyncute 100 Hz npu temnepatypa Ha pastsopa 20°C (9.7 mass.%
P) u mpu 80°C (14.8 mass. % P) npu karogna nonspusanus AE = -1.15 V. C HapacTBaHe Ha 4yecTOTaTa Ha UMILYJICUTE
CKOpPOCTTa Ha HapacTBaHE Ha MacaTa Ha IIOKPHUTHETO M ChIbpKaHHEeTO Ha Qocdop HamamsBar. B ummyiceHn
MOTEHLOCTaTHYCH PEXUM ce HaloJaBa 10-ci1abo mposiBieHHe Ha (eHOMeHa ,,aHOMaJHO* OTJiaraHe Ha KOOaniT B
CIUTaBTa W TOBa € OOSCHEHO ChC crabmwin3upaHe Ha pHHa pasTBopa B TO3M pPEXUM. Pasnu4HUTE YCIOBUS HA
CJICKTPOKPHUCTAIM3AIMS B [[BaTa PEXKUMA Ce OTpas3sBaT BHB (opMHpaHE Ha pa3IMYHM TUIOBE CTpyKTypH. Ni-Co-P
MOKPUTHS, OTJIOKEHH B CTAalIMOHAPEH PEKHUM, ca ¢IHO(DA3HU M MOJHMKUCTATHU. MneHtuduimpanara ¢asa e oT Tuma
NiCoP ¢ xekcaroHanHa cuMeTpus. [IOKpUTHATA, OTIIOKEHHU TIPU UMITYJICEH PEXKUM Ca THIIHIHO aMOP(HH.

KarouoBu qymMu: enexTpooTiarane, UMITyJICEH PEKUM, CIUIAaBHU MOKPHUTHS, Mopdoiorus, GazoBa CTpyKTypa
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The process of anomalous deposition of gold—indium alloys from different electrolytes on the basis of ammonium
sulphate (with addition of oxalic, malonic and lactic acid, and glycine) was investigated. The oscillations, observed at
some current densities from the first three mentioned electrolytes were investigated in galvanostatic regime. By linear
sweep voltammetry technique, besides the methods of cyclic voltammetry and conventional X-ray analysis the phase
composition of the deposited alloys from glycine electrolytes were determined.

Keywords: glycine electrolytes, gold-indium alloys, oscillations, spatio-temporal structures

INTRODUCTION

In  our previous investigations, the
electrodeposition of gold-indium alloys was studied
from several electrolytes - cyanide, citrate, acetate
and glycine and some brief literature review on the
deposition and properties of the alloy were presented
elsewhere [1]. The morphology and the phase
composition of the coatings from the mentioned
electrolytes were determined, with particular
attention being paid to the cathodic processes during
electrodeposition of the alloy coatings from glycine
electrolyte. Instabilities and oscillations of the
potential during electrodeposition from the above
mentioned electrolytes, namely the presence of
oscillations at almost the same current densities
(respectively  reaching a similar  coating
composition) were observed. This behaviour of
different indium electrolytes and the modes for the
passivation/re-passivation are well-known [2], but
the information about deposition of indium alloys in
the literature is scarce [3].The present study aims to
show the processes of deposition of gold-indium
alloys in more details.

It was also recognized that the process of
electrodeposition of gold-indium alloy from glycine
electrolytes is a very promising one because of the
possibility to obtain a variety of spatio-temporal
structures on the surface of the electrode which
would allow comparison with other known indium
alloy systems with similar nature [4-6]. The content
of indium in alloys deposited from glycine
electrolytes even at low current densities is more
than 40 wt. %. This leads to the suggestion that the
electrodeposition of the alloy is if anomalous type,

* To whom all correspondence should be sent.
E-mail: tsvetina@ipc.ipc.bas.bg
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where the more noble metal does not deposit
preferentially [7]. The second aim of our study was
to apply anodic linear sweep voltammetry technique
[8], besides the methods of cyclic voltammetry and
conventional X-ray analysis [8] in order to determine
the phase composition of the deposited alloys from
glycine electrolytes.

EXPERIMENTAL
The Au-In alloy coatings were deposited from
the electrolytes with the compositions presented in
table 1.

Table 1: Chemical compositions of the electrolytes

Compounds, gdm- Electrolytes

Au as KAuU(CN); 1 1 1 1

In as InCls3 6 6 6 6

Ammonium sulphate 40 40 40 40
Oxalic acid 40

Malonic acid 40

Lactic acid 40

Glycine 40
pH 32 33 34 3.0

All solutions were made with p. a. purity
chemicals and distilled water.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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The experiments were performed in a 100 cm?
tri-electrode glass cell at room temperature. The
vertical working electrode (area 2 cm?) and the two
counter electrodes were made from gold. An
Ag|AgCI reference electrode (Eagagci= 0.197 V vs.
SHE) was used.

The experiments were carried out at room
temperature by means of a computerized PAR 273 A
potentiostat/galvanostat using the software Power
Suite.

The Au, In and alloy coatings were dissolved in
the tri-electrode cell for anodic linear sweep
voltammetry (ALSV) experiments with platinum
counter electrode and the Ag|AgCl reference
electrode in a solution containing 12 M LiCl. Before
each experiment the gold electrode was cleaned by
cyclic CV curves in the 0.1 N solution of sulfuric
acid to remove traces of undissolved hydroxides and
chlorides. The In or Au distribution on the surface of
the coatings was examined by energy-dispersive
analysis (EDAX).

Additionally, the galvanostatic deposition was
performed onto brass substrates (2x1 ¢cm) in order to
investigate elemental composition of the obtained
alloy coatings. The In percentage in the coatings
depending on the electrolysis conditions was
determined in experiments by X-ray fluorescence
analysis (Fischerscope X-RAY XDAL).

The phase analysis was performed by means of
a Bruker D8 Advance diffractometer at 20-angles
from 15 to 90° with Cu-K, irradiation and Sol X
detector.

RESULTS AND DISCUSSIONS

Figure 1 (a-d) shows the chronopotentiometric
curves obtained during electroplating of gold-
indium alloys from electrolytes A, B, C and D (see
Table 1). To the basic electrolyte containing
ammonium sulphate four different organic ligands
were added using oxalic, malonic and lactic acids
and glycine. Thus, the galvanostatic curves obtained
in the first three (A, B, C) investigated solutions
show features associated with the occurrence of
oscillations at the current density of 0.6 A dm=. In
the glycine electrolyte single oscillations but at all
investigated current densities were observed.

Oscillations with amplitude close to and above
300 mV are clearly visible (Figure 1A-C, insets).
There is no trend in the behaviour with regard to the
quantity of carbon atoms (in the order of oxalic,
malonic and lactic ligands).
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Fig. 1. Chronopotentiometric curves, obtained at different
current densities: Curve 1 -0.2 A dm?; curve 2 -
0.4 Adm curve 3 -0.6 Adm?; curve 4 -0.8 Adm=2in
the electrolytes (see Table 1): a) A; b) B; c) C; d) D

Certainly, it can be supposed that the beginning
of the oscillations is performed after process of
nucleation, i.e. when the thickness of the coatings is
more than 0.3 um (in the electrolyte with an oxalic
acid the oscillations start after the 600" second
(Figure 1, insetla) after the beginning of the
process, while with the malonic acid (Figure 1, inset
1b) they start markedly earlier - after the 80" second
and in the case of using lactic acid — after about 180
seconds from the beginning of the reduction process
(Figure 1, inset 1c).
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Additionally, in all four investigated
electrolytes the composition of the obtained coatings
is similar and practically the same between 50 and
60 wt. %. The dependence of the composition on the
current density is shown in Figure 2.
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Fig. 2. Content of indium in dependence of the current
density in the alloys deposited in the electrolytes A-D
onto brass substrates.

In fact, it could be assumed that the potential
oscillations are not related to the phase formation but
more likely they could be associated with an
alkalization in the vicinity of the electrode and
formation/destruction of passive layers. There is no
evidence in the literature about the formation of
indium complexes with the indicated organic acids
(oxalic, lactic, malonic and glycine), but with
ammonia ions and hydroxyl ions its complexes are
strong enough (the instability constant of the
complex of indium with two ligands of ammonium
is about 10° and that with the hydroxide group, with
four ligands reaches the value of 10-2[9]). However,
it should be noted that oscillations in the process of
indium deposition in absence of gold (as well as of
gold in absence of indium) are not observed.

It is known that at pH values higher than 3.4
some passive indium-hydroxide and indium-cyanide
layers are formed [10]. Most probably the conditions
to form these layers are favoured at 0.6 A dm?2. The
glycine electrolyte is more acid than the others and
that could be the reason that the oscillations cannot
appear. This phenomenon of formation/destruction
of the oscillations is not new and has been observed
and described by de Levie [2], developed and
modelled by M. T. M. Koper et al. [11-15] in case of
the reduction of In® to In® in the thiocyanate
electrolyte. It could be a reason to state that the
appeared oscillations are a result from the chemical
formation/destruction of some passive layer of
indium oxide/hydroxide layer formed due to the
increased alkalinity around vicinity of the
electrode/electrolyte interface and may be a further
option or could play a role for detecting pH changes
in the vicinity of the electrode.

As previously mentioned, the composition of
the alloy coatings from the different electrolytes

46

obtained in the region of indicated current densities
is similar and it could be stated that the alloy
deposition is anomalous, i.e. even at the lowest
current density some indium-containing alloy phase
starts to form. The study of this phenomenon
continued with the work of glycine electrolyte,
where structure formation is observed.
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Fig. 3. Cyclic voltammetry curves, registered at v = 20
mV st in the water solution of: 1) InCls (curve 1); 2) InCls
+ glycine (curve 2); 3) InCls + glycine + (NH4)2SOa4 (curve
3), Inset: Part of the same curves, in the potential
region -0.6 to -0.7 V.

Figure 3 presents cyclic voltammetry curves,
obtained in the alloy electrolyte, without gold ions.
The addition of the glycine depolarized the cathodic
process and addition of the ammonium sulphate
polarized the process of reduction of indium (with a
presence of glycine) which starts at -0.8 V. (Figure
3, inset).

The anodic part of the CV curves seems to be
more interesting. The dissolution of indium
deposited from aqueous solution of indium chloride
as well as in the presence of glycine goes through
two peaks — one wide, with a maximum at 0 V and a
second, small one with a maximum at 0.7 V (Figure
3, curves 1 and 2). These two peaks are divided by
region of passivity about 250 mV. Most probably,
the first peak belongs to the dissolution of indium
and the second one to the dissolution of the passive
layer, formed at the beginning of the deposition
process, where some oxide — hydroxide layer is
formed [10]. Also, it cannot be excluded, that the
second anodic peak could also be a result of
dissolution at a more positive potential of similar
layers formed by the dissolution of indium at the first
anodic maximum. The addition of ammonium
sulphate (curve 3), which does not affect markedly
the cathodic process or accelerates the first anodic
process and a big anodic peak with a maximum
around -0.5 V could be registered. The second peak
with a maximum around 1.25 V most probably is
connected with the dissolution of the passive layer
formed at the beginning of the indium reduction
process.
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Fig. 4. Cyclic voltammetry curves, registered at v = 20
mV s in aqueous solution of: a) KAU(CN). + Glycine +
(NH4)2SO4 (curve 1), b) InCls + glycine + (NH4)2SO4
(curve 2), ¢) KAU(CN); + Glycine + (NH.)2SO.+ InCls
(curve 3)

Figure 4 shows cyclic voltammetry curves in
the alloy electrolyte with the metals present
separately and together. At this scale there are no
visible peaks onto the CV curve (curve 1), obtained
in the alloy electrolyte containing gold ions (in
absence of indium). Curve 2, registered in the
presence only of indium in the alloy electrolyte
shows the already commented (in Figure 3) two well
defined peaks with maximums around -0.4 V and 1.2
V (the last one is accompanied with a small bump at
0.85V). The alloy electrolyte (curve 3) shows
polarization of the cathodic reaction of about 200
mV, which is connected with a fact that indium
reduction process proceed at the more negative
potential onto already formed gold-indium alloy
layer.

To clarify the nature of the peaks and the
correspondence between cathodic and anodic
processes, CVA curves reaching different vertex
potentials in the cathodic period were recorded
(Figure 5).
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Fig. 5. Effect of the scan reversal potential on the anodic
part at the CV curves, obtained in the electrolyte D (with
glycine) registered at a scan rate of 20 mV s%, 1) -0.8 V;
2)-0.95V;3) -1.2V;4)-15V

The different vertex potentials are chosen as
follows: Firstly — just after beginning of some visible
reduction process (curve 1), at the middle of the

process of reduction (curve 2), at the end of first peak
(curve 3) and up to the appearance of a hydrogen
evolution reaction (curve 4).

It could be seen, that the beginning of the
deposition process corresponds to the appearance of
the anodic peak with a maximum about 1.2 V (curve
1), connected with the dissolution of the passive
hydroxide indium layer, formed at the beginning of
the cathodic process (i.e. only indium products are
the players in the beginning of the process). Next run
shows that during the first cathodic well-visible
process the gold-containing phase appears (peak
with a maximum around 0.87 V) together with
increased peak. Small peak also appears at the
potentials about -0.4 V, which belongs to the
indium-rich phase dissolution. Running the curve
until vertex potential after the end of the cathodic
peak at about -1 V (curve 3) leads to the growing of
all anodic peaks, which were registered in the
previous run. With a vertex potential, where the
hydrogen evolution reaction takes place the
appearance of the most negative anodic peak (left
part of the split peak) appears, which should be
assigned to the dissolution of the pure indium.

The phase analysis of the deposited coatings at
different current densities, with different metal
content shows almost similar diffractograms with
peaks of Auln.-and In-phases.
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Fig. 6. XRD pattern of the coatings, obtained at 0.2 A dm"
2,0.4 Adm?and 0.8 A dm from the electrolyte D

From the performed experiments it is not
possible to clarify the phenomena of anomalous
deposition of the gold-indium alloy. The anodic
linear sweep voltammetry technique is an
appropriate  tool to investigate the phase
composition. The technique is described in [8] and
the most important requirement is that during
dissolution in the different electrolytes the re-
precipitation is avoided which simplifies the
*anodic” picture. So, the complicated nature of the
anodic peaks directed the experiments to the anodic
linear sweep experiments, performed on coatings
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deposited at the 3 current densities parallel to the
XRD experiments.

Similarly to the already by ALSV technique
investigated silver-indium electrodeposited alloys
[8] the electrolyte for the dissolution of the alloy was
chosen to be lithium chloride, which is appropriate
for the investigated gold-indium system as well.

The dissolution curves of the at 0.2, 0.4 and 0.8
A dm? deposited gold and indium layers are
presented in Figure 7 a, b.
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Fig. 7. ALSVs of gold and-indium coatings (v=1mV s
1) deposited with a constant charge of electricity Q =
1.25 C cm? at different current densities: Dashed line —
0.2 A dm'%; black solid line — 0.4 A dm2; grey solid line —
0.8 A dm?, dissolution of gold coatings, dissolution of
indium coatings

The dissolution of indium in the lithium chloride
takes place at -0.5 V, and that of gold at +1 V. The
small difference in the area under peaks depends on
the different cathodic efficiency during deposition of
the coatings.

The dissolution of the alloy coatings was
performed in the solution of LiCl and the obtained
anodic linear sweep voltammetry curves are
presented in Figure 8. For the coatings deposited at
different current densities all peaks exists, but the
content range of the elements is different. This fact
corresponds to our previously obtained results [8].
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Fig. 8. ALSVs of gold-indium alloy coatings (v=1mV s
1) deposited with a constant charge of electricity Q =
1.25 C cm2 with different current densities: Dashed line -
0.2 A dm'%; black solid line -0.4 A dm?; grey solid line -
0.8 A dm?

Considering the XRD pattern of the alloy
system Au-In (Figure 6) it appears that each phase
exists in a very broad range of percentages in the
alloy. The potential range of each phase registered
by ALSV technique depends on the weight
percentage range of its appearance. Taking into
account that the distribution of indium in the coating
is non-homogeneous, the observed change of the
position of some peaks on the ALSV is reasonable.

According the ALSV curves shown in Figures
7 and 8 together with the results of the X-ray analysis
presented in Figure 6 it could be stated that:

o the peak A corresponds to the pure In;

o the peak B corresponds to the phase Aulny;

o the peak C corresponds to the pure Au
and/or to the alpha phase of the system.

CONCLUSIONS

The electrodeposition of gold—indium alloys
from different electrolytes on the basis of
ammonium sulphate (with addition of oxalic,
malonic and lactic acid, and glycine) belongs to the
anomalous electrodeposition due to the fact that the
gold-indium phases deposit preferentially than the
gold, as a more noble metal. The oscillations,
observed at some current densities from the first
three mentioned electrolytes depend on the pH value
near to the electrode/electrolyte interface where the
formation/destruction of passive layers takes place.
The dissolution potentials of gold, indium and gold-
indium alloys depend on the deposition current
density, respectively on the percentage of the alloy.

Each ALSV peak is ascribed to a corresponding
phase and there is a very good agreement between
the alloy characterization by the ALSV technique
and by the X-ray technique.
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Y@paynxogpep yenmop 3a npunoscnu uzcredsanus no pecypcna epexmusnocm, Anyenay, I'epmanus
2Vuueepcumem no npunodichu Hayku 6 Awagpendype, Awagenbype, I'epmanus
Sdpaynxodep npoexmna epyna no peyuxnuparne na Mamepuanu u pecypchu cmpamezuu, Anyenay, Iepmanus
*Uncmumym no gusuxoxumus, Bvneapcka axademus na nayxume, Cogus, Boneapus

IMocrenuna Ha 24 romu, 2017 r.; mpuera Ha 12 centemBpu, 2017 .
(Pe3tome)

W3cnensaH e mponechT Ha aHOMAIHO OTJIaraHe Ha CIUIAB 3JIaTO-UHIUH OT Pa3JIMYHU SJICKTPOJIUTH Ha Oa3aTa HA aMOHUCB
cyndar ( ¢ mo6aBIHETO Ha OKCAIIOBA, MAIOHOBA M MJICYHA KHUCEJIWHHU, KAKTO W TIHIH). [IpH rarBaHOCTATHYCH PEKUM
Ha paboTa C WBPBUTE TPHU TOPENOCOYCHH ENEKTPOIUTH Cce HaOMIoaBaT OCIUIAINM Ha MOTeHIWana. llpu
@JIeKTPOOTIaraHe Ha CIDIaBTa OT TJUIIMHOB EJICKTPOJHUT ce HalJfoJaBa CTPYKTypooOpasyBaHe Ha MOBBPXHOCTTA Ha
enekrpona. Da3oBUAT CHCTAB HA XETEPOTCHHHUTE ITOKPHUTHUS, ITONYUYEHH OT TIIMIIMHOB EIIEKTPONIUT, Ca M3CICABAHU C
aHOJTHA JINHEWHA BOITAMIIEPOMETPUS U Pe3yATATUTE Ca CPABHEHH C JaHHUTE OT KOHBEHIIMOHAIHUS PEHTTEHOCTPYKTYPEH
aHaIn3.

Kiro40Bu aymMu: TTUIMHOB €NEKTPONIUT, CIUIAB 3JaTO-UHAWH, OCHMIALNHU, HNEPUOIUYHH IPOCTPAHCTBEHO-BPEMEBH
CTPYKTYpH
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This work is focused on structural modification of phosphate materials by doping with transition metal oxides. The
structure of (Ti02)x(V20s)y(P20s)100-x-y cOMposites is discussed in terms of composition, structural units and valence
variations. XRD diffraction, IR and XPS spectroscopic techniques are used to analyze the materials. The addition of
V205 and TiO; destroys P-O-P bridge structure, generates mixed P-O-V bonds and non-bridged oxygen atoms leading
to the appearance of isolated PO,% units.

Keywords: transition metal oxide, structural study, IR, XPS

INTRODUCTION

The need of urgent development of alternative
energy sources continuously increases. The solid
oxide fuel cells (SOFCs) are a promising response
since they can operate reversibly, storing excess of
renewable electricity in electrolysis mode, and then
converting the fuel back to electricity in fuel cell
mode [1]. The most favourable approach in SOFCs
optimization is to lower the operating temperatures
(200-600 °C). Composite materials with charge
imbalance caused by the cation non-stoichiometry
compensated by protons (cation off-stoichiometric
materials) are among the promising candidates for
SOFC electrolytes. The non-stoichiometry is a
typical behaviour of the transition metals that can
influence the materials  properties.  With
incorporation of transition metal ions, one may
introduce non-stoichiometry and create new
pathways for proton mobility due to structure
reformation [2, 3]. In this respect, the phosphate
materials  like  phosphate  glasses,  metal
pyrophosphates and metal phosphates with
NASICON type structure are an interesting subject
of scientific work [4-6].

The present study discusses structural
modification of (TiO2)x(V205)y(P205)100-x-y,
composites with x = 10, 20 mol % and y = 45, 50,
60 mol % after doping with transition metal.

EXPERIMENTAL
Bulk samples from (TiOz)x(Vzos)y(P205)1oo.x.y
system were synthesized by melt quenching
method. The initial compounds of TiO, and V»0s
powders and orthophosphoric acid (HsPOs) were
homogenized and melted at 1100 °C to obtain
samples with compositions:

* To whom all correspondence should be sent.
E-mail: ofeliya.kostadinova@iees.bas.bg
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(Ti02)10(V205)45(P20s)45 (N1),
(Ti02)10(V205)50(P205)40 (N2),
(Ti02)10(V20s5)60(P205)30 (N3),
(Ti02)20(V20s5)s50(P205)30 (N4).

The structure of the samples was studied by X-
ray diffractometer Philips APD-15 using CuK,
radiation. The IR spectra are recorded by FTIR
spectrometer VARIAN 660-IR in the frequency
range between 400 - 1400 cm™ with a resolution of
2 cmt. X-ray photoelectron spectroscopy (XPS)
measurements were carried out by spectrometer VG
ESCALAB Il using AlKa radiation with energy of
1486.6.eV. The binding energies were determined
with an accuracy of £0.1 eV utilizing the Css line at
285.0eV (from adventitious carbon) as a reference.

RESULTS AND DISCUSSIONS
Structural background

The studied materials are composed of three
oxides: vanadium, titanium and phosphorus oxides,
connected and forming various groups and units.

The phosphate atoms usually form a network
consisting of PO4 units linked with neighbouring
PO, tetrahedra trough one-, two- or three P-O-P
bridges (Bridging Oxygen BO), denoted as Q,
wherei is the number of the BO (n =0, 1, 2 or 3)
[7]. Linkage by two BO (Q? units) can be
considered as PO, middle groups in phosphate
chains, while (Q!) corresponds to POs* terminal
units. Q° represents an isolated PO.* tetrahedron
known as orthophosphate unit. The vitreous P»Os
consists of Q* phosphate tetrahedra that form a
three dimensional network. The addition of metal
oxides results in “depolymerisation” of this
network due to breaking of P-O-P bonds and

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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creation of negatively charged non-bridging oxygen
(NBO). The Q' species change according to
Kirkpatrick and Brow model [7, 8] in consecution
Q% — Q? — Q! — Qwith increasing of the amount
of modifying oxide.

The vanadium atoms could be present in
different oxygen environments forming various
types of polyhedra as VOs octahedra, VOs groups
(square pyramids or trigonal bi-pyramids) and VOu
tetrahedra in the crystalline and amorphous
vanadates [9-12]. In vanadate-phosphate systems
mixed units are formed composed of VOy and PO,
polyhedra [12].

The TiO; in all polymorph forms is built from
TiOg octahedra [13]. TiOe is the main structural unit
in the titanium-phosphates as pyrophosphates [14],
and NASICON (Na Super lonic Conductor) like
phosphates [15]. In the phosphate glasses Ti atoms
are in six-, five- or fourfold coordination [16-18].

X-ray Diffraction

The broad halo in XRD patterns reveals the
amorphous character of samples N1 and N2 with
higher phosphate content (Fig. 1). The samples N3
and N4 are glassy-crystalline as defined from the
diffraction peaks and the halo on diffractograms.
The higher TiO: content (20 mol.%) is accountable
for the appearance of pure rutile phase observed in
the sample N4. An empty NASICON-type crystal
structure was identified for crystalline part of
sample N3 - (TiO2)10(V20s)s0(P20s5)30 as described
in previous work [19]. The structural formula of
NASICON-type  vanadyl (V) titanium(lV)
phosphate proposed by S. Titlbach et. al. [20] is
(VVO)TiVe(POus)s.
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Fig.1. XRD patterns of samples  from

(TiOz)x(Vzos)y(ons)loo.x.y system.

Infrared study
The infrared spectra of
(Ti02)x(V205)y(P20s)100-x-y SaMples are presented in
fig. 2. The absorption above 1200 cm? and the
weak band at 1180cm™ on the spectrum of sample
N1 are connected with asymmetric and symmetric

stretching of PO, (Q?) middle groups in phosphate
chains [21]. The absence of a pronounced
absorption peak at ~1250 cm?® however
demonstrates the formation of short chains. The
bands at 1130cm® and 1064 cm? are due to
vibrations of PO" in POs% (Q) terminal groups in
the phosphate chains and pyrophosphate units
P,O+*, respectively [22, 23]. The P-O-P bridges
absorb at vss ~ 900 cm™? and vs ~ 740 cm™. The
bands at the 940 cm™ and 870-850 cm™ are due to
the symmetric and anti-symmetric stretching
vibration of the VO, groups in the VO4-polyhedra
[9, 10]. The absorption at 1010 cm™might arise
from stretching vibration of V=0 vanadyl bond in
VOs-groups or/fand normal mode of PO, (Q%)
isolated phosphate groups [24]. In the glass N1
probability to detect PO,* unit is small, therefore
more likely VOs and VO, units are present. With
the increasing of the V,Os content the absorption
band at ~940 cm* disappeared and VO units is not
registered on IR spectrum of glass N2. The spectra
of N3 and N4 are comparable: the absorption above
~1200 cm, related to the PO, phosphate groups,
disappears and the band at 900 cm? shifts to lower
(860 cm™) wavenumber due to mixed P-O-V bridge
formation. This indicates that no phosphate chains
in these samples exist and they are built of Q! and
QP species.

The IR spectrum of the glassy-crystalline
sample N3 is similar to this of crystalline
NaTiz(PO4); [25,26] NASICON structure. The
structure consists of TiOs octrahedra which share
corners with six POy tetrahedra while each PO4
tetrahedron is connected by the corner with four
TiOg octahedra [15]. As a results,isolated phosphate
group POs* (QY), located at ~996 cm™ and bending
at 576 cm™as well as normal vibration of
TiOgoctahedra ~at 640 cm™? are identified in N3
spectrum. The band at 1020 cmis due to V=0 in
VOs trigonal bipyramid.
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Fig. 2. Infrared spectra of
(TiOZ)x(Vzos)y(ons) 100-x-y System

samples
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The formation of TiO, Rutile phase leads to
the higher concentration of P,Osin amorphous
matrix, which reflect on the IR spectrum of sample
N4 as shoulder located at 1060 cm™ because of the
appearance of additional POs? (Q') groups.

The bands in the 400 — 500 cm™ range are due
to the lattice vibrations in vanadium oxide network
and deformation of PO, units.

X-ray Photoelectron spectroscopy investigation

The XPS spectra shown in Fig 3 (a-d) validate
the existence of different structure units. The broad
P2p high resolution spectra are deconvoluted in
three P2ps2-P2p1/2 doublets which correspond to Q°
tetrahedra (PO,*) at ~132.5 eV, Q! (POs*) at
~133.5 eV and (PO;) Q? with binding energy (BE)
around 134.5 eV [27, 28]. The dominance of pyro-
phosphate groups P.O;* is clearly visible. The
number of isolated PO.* phosphate group increases
when the P,Os content decreases (grow of
component Q°) whereas more PO, units (Q?) are
detected at higher phosphate content.

P2Zp a

Intensity | arb. units

e :

Ols peak was deconvoluted in three
components (Fig 3b): O1 with BE around 259-
530.5eV correspond to non-bridging oxygen
(NBO) which forms oxygen bonds with titanium or
vanadium and V-O-V bridges; O2 peak with
BE=531-532 eV is assigned to mixed bridging
bonds V-O-P and component O3 with BE of 533-
534 eV associated with bridged oxygen in P-O-P
bond or oxygen from adsorbed water [28].

The peak position of Vpz, at ~517.6 eV
(fig.3c) is evidence for predominantly V*°* valence
of vanadium. The deconvolution with two
components reveals weak asymmetry towards the
lower energies due to the presence of V** with BE
~516.5eV.

Ti2p spectra on fig. 3(d) indicates the
existence of Ti*" valence state with BE(Ti2psz) =
459.3 eV in the crystalline samples corresponding
to Anatase/Rutile BE [29]. The BE of Ti in the
glassy samples is shifted to higher values at 459.85
ev.
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Fig. 3. High resolution X-ray photoelectron spectra of the (TiO2)x(V20s)y(P20s)100-x-y Samples: (a) P2p ; (b) O1s; (c)
V2pap; (d) Ti2p.

FTIR and XPS investigations show that
pyrophosphate (P.O7)* units are the major group in
the samples under study. The units, however, are
partially displaced by isolated PO.* when the
phosphorus content decreases or by POy units
when the phosphate content grows.

The samples N3 and N4 are based on both: Q*
with a two POs* tetrahedra connected in
pyrophosphate units and Q° i.e. isolated POs*
tetrahedra. The vanadium pentoxide plays role of
the second glass former. Addition of V>Os and/or
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TiO; leads to destroying P-O-P bridge structure
introducing mixed P-O-V bridges and new NBOs.
The titanium atoms possess stable fourth valence
and octahedral coordination in all samples.

CONCLUSIONS
The study of materials from
(Ti02)x(V205)y(P20s)100x-y System reveals that the
structure is characterized by different oxygen
environment. The addition of V,0s and TiO; leads
to destroying P-O-P bridge structure introducing
mixed P-O-V bridges and new NBOs. The
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pyrohosphate  (P,O-*) groups are the main
structural units in the samples partially displaced by
isolated PO,*groups when the V.Os and/or TiO;
content increases or by PO, units when the content
of the transition metals decreases. The glass-
crystalline samples with NASICON or Rutile type-
structure possess lower P.Os content.

The vanadium exist in two valence states V°*
and V*. The presence of VOs groups and TiOs-
octahedra is typical to all studied samples.

Acknowledgment: The research leading to these
results has received funding from Bulgarian NSF
under grant No E02/3/2014.
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MOIMNOULNPAHE HA MPEXATA HA ®OCOATHU MATEPUAJIN YPE3 TIOTUPAHE
C [IPEXOJH1 METAJIA

O. Kocramunosa?, JI. Komnngaposal?, E. Jlepreponal, M. IlIunouka®, I1. Anrenos?, T. ITetkoa®

YUncmumym no enexmpoxumus u enepeuiinu cucmemu "Axao. Eeeenu Byoescku ", Bvneapcka akademus na
naykume, yn." Axao. I'. bonues ", 61. 10, 1113 Cogpus, Bvacapus
2Xumurxomexuonozuyen u memanypausen yuueepcumem, oy, "Knumenm Oxpuocku” 8, 1756 Cogpus, Bvnzapus
SUncmumym no obwa u neopaanuuna xumus, Bvreapcka akademus na naykume, ya. "Axao. Teopau Bonues” 6y,
11, 1113 Cogus, bvacapus

Ioctenuna va 10 HoemBpy, 2017 1.; npuera Ha 04 nexemspu, 2017 r.
(Pesrome)

Tasu pabora ce GpoKycHpa BbpXy HU3CICABAHETO Ha CTPYKTYPHHTE MPOMEHHU Ha (ochaTHUTE MaTepHatd IPH JOTHPAHE
¢ okcuau Ha mpexomHute Metanu. Ctpykrypara Ha HOBHTE KOMIO3UTH (Ti02)x(V205)y(P20s5)100-xy CE pasriexma mo
OTHOIICHNE Ha ChCTaBa, CTPYKTYPHUTE SIUHULU M BAICHTHOCTTA. 33 aHAJIU3 HA MaTepPHAIIUTE ce M3MOI3BaT PeHreHoBa
mudpakuus, U9 u doroenekrponna cnekrpockonus. obassunero Ha V20s u TiO; paspymasa P-O-P mocroBata
CTPYKTYpa M BOAU 10 00Opa3yBaHEe Ha CMECEHHM M HEMOCTOBH KHCIOPOJHH BPB3KH, KAKTO M JO IOsBaTa HA W30JUPAHU
PO+ enununu. TIpu BUCOKO ChIbPKaHUE HA NPEXOJHUTE METAJIM Ca MOJYYEHH CTHKJIOKPUCTAIHN 00pas3IIy.

Ki1r040BH 1yMH: OKCHIIN Ha IPEXOAHU METaIH, CTPYKTYpHH H3cnensanus, IR, XPS
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Thin phosphate films on aluminum surfaces
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The effects of different factors such as concentration (2.0+11 vol. %) and temperature (20~70°C) on formations,
compositions and morphologies of coatings obtained by treatment of aluminum (Al — 99.5 %) surfaces in solutions
containing ammonium and sodium phosphates, MoO4? promoting ions, buffers, softeners, inorganic activators, as well
as surfactants, have been investigated. Gravimetric and electrochemical methods, optical microscopy, scanning electron
microscopy with EDX-analysis and X-ray photoelectron spectroscopy have been used. The optimal operating conditions
(concentration 4 — 7 vol. % and temperature range 50 — 70°C), under which dense and homogeneous coatings with
thickness of about 1 um can be produced have been estimated. The coating contents include phosphorus, oxygen,
molybdenum and nickel, and consequently a conjecture about probable chemical compounds

Keywords: aluminum, aluminum alloys, conversion coatings, phosphating.

INTRODUCTION

Aluminum and its alloys are extensively
encountered in materials used in aerospace,
automotive, electronic, architectural and other
industries due to their important properties such as
low density, high ductility, high thermal and
electrical conductivity, high mechanical strength as
well as good corrosion resistance in neutral media
[1-2]. Contacting solutions containing special
complexing agents the aluminum undergoes to
localized corrosion which invokes different
protection methods against degradation processes of
the metal and its alloys, to be developed.

Chemical conversion coatings are commonly
produced on various engineering alloys, to improve
paint adhesion and as adequate corrosion protection.
Treatment in chromate [3-6] or chromate-phosphate
[7-8] solutions has frequently been used to modify
aluminum alloy surfaces in the past. However,
chromate solutions have been widely associated with
carcino — genesis [9-10], and its removal as a waste
is a problem that should be resolved. Current
environmental legislations are moving toward total
bans on chromate-based treatments. Additionally,
such treatments are not adaptable to the mixed steel-
aluminum components frequently encountered in car
body parts [2].

There is a strong incentive to explore and
evaluate alternative treatments for aluminum surface
modification. Recent studies [11-14] have shown
that chemical conversion treatments in chromate-
free phosphate baths are promising alternatives for
the surface modifications of iron-aluminum
components. It has long been recognized that
phosphated metals exhibit substantially greater

* To whom all correspondence should be sent.
E-mail: fachikov@uctm.edu

corrosion resistances and paint adhesions. More
importantly, this technique has advantages over
chromate-phosphate treatment  in  terms of
environmental effects [15].

Among these methods, the polymeric coatings
with Zr or Ti metal addition and amorphous
phosphate coatings should be mentioned. The
amorphous phosphate coatings are widely used for
steel and zinc-plated steel [16-17], but this method is
insufficiently studied when applied to aluminum
alloys [18-19].

The primary aim of this report is present results
from studies where the characteristics of amorphous
phosphate coatings on the aluminum surfaces,
obtained in aqueous solutions of a newly developed
process (KAF-50 FA) were examined.

EXPERIMENTAL
Materials and samples

Disk shaped samples (26 mm, thickness 0.5
mm and working surface area 0.1 dm?) cutted from
an aluminum sheet (Al — 99.5 %) were tested. The
electrochemical experiments were carried out with
plate-shaped specimens prepared in accordance with
ISO/FDIS 17475 (ISO 17475:2005) and a fixed
working surface area of 1 ¢cm?. In addition, square
plates (10x10 mm) were used as specimens in case
of all physical methods applied in the study.

Solutions
The working media represented aqueous
solutions as follows:
e solution for cleaning;
o solution for brightening of Al surfaces on the
basis of organic acids;

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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e solution for phosphating, containing
ammonium and sodium phosphates, MoO4*
promoting ions, buffers, softeners, inorganic

activators, as well as surfactants, pH=4.0.

The working conditions for gravimetric method
referred to:

Concentration values of 2.0 vol.%, 4.0 vol.%,
7.0 vol.% and 11.0 vol.%;

Temperature values of 20.0°C, 30.0°C, 40.0°C,
50.0°C, 60.0°C and 70.0 °C;

Process duration: 1.0 min, 4.0 min, 8.0 min,
10.0 min and 15.0 min.

The working/model media used for the
corrosion experiments is 0.6 M NaCl.

Methods of investigation
Gravimetric method

The Gravimetric method was used for studying
kinetics of forming and determining conditions of
the processes for increasing of the coating’s
thicknesses depending on the influence of different
factors. The method allows determining mass
alteration of experimental samples after forming and
removing coatings:

M — rnl — m2
S
where: M, g m? is mass or as accepted to call a
thickness of the obtained coating,; m; and m; are the
sample mass before and after coating, g; S is the
sample surface area, m?.

Electrochemical methods
Open circuit potential determination

Metals immersed in liquid electrolytes media
resulted in establishment of non-equilibrium, i.e. the
so-called corrosion potentials. The corrosion
potentials are not indicative with respect to the
resistance attained but their values and time
variations provide enough information about the
character of the corrosion process, the behavior of
both the metal and metal coating in different media
under various conditions.

Potentiodynamic polarization method

The polarization curves recorded
potentiostatically or potentio- dynamically allow
determination of various corrosion characteristics
such as corrosion rate, corrosion potential, etc.

The experiments were carried out with EG&G
Princeton  Applied Research, Potentiostat/
Galvanostat, Model 263A, provided with the
specialized software package PowerCORR®,

56

Physical methods
Optical microscopy (OM)

The microstructure of aluminum and the type of
the corrosion attack were determined by optical
microscopy, using a microscope OPTIKA® Model:
B-500Bi.

Scanning electron microscopy (SEM)

The morphology and structure of the coatings
were examined by scanning electron microscopy,
using a SEM/FIB LYRA | XMU, TESCAN electron
microscope, equipped with ultrahigh resolution
scanning system secondary electron image (SEI).

Energy dispersive X-ray spectroscopy (EDX)

The energy dispersive spectroscopy is a local
X-ray spectral analysis which permits qualitative
and quantitative determination of surface micro
volume contents of the order of several umd.
Apparatus  Quantax 200, BRUKER with
spectroscopic resolution at Mn-Ka and 1 kcps 126
eV is used.

X-ray photoelectron spectroscopy (XPS)

The chemical composition and the oxidation
state of the elements on the surface being formed
were studied using X-ray  photoelectron
spectroscopy (XPS). The XPS studies were
performed in an Escalab Il system with Al K,
radiation with energy of 1486.6 eV and total
instrumental resolution of ~1eV. The elemental
concentrations were evaluated from the integrated
peak areas after linear background subtraction using
theoretical cross-sections.

RESULTS AND DISCUSSIONS
The data summarized in Table 1 shows the most
important characteristics of the solution used in the
phosphating  experiments  with aluminum
specimens: density, p; pH; conductivity, ¢ and total,
Ko acidity.

Table 1. Phosphating solution characteristics

Solution p pH c Ko
gcm? mS sm'?
KAF-50 FA 1.23 4.29 64.3 208

Gravimetric investigations

The method was used to elucidate the effect of
the operating conditions (concentration and
temperature of the phosphating solution as well the
duration of the process) on the coating thickness M.
The plots in Figure 1 are the relationships M:=f(t) in
2 (1a), 4 (1b), 7 (1c) and 11 (1d) vol.% aqueous
solution of the KAF-50 FA agent under various
conditions imposed by variations in the temperature
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and duration of the sample treatment. These
conditions were selected after preliminary tests.
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Fig. 1. Effect of the phosphating duration, T, min on the
thickness/mass of the phosphate coating obtained in KAF-
50 FA, M1, g m?2 a/ 2 %; b/ 4 %; ¢/ 7 %; d/ 11 %.

The curve behaviours reveal that the
thickness/mass on films formed on the aluminum
surfaces grows in time. The increase in the solution
temperature from 20.0 to 70.0°C results in increased
thickness/mass where the maxima are attained at
70.0°C. The similarities between the curves and the
small differences in the values of M1 indicate that the
solution concentration does not affect significantly
both the mechanism and the rate of the phosphate
film formations. The weak increase in M1 with

increase in the concentration reveals, actually, that it
is more reasonable solutions with moderate
concentrations to be used, that also have an
economic impact, rather than film formations in high
concentration solutions.

The phosphate coatings obtained are from pale
to dark yellowish colors. The coatings with better
distribution of thickness and color over the entire
sample area were obtained at about 60°C and
solution concentrations in the range 4+7 vol.%.

Electrode potentials measurement

The electrode potentials of the phosphate
aluminum specimens were measured in the course of
the coatings formation in the phosphating bath and
after that they were tested in a model aqueous media
0.6 M NacCl.

The electrode potentials shown in Figure 2 are
relevant to the process of amorphous phosphate
coating formation by submerging of the samples in
solutions with 7 vol.% (at 20.0, 30.0, 40.0, 50.0, 60.0
and 70.0°C ) lasting 10 min. It is obvious that at all
temperatures used the potentials shift in the positive
direction: at the beginning approximately linearly
and then followed by almost parabolic behaviour up
to the moment when stabilization is attained.
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Fig. 2. Relationships potential-time during formation of
the coating (open circuit): 7 vol.%; 10 min and different
temperatures of obtaining

The corrosion resistance of the amorphous
phosphate coatings was determined in model
aqueous solutions of NaCl with 0.6 M
concentration. The tests itself includes a
submerging procedure for about 1 h of all samples
in the NaCl solutions. The coating was determined
as resistant if for 1 h (an empirically chosen time
interval) no changes in the surface as color spots or
colorization of the solutions occur. Meanwhile, in
parallel to these tests the corrosion potential of the
samples were measured that allowed to compare
the behaviour with that of uncoated aluminum
samples.

The potential behaviour shown in Figure 3 is
relevant to the corrosion resistance of amorphous
phosphate coatings in 0.6 M aqueous solutions of
NaCl. The plots reveal that just after the sample
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submergement in the corrosion medium  the
potentials shift sharply in the negative directions and
after a certain accommodation time interval (about
500 seconds) a stable state is attained. In additions,
with increase in the temperature of the phosphate
coatings the potentials move in the positive
direction. The corrosion potential of an uncoated
aluminum sample is more positive than the
phosphate coated ones at 20 and 30°C.

E, Vws. SCE

T e 2070 = 30°C —A0°C
T == 50°C = 60°C —o— F0°C —— pure Al

6 500 1060 1500 2000 2500 3000 3500 4000
s

Fig. 3 Relationships potential-time in 0.6 M NaCl (open
circuit): 7 vol.%; 10 min and different temperatures of
obtaining.

Potentiodynamic polarization investigations
The potentiodynamic polarization studies of the
phosphate coatings were carried out at 20°C in model
aqueous solutions of 0.6 M NaCl. The scanning rate
of 10 mV s was chosen based on preliminary test

runs. The target of these experiments was to obtain
information about the corrosion resistance of the
phosphate coatings formed in the corresponding
model media in course of their cathodic and anodic
polarization and consequently to compare them.

The potentiodynamic polarization relationships
of the phosphate coatings (see Figure 4) obtained in
the model solutions of 0.6 NaCl allow estimating
both the corrosion potentials and the corresponding
currents, summarized in Table 2. It is obvious that in
0.6 M NaCl solutions the potentials shift in the
positive direction with increase in the temperature
and the corrosion current (it slightly varies) is the
lowest in the range 40-60°C.

e 20'C e 3 —— d0C
Fo——50°C — —e"C ——T70°C

i.Aem”
=

-2 ool -1.0 -0.9 -0.8 -0.7 -0.6
E, ¥ v5. SCE
Fig. 4. Potentiodynamic polarization relationships of the
phosphate coatings in 0.6 M NaCl: 7 vol. %; 10 min, scan
rate 10 mV s and different temperatures of obtaining

Table 2. Corrosion parameters of the coatings in 0.6M NaCl

Temperatures, °C

Corrosion

parameters 20°C 30°C 40°C 50°C 60°C 70°C
Ecorr, MV (SCE) -808 785 784 760 771 749

icorr, A Cm2 8.3x107 3.5x107 1.4x10° 1.6x10° 2.2x10° 73x107

Optical microscopy
The micrographic picture in Figure 5
demonstrates surface of amorphous phosphate
coating on an aluminum sample. The surface is
almost homogeneous with dense fine film coating of
gray bluish color.

vol. %; 60°C; 10 min.
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Scanning electron microscopy

The microphotography in  Figure 6a
demonstrates an amorphous phosphate coating
obtained on aluminum samples. The surface is
covered with dense fine film with some small areas
where spherical formations with white color emerge.
The surface shown in Figure 6b and Figure 6c¢, in
different colors, show the distribution of the
elements in the coating content.
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Fig. 6. SEM — microphotograph of the obtained coating:
7 vol.% 60°C; 10 min.

Energy dispersive X-ray spectroscopy, EDX

The EDX-analysis is performed on specimens
treated in phosphate solutions again at 7 vol.%;
60°C; 10 min (see Figure 7). The basic elements
contained in the coating determined by means of this
analysis are Al, P, O, Mo and a little bit quantity of
Ni. The results of EDX-analysis are presented in
Table 3.

Mo3d
Al2s

120.5

116 120 124 128
Binding Enerpy (eV})

228 230 232 234 236 238 240
Binding Energy (eV)

cps/eV
BTTA

Mo

2 4 6 8 keV 10 12 14 16 18 12

Fig. 7. EDX — spectrums of the elements in the coating: 7
vol.%; 600C; 10 min.

X-ray photoelectron spectroscopy, XPS

XPS was used for determination of the chemical
content of the coatings. Figure 8 presents the
photoelectron spectra of Al2s, P2p, O1s and Mo3d,
registered in the analysis of the phosphate coatings.
The value of bonding energy of Al2s is 120.5 eV and
it corresponds to the typical rage related to Al;Os.
The bonding energy of P is 133.7 eV and this value
indicates that it is (V) valent state as PO43. The
obtained spectrum of O1s is characterized with wide
half-wide and asymmetric shape in the direction of
the higher bonding energy which may be attributed
to formation of various oxides as well as hydroxides
and phosphates.

Table 3. EDX analyse of the elements in the
coating at the film surface

Concen- Elements
tration Al O Mo P Ni
Atomic,% 84.91 10.70 3.24 0.78 0.37

Ols P2p

5313 1337

128 130 132 134 136 138 140
Binding Energy (eV)

526 528 530 532 334 336 338
Rinding Energy (¢V)

Fig. 8. XPS — spectra of the elements in the phosphate coating: 7 vol.%; 60°C; 10 min.

The maximum value of the bonding energy of
Mo3d is 232.0 eV. The shape and the large half-wide

of the registered peak suggest existence of Mo in
various valent states at the coating surface.

59



G. P. llieva et al.: Thin phosphate films on aluminum surfaces

. REFERENCES
) Table 4 presen_ts the q“a”“t}’ of the elements . P.G. Sheasby, R. Pinner. The surface treatment and
included in coatings determined by X-ray finishing of aluminum and its alloys, 6th edition,
photoelectron spectroscopy in atomic percentages. Redwood Books, Trowbridge, Wilts BA14 8RB,
Table 4. XPS-analyse of the elements in the coating UK, 2001.
2. S. Wernic, R. Pinner. Surface treatment and
) Elements finishing of aluminum and its alloys, Teddington
Concentration Al O Mo P (Middlesex, England): Robert Deaper, 1996.
3. S.M. Cohen, Corrosion, 51, 71 (1995).
Atomic % 49 760 120 7.1 4. F.W. Lytle, R.B. Greegor, G.L. Bibbins, K.Y.
CONCLUSIONS géllgh(ci\gvgg R.E. Smith, G.D. Tuss, Corros. Sci., 37,
The effects of the operating conditions 5.  G.M. Brown, K. Shimizu, K. Kobayashi, G.E.
(concentration, temperature) on the thickness, Thompson, G.C. Wood, Corros. Sci., 33, 1371
content and morphology of coatings formed at (1992).
aluminum surfaces in solutions containing 6. J.A. Treverton, M.P. Amor, A. Bosland, Corros.
ammonium and natrium phosphates (as well as Sci., 33, 1411 (1992).

molybdate, softeners and inorganic activators and /- B. Shadzi, Metal Finish., 87, 41 (1989). _
surfactants) have been investigated by gravimetric, 8. P.A.  Schweitzer, ~Corrosion and Corrosion

: - Protection Handbook, Marcel Dekker, 1988, Ch.. 4.
electrochemical polarizing methods X-ray and 9. JW. Bibber, Metal Finish., 91, 46 (1993).

microscopic gnalyzes_. 10. T. Foster, G.N. Blenkinsop, P. Blattler, M.
The studies carried out reveal that: _ Szandorowski, J. Coat. Technol., 63, 101 (1991).

1. The mass/thickness of the coatings increases with 11. H. Ishii, O. Furuyama, S. Tanaka, Metal Finish., 91,
increase in the temperature in all cases of the 7 1993).

concentration variations. 12. YingJ.F., M. Y. Zhou, B.J. Flinn, P.C. Wong, K. A.
2. SEM and optical analyzes reveal that the R. Mitchell, T. Foster, J. Mater. Sci., 31, 565 (1996).
surfaces of the treated aluminum samples are coated 13.  B. Cheng, S. Ramamurthy, N.S. Mclintyre, J. Mater.
by homogenous dense films and the better results Eng. Performance, 6, 405 (1997).

14. W. Rausch, The phosphating of metals, Finishing
Publications Ltd., London, 1990
15. L. Fachikov, D. Ivanova, Appl. Surface Sci., 258,

were obtained with phosphating baths with
concentrations 4-7 vol.% and temperature of about

6°c. . 10160 (2012).

3. The coatings obtained are X-ray amorphous and 16. L. Fachikov. Y. Tumbaleva D. Ivanova. B.
the contents 'nC|Ude_ phOSPhOVQUS, OXxygen, Tzaneva, Trans. Inst.Metal Finish., 90, 330 (2012).
molybdenum, and nickel, forming chemical 17. V. Burokas, A. Martushene, A. Ruchinskene, A.
compounds in the structure of the coatings such as Sudavichyus, G. Bikul’chyus, Protection of Metals,
oxides, hydroxides and phosphates of aluminum, 42, 339 (2006).

molybdenum and nickel. 18. V. Burokas, A. Martusiene, O. Girciene, Surface &

Coating Technol., 202, 239 (2007).

TBhHKU ®OCDOATHU ONJIMU BHPXY AJIYMUHUEBU IIOBBPXHOCTU
T'. I1. Unuesa, /1. 1. UranoBa, JI. b. ®aunkoB
Xumukomexuonoeuuen u memanypeuyen ynusepcumem, oyia. ,, Kn. Oxpuocku” 8, Cogus 1756, bvacapus

IHocrenuna Ha 27 nexemBpu 2017 r.; npueta Ha 28 snyapu 2018 r.
(Pesrome)

HW3cneaBaHo e BIMSHUETO HA pa3inyHK GakTopu KaTo KoHueHTparws (2.0+11 vol. %) u temnepatypa (20=70°C), BbpXy
(bopMmupaHeTo, chcTaBa U MOPGHOIOTHATA HA MIOKPHUTHS, ONYyYSHH NPU TPETHPaHEe Ha alyMHHUEBH MOBBpXHOCTH (Al —
99.5 %) B pasTBOPH, ChBPIKALIM aMOHHEBH U HatpueBH Gochatn, M0oO42 npomoTupaim Honu, 6ydepu, OMEKOTHTEH,
HeopraHuyHH akTuBaTopy U [TAB. M3non3Banu ca rpaBUMETpHYEH U €IEKTPOXUMUYEH METO/IH, ONTHYHA MUKPOCKOIIHS,
CKaHMpallla eJIEKTpOHHa MuKpockomus ¢ EDX-amamus, u peHrreHoBa (oToelekTpoHHa crekTpockomus (XPS).
OmnpelielieHH ca ONTUMAJIHUTE EKCIIEPUMEHTAHY yCaoBus (KoHUeHTpalms 4 — 7 Vol.% u temneparypa 50 — 70°C), npu
KOHUTO C€ TOoJIydaBaT XOMOTEHHU MOKPHUTHS C AcOearHa okoio 1 um. B chcTaBa Ha MOKpUTHSATA c€ ChABPXKAT Gdocdop,
KHCIIOPOJI, MOJIMOIEH M HUKEII, KOUTO ca 1o popmaTa Ha pochaTHH 1 OKCUIHY ChEIMHECHHUS.
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The present research work reports the results acquired from the systematical characterization regarding the
morphology, the phase composition, the barrier properties and the corrosion resistance, possessed by Ni-P, Co-P and Ni-
Co-P coatings on copper substrates. The investigated coatings were galvanostatically deposited at similar conditions from
sulfate-chloride electrolytes, with pH = 2, at 80°C. The XRD analysis results have revealed that the Ni-P alloy coating
possesses typically amorphous structure, whereas the Co-P coatings are with homogeneous polycrystalline structures,
composed by orthorhombic Co2P phase. The Ni-Co-P coating hasnano-sized structure and possesses variable composition
consisted by series of solid solution Ni2P -Co.P depending on the content of the main elements. The results obtained from
Electrochemical Impedance Spectroscopy (EIS) and Linear Sweep Voltammetry (LSV) for the barrier ability and the
corrosion durability reveal clear corelation between themselves. The quantitative data agcuired by both EIS and LVA
methods applied during exposure from 24 to 672 hours to 3.5% NaCl have shown that the superior corrosion protective
characteristsics belong to the Ni-Co-P three-component layer. Besides, both Ni-Co-P and Ni-P alloy coatings preserve
their barrier properties during the entire 672 h exposure cycle. For comparison, the Co-P coating was completely broken
after 168 hours of exposure to the model corrosive medium.

Key words: nickel-cobalt-phosphorus coatings, morphology, phase composition, corrosion resistance,

impedance analysis

INTRODUCTION

The Ni-P based alloy coatings are being largely
used in various industrial branches due to their
significant mechanical strength, low friction
coefficient, and remarkable durability in corrosive
media [1, 2]. The main application fields of these
coatings are the automobile and the aircraft industry
[2]. Furtheremore, these materials are used as
electrocatalytic material for hydrogen production by
water splitting [3]. The Co-P based compositions are
also interesting for potential industrial application,
because of their superplastic extensibility [4],
superior wear resistance [5, 6], high saturation
magnetization and considerable thermal stability [7,
8].

Recently, the Ni-Co-P ternary alloyed coatings
became object of intensive research activities [9, 10],
because these compositions combine the extended
protective capabilities, typical for Ni-P alloys and
the specific tribological and magnetic properties
owed by the cobalt enriched Co-Ni based materials
[9]. In adition, the ternary alloys with 70% of Ni
content (15-20%Co, 10-15%P), appear to be a
promising alternative of the hard chromate coatings
[11, 12].

* To whom all correspondence should be sent.
E-mail: katya59ignatova@gmail.com

The electrochemical deposition of all the three
types of Ni-P, Co-P and Ni-Co-P coatings could be
performed from sulphate [13], modified Watts [10,
14, 15], chloride [14], citrate [16] and sulfamate [2]
electrolytes on copper or low carbon steel substrates,
predominantly at high temperatures (80-90°C). The
correlation between the component composition, the
morphological and structural features, possessed by
Ni-P, Co-P and Ni-Co-P films by one side, and their
resulting protective abilities on the other side, was
object of various researchers [1, 6, 10, 13]. Parente
[10] has performed an extended research on the
thermal treatment impact on the corrosion protective
ability of Ni-P and Ni-Co-P, by systematical EIS and
LSV measurements. According to various authors
[10, 17, 18], the amorphous state enhances the
durability of these coatings against corrosion attack.
Moreover, the amorphisation in these cases is
favoured by the increase of phosphorous content
from 7 to 10% [9, 10, 17]. The superior corrosion
protective abilities of the amorphous alloys can be
explained by the lower interatomic distances (i.e.
closed structural packaging), resulting in low density
of grain boundaries, dislocations and other surface

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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defects [9, 17]. In this sense, the comparison of Ni-
P, Co-P and Ni-Co-P alloy films, deposited at
identical  conditions  (i.e. current  density,
temperature, pH, etc.) appears as an actual task of
considerable interest. Its decision should enable to
clarify the role of each coating ingredient on the
corrosion protective ability of the resulting ternary
Ni-Co-P composition.

The present research aims to compare the
characteristics of Ni-P, Co-P and Ni-Co-P, deposited
on copper substrates from sulfate-chloride
electrolyte, at identical conditions. For this purpose,
inherent phase composition, morphology, as well as
the resulting barrier ability and durability against
corrosion were submitted to elucidation and further
analysis.

EXPERIMENTAL
The deposition kinetcs was studied in three-
electrode electrochemical cell with 150 dm?® of
volume at thermostatic conditions (80°C). The

working electrode was copper (MERK, 99.97%)
disc with surface area of 1 cm?, insulated by epoxide
rubber in plexiglass holder. The counter electrode
was a platinum sheet with at least ten times larger
surface area. The potentiostatic recording of the
polarization dependencies was performed with
saturated calomel electrode (Esce=0.241 + 0.244 V)
as reference, placed in a separate space connected to
the cell by Lugin capillary.

The depositions were done in two electrode
configuration cell against a platinum electrode in
galvanoistatic regime for 40 min. at current density
of 65 mA cm? on copper foil (MERK, 99.97%)
electrodes with 2x2 cm of size (4 cm?). Ni-P, Co-P
and Ni-Co-P alloy deposits were obtained by
electrodeposition from solution with a similar
composition as in [10] at 80°C, but by replacement
of the HsPO, with H3POsz; (Table 1) and in the
absence of Na,COs, which makes the solution more
stable.

Table 1. Basic electrolytes composition (pH = 2)

Coating type Electrolyte content (in [gmol dm™])
NiSO4.6H20 NiC|2.H20 C0S04.7H0 NaH,PO, H3P03
Ni-P 0.66 020 e 0.60 0.60
Co-P e 0.35 0.60 0.60
Ni-Co-P 0.66 0.20 0.35 0.60 0.60
The respective pH values (pH = 2) were three-electrode  “flat” cells, which provided

corrected by diluted NaOH or H.SO, aqueous
solutions. Immediately ~ prior to  these
electrochemical procedures, the copper substrates
were always submitted to cleaning procedures
involving washing with distilled water, etching in a
solution containing 40% H>SO4 and 30% HNOs in a
ratio 1:1 (40°C), followed by twice washing in
double distilled water. The thickness of the coatings
was measured by a non-destructive magnetic-
induction method with a caliper of type BB20 of the
company BioEviBul.

The coating formation kinetics was evaluated
by obtaining of voltammograms, by Wenking
(Germany) potentiostat at potential sweep rate of 30
mV s?. The same device was used for the coating
depositions, performed at stationary potentiostatic
regime.

The corrosion protective properties of the
investigated films were evaluated by two
electrochemical methods, independent between
themselves: Electrochemical Impedance
Spectroscopy (EIS) and Linear Sweep Voltammetry
(LSV). These measurements were performed by PG-
stat Autolab 30 universal potentiostat/ galvanostat,
combined with FRA-2 frequency response analyzer.
The samples were mounted in standard (ISO 16773)
62

exposition of 2 cm? working surface of the
investigated samples in 100 ml of naturally aerated
3.5% NaCl model corrosive medium. Cylindric
platinum net was used as counter electrode and
“Metrohm” Ag/AgCl/3M KCI electrode served as
reference. The impedance spectra and the LSV
polarization curves were recorded after defined time
intervals: 24, 168, 336, 504 and 672 hours of
exposure to the 3.5% NaCl aqueous solution. The
spectra were acquired in frequency range between 10
kHz and 10 mHz, distributed into 50 measuring steps
at 10 mV, regarding the Open Circuit Potential
(OCP). The anodic LSV curves were recorded in
Tafel semi-logarithmic coordinates for the newly
deposited coatings. The potential interval was
selected to be between -270 go 350 mV in respect
to Ag/AgCI/3M KCl electrode, at potential scan rate
of 5mV s, so that the measurements included the
corrosion potential (Ecorr) Value.

The coating morphology and element
composition were defined by Scanning Electron
Microscopy (SEM) and Energy Dispersive Spectral
Analysis (EDSA), using “Jeol JSM-6390- Oxford
Instruments” device. The identification of the
crystalline phases was done by X-Ray diffraction
analysis (XRD). The respective diffracttograms
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were acquired by Philips PW 1050, coupled by
secondary  graphite  monochromator.  The
acquisitions were performed at Cu Ko radiation
source, at 20 interval, between 10 and 100 angular
degrees, at 0.04° scanning step and 1 s. of exposition
per step.

RESULTS AND DISCUSSIONS
Deposition kinetics

The film formation kinetics was determined by
voltammograms acquisition during deposition of
coatings from the electrolytes descrtibed in Table 1,
at 80 °C (Fig. 1). The figure shows that the Ni-P
deposition proceeds at higher polarization (Fig.1,
curve 1) compared to this of the Co-P deposition
(Fig.1, curve 2). The current densities reached in the
case of Co-P deposition were superior to these of Ni-
P and Ni-Co-P. This fact is consequence of both of
facilitation of cobalt deposition and porous Co-P
film formation. The latter fact was evinced by the
morphological analysis, commented in the next
paragraph. -

R 7 ""n. S, 5
. . g‘;»t‘-‘. e *f .

Al
LJ

1-NiP
3004 2-CoP
i 13- NiCoP|

16 -20

- -08 -12

E, V(SCE)
Fig.1. Kinetic curves acquired during deposition of Ni-P
(1); Co-P (2) and Ni-Co-P (3) coatings at 80°C.

Coating morphology and microstructural
analysis
The Scanning Electron Microscopy (SEM) has
enabled to obtain data about the morphology of the
alloy films (Fig.2) deposited galvanostatically at
identical conditions of 65 mAcmof current density
and 40 min. of electrolysis.

. _ & g ¥ {;_' - o “.‘ ' n"}'D
g e N R T P - S A [ S
Magnification x 5000 5 um Magnification x 5000 Magnification x 5000 5 um
20kV L 20kV S ol 20kV L

(a) 17.5%P - 82.5%Ni

b) 12.6% P — 87.4%Co

(C) 26.1%P — 24.7%Co- 49.2%Ni

Fig. 2. SEMimagesofNi-P (a), Co-P (b) u Ni-Co-P (c) alloyed coatings, deposited at i = 65 mA cm for 40 min, from the
electrolytes described in Table 1. (the EDSA data are represented in mass.%).

The SEM images in Fig. 2 reveal that all the
coatings  possess  fine  grain  crystalline
configurations. The Ni-P (Fig. 2a) coatings possess
a globular structure, composed by spherical crystals
with maximal diameter under 1 pm. The Co-P (Fig.
2b) layers are thin (under 1.2 um, measured with
caliper), fine-crystalline and do not cover completely
the entire substrate surface. Their incomplete
coverage, as it shown by the data of the EIS and LVA
methods, commented in the next section, had
generally negative effect on their corrosion
protective properties. This effect was also confirmed
by the polarization curves, commented in the next
section. The ternary Ni-Co-P (Fig. 2c) alloy has fine-
crystalline structure, with randomly distributed
spherical inclusions. The measured thickness of the
coatings was about 6 um for Ni-P and about 4.5 um
for Ni-Co-P.

The  morphological and  compositional
differences among the investigated double and
ternary alloy layers have led to distinguishable phase

compositions, as well. It is demonstrated by the
XRD patterns, shown in Fig. 3.
. 3 3
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Fig. 3 X-Ray diffractograms of Ni-P (a), Co-P (b) and
Ni-Co-P coatings (c).
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The peaks of the copper substrate are
distinguishable on all the diffractograms, confirming
that the obtained coatings are relatively thin (below
10 um). The resulting diffraction peaks are relatively
low and wide but with a clearly identifiable location
that was used for identification. The estimated
average crystallite size of the individual phases
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ranged from 35-40 nm. This gave us reason to
explain the resulting coating as a nanosized matrix
incorporating very few single crystals with an
average crystallite size under 1 um. This finding is
also confirmed by the SEM images taken.

The Ni-P coatings are with definitely
amorphous structure observable by the diffusion
halo (Fig. 3a). In contrary, the Co-P layers (Fig. 3b),
deposited at the conditions, and applied in the
present research pOSSess homogeneous,
polycrystalline structure, consisted by orthorhombic
Co.P phase, regarding the Inorganic Crystal
Structure Database (ICSD ref. code: 98-004-3685).
The Ni-Co-P coating (Fig. 3c) is the most interesting
one. Practically, this coating possesses variable
composition consisted by series of solid solution
Ni,P - Co,P depending on the content of the main
elements. However, the diffractions peaks of both
Ni2P and CozP phases are indistinguishable due to
the overlapping between them. These peaks were
determined according to the reference ICSD data
values for: Co,P ref. code: 98-004-3685; and for
NizP - ref. code: 98-002-7162, respectively
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Barrier ability and durability evaluation

The use of two electrochemical methods EIS
and LSV, which are independent between
themselves, has enabled to evaluate both the barrier
ability and durability of the investigated Ni-P, Co-P
and Ni-Co-P alloyed coatings, deposited on copper
substrates. These corrosion protective abilities were
additionally determined for Ni-Co alloy film,
deposited from the same electrolyte (Table 1), but
without phosphorous containing ingredients. This
coating was deposited at the same conditions (I = 65
mAcm2for 40 min.), as the rest ones.

The EIS and LSV electrochemical
measurements were performed for extended period
— from 24 to 672 hours of exposure to 3.5% NaCl
model corrosive medium. Figure 4 represents the
Bode and Nyquist plots of the EIS spectra, acquired
respectively for: Ni-P (Fig. 4a), Co-P (Fig.4b), Ni-
Co-P (Fig. 4c) and Ni-Co (Fig. 4d), during the entire
672 hours of exposure.
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Fig. 4. EIS spectra recorded after different exposure times for: Ni-P (a), Co-P (b), Ni-Co-P (c) and NiCo - (d), represented

in Bode (left side) and Nyquist (right side) plots.

On the basis of the comparizon among the Bode
plots of the impedance spectra in Fig. 4, recorded for
each one of the investigated samples it could be
inferred that the Ni-P and Ni-Co-P compositions
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possess remarkably higher barrier ability than Co-P
and Ni-Co ones. The entire orders of magnitude
higher impedance modulus at 0.01 Hz, equal to |Z| =
10%5and 10°Q cm? for Ni-P and Ni-Co-P, compared
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to |Z] = 105 Q cm? for Co-P, is indication for the
rather superior barrier ability of the former Ni-
containing compositions. The Ni-Co coating
occupies an intermediate position with |Z| = 10*°+
10°Q cm?,

The phase shift (¢) between the sinusoides of
the applied potential and the resulting current density
for the Ni-P, Ni-Co-P and Ni-Co reaches 90e,
corresponding to almost pure capacitance, whereas
for Co-P film, it decreases down to ¢ ~ 70°. This fact
is an evidence for the almost pure capacitive
character of the electric double layer (EDL) between
the model corrosive medium and the Ni-P, Ni-Co-P
and Ni-Co coatings, being undoubted evidence for
theit nano-sized structures. The exponent ,,n“ values
in their cases tend to unit (i.e. 100%) (Table 2).
These facts conceive that the EDL resembles the
behaviour of almost ideal flat capacitor and
consequently, the Ni-P, Ni-Co-P and Ni-Co coatings
are smooth and with high crystal distribution
homogeneity. The indistinguishable deviations
between the real EIS spectra recorded and the
respective equivalent circuit serves as an additional
evidence for the coating uniformity of the Ni-P, Ni-
Co-P and Ni-Co coatings

The Nyquist coordinates presentation of the EIS
spectra renders even clearer image for the
differences for each specimen and the deterioration
of their barrier ability after the respective exposure
periods. The highest real (corresponding to the
Ohmic resistance), and imaginary (related to the
capacitive resistance) impedance values, acquired
after 24 hour of exposure [19] belong to the Ni-P
coating, followed subsequently by Ni-Co, Ni-Co-P
and Co-P. The fitting of the real electrochemical
impedance spectra of the investigated samples to
spectra of suitable equivalent circuits has allowed
defining all the resistances and capacitances
occurring in the electrolyte/coating/substrate
system. In the present case, the selected equivalent
circuit comprised 3.5% NaCl, electrolyte resistance
Re, electric charge transfer resistance R (including
all the cathodic and anodic reactions of the corrosion
process), and Constant Phase element CPE (i.e.
pseudocapacitance) of the electric double layer on
the interface between the coating surface and the
3.5% NacCl solution. The equivalent circuit is shown
in Figure 5.

The values determined by the quantitative
analysis of the impedance spectra, recorded after 24
hours of exposition (Table 2) reveal that the highest
barrier ability is owed by Ni-P and Ni-Co alloys,
followed by Ni-Co-P composition, corresponding to

Ret = 300.80, 295.00 and 271.40 kQ cm?,
respectively. For comparison, the Rct obtained from
the Co-P film is by entire order of magnitude lower,
reaching 10.82 kQ cm?, which results from the
incomplete coverage of the surface.

Corrosive medium
(electrolyte)

Electric double layer

Fig. 5. Equivalent circuit used for EIS data fitting: Rel —
MCM electrolyte resistance; Ceqi— electric double layer
capacitance; R¢— charge transfer reactions resistance

The comparison of the spectra for Ni-P, Ni-Co-P and
Ni-Co coatings, especially in Nyquist coordinates
(Fig. 4 a, c, d)) and the R.: data summarized in Table
2 for the respective exposure periods shows that the
ternary Ni-Co-P coating possesses the highest
durability of the barrier properties, compared to
these of Ni-P and Ni-Co coatings. Indeed, both the
real and the imaginary impedance components
recorded for the entire 672 hours of exposure for Ni-
P and especially for Ni-Co decrease more rapidly
than for the Ni-Co-P composition. From the R data
in Table 2, it can be seen that R of Ni-Co-P
decreases to a lesser degree than for the Ni-P
coating. On the other hand, the most remarkable
barrier properties deterioration belongs to Ni-Co and
Co-P coatings. The former, Ni-Co reaches very low
Ret value, equal to only Ret = 19.36 kQ cm™ (Table
2), whereas the latter Co-P layer was completely
destroyed after the initial 168 hours of exposure.
Negligible R increase was detected for the Ni-Co-
P, and Ni-P compositions after respectively the 168"
and the 336" hour of exposure, instead of the
expected decrease. It could be explained assuming
corrosion products accumulation, which disturbs the
access of the corrosive species towards the coating
surfaces [10]. Another explanation for the observed
effect is the reported by some authors [9, 10]
increase of the phosphorus content of the coating by
increasing its thickness. This fact is reflected so in
the impedance spectra shapes, so in the respective R
values.
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Table 2. Values of the electrolyte Ohmic resistance Re, the electric double layer pseudocapacitance CPE.q and the
charge transfer resistance R¢;acquired by the impedance modeling for Ni-P, Co-P, Ni-Co-P and Ni-Co coatings.

SAMPLE: NiP (A)

Hours of Rel CPEeal (x10®) n Rct(x10%)
exposure [Q.cm?] [s".t.cm?] [-] [Q.ecm?]

\ E% v E% \ E% \ E %
24h 1950 1.07 2.73 0.82 0.96 0.19 300.80 2.13
168h 13.68 0.83 2.66 0.60 0.96 0.14 302.20 1.56
336h 13.44  0.77 2.73 0.54 0.96 0.12 404.40 1.71
504h 1438 1.43 12.76 1.17 0.95 0.26 121.00 2.04
672h 13.08 1.09 12.82 0.81 0.94 0.19 200.20 1.88
SAMPLE: CoP (B)
Hours of Rel CPEed (x10®) n Ret(x10%)
exposure [Q.cm?] [s".t.cm?] [-] [Q.cm?]

\ E% v E % Y E % Y E %
24h 16.06 143 11.57 1.78 0.88 0.47 10.82 1.88
168h 7.51 0.99 20.78 1.14 0.84 0.33 8.52 1.45
SAMPLE: NiCoP (C)
Hours of Rel CPEeal (x10F) n Ret(x10%)
exposure [Q.cm?] [s".t.cm?] [-] [Q.cm?]

\ E% v E% \ E% \ E %
24h 17.16 0.91 31.34 0.69 0.95 0.16 271.40 1.87
168h 1428 0.82 30.71 0.57 0.95 0.13 390.00 1.97
336h 1596 0.73 31.45 0.53 0.95 0.13 346.00 1.69
504h 2180 0.87 32.84 0.67 0.95 0.17 323.60 2.11
672h 18.74 1.28 37.47 0.97 0.93 0.24 246.80 2.85
SAMPLE: NiCo (D)
Hours of Rel CPEceal (x10F) n Ret(x10%)
exposure [Q.cm?] [s".t.cm?] [-] [Q.cm?]
v E% v E% \ E% Y E %

24h 16.78 0.73 33.60 0.56 0.96 0.13 295.00 1.65
168h 1332 115 33.97 0.85 0.95 0.20 230.40 2.18
336h 1410 1.27 40.24 1.07 0.93 0.25 86.60 1.81
504h 1990 0.75 74.65 0.83 0.87 0.21 19.36 0.94
672h - - - - - - - -

The application of LSV as an electrochemical
method, alternative to EIS and the further Tafel slope
analysis data have enabled to acquire supplemental
data about the corrosion protective abilities of the
films on the basis of the corrosion potential Ecor and
the polarization resistance R, values (Table 3).
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The anodic polarization curve shapes (Fig. 6, a-
d) and the data in Table 3 confirm the statement for
the higher barrier ability of the Ni-P (Fig. 6a) and Ni-
Co-P (Fig. 6¢), in comparison to this of the Ni-Co
(Fig. 6d) and Co-P (Fig. 6b).



K.N. Ignatova et al.: Structure and corrosion resistance of Ni-P, Co-P and Ni-Co-P alloy coatings...

Table 3. Data for the corrosion potential, Ecor, [MV] vs. Ag/AgCI and the polarization resistance Rp, [kQcm?]
determined by the anodic (Tafel) polarization curves for different periods of exposure of the investigated samples to the
model corrosive medium

Ni-P (A) Co-P (B) Ni-Co-P (C) Ni-Co (D)
EX[?rC:]S:I'et Ecorr, Rp, Ecorr, Rp, Ecorr, Rp, Ecorr, Rp,
mV kQecm? mV kQcm? mV Qcm? mV kQcm?
24 h -266 147.28 -208.0 10.24 -246.0 231.00 -223 372.00
168 h -258  302.60 -189.0 9.30 -321.0 378.80 -199 224.40
336 h -257 289.40 corrosion corrosion -213.0 601.00 -215 80.56
504 h -180 101.48 corrosion corrosion -186.0 223.20 -169 16.30
672 h -230 194.42 corrosion corrosion -173.0 267.80 corrosion corrosion
1x10,!, 1x10‘T
1x10%| 672 h — 0’| b
{ e |
1x10°] 504 h = el L3k
D i0+/168h 336 “‘E“‘O@ 168 h
; g 104 24h
= 1x10%) S|
- > 1x10 !
1x10'g 1x10‘;
1x10'é 1x10';
1"1%:30 020 010 0 010 020 030 1"10.6:30 020 0 T020 030

E, (Vvs. Ag/AgCl)

010 0 010 020
E, (Vvs. Ag/AgCl)

T 030

010 " 010
E, (V vs. Ag/AgCl)

010 0 010 020 030

E, (Vvs. Ag/AgCl)

020

Fig. 6. Anodic polarization curves, recorded during the entire 672 hours of exposure for Ni-P (a), Co-P (b), Ni-Co-P (c)

and Ni-Co (d) coatings

Weak current density change within the
anodic polarization for Ni-P and Ni-Co-P was
observed until the 336" hour of exposition.
Afterwards, at 504 hours of exposure, the
respective curves change sharply their shape. The
dissolution current rises and passes through a
maximum at about 0.025 V. Such current increase
was observed for the Ni-Co composition after 168
hours of exposure. The occrurrence of the observed
maxima in the anodic curves can be explained by
corrosion products accumulation. In the case of the
Ni-P film, these maxima are more sharp (Fig. 6a),
due probably to the denser strtucture of the
respective corrosion products, compared to this of
the Ni-Co-P coating (®ur. 6¢). Literature data
exixst [20, 21] which report that the active Ni-P
dissolution leads to phosphorous heaping, as a
result of selective Ni-dissolution during anodic
polarization. Simultaneously, Ni3(POs)2 film

formation proceeds, contributing as a barrier
against further dissolution. That is why, the Ni-Co-
P ternary film has revealed the highest R, values
during the entire exposure period (Table 3),
compared to Ni-P and especially to Co-P. In the
case of Ni-Co coating, the R, were high only at the
initial 24 hours of exposure, and afterwards, these
values decrease sharply.

The R, values measured for all the
investigated compositions (Table 3) follow the
same trend, as the respective R (Table 2), obtained
by the impedance modeling. Because the R,
includes both R and the oxide layer resistance Roxy
(i.e. Rp = Ret + Roxy) [22], it could be assumed that
the anomalous R, rise for the ternary Ni-Co-P
coating (Table 3) after 336 hours of exposure, up to
601.00 kQcm? is a result of both increasing the
phosphorus content with the thickness of the film
[9,10] and the formation of an oxidation film.
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CONCLUSIONS
The Ni-P, Co-P and Ni-Co-P alloy films,
deposited at identical conditions at galvanostatic
regime, possess different crystal structure, phase
composition and corrosion resistance. It was found:

(1) The estimated from the XRD patterns
average crystallite size of the individual phases for
all coatings ranged from 35 to 40 nm, i.e. the
resulting coatings are nanosized  matrix
incorporating very few single crystals with an
average crystallite size under 1 pm.

(2) The Ni-P coatings (17.5%P - 82.5%Ni) are
typically amorphous and possess a globular
structure.

(3) The Co-P layers (12.6% P — 87.4%Co) are
thin (under 1.2 um) and do not cover completely
the entire substrate surface. They consist of
orthorhombic Co.P phase.

(4) The ternary Ni-Co-P alloy (26.1%P -
24.7%Co-  49.2%Ni)  possesses  variable
composition consisted by series of solid solution
NizP - Co,P.

(5) The quantitative analysis of the impedance
spectra, together with the respective anodic LSV
polarization curves have revealed that the highest
barrier ability and corrosion resistance belong to
the Ni-Co-P three-component layer.
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CTPYKTYPA 1 KOPO3MOHHA YCTOMUYMBOCT HA Ni-P, Co-P U Ni-Co-P CINIABHU
ITOKPUTHA

Karsa H. Urnarosa®, Crean B. Koxyxapos!, 'eopru B. Apnees?, HckpaAr. [Tupoesal

! Xumuxomexnonozuuen u memanypauuen ynusepcumem, 6yi. "Knumenm Oxpuocku” 8, 1756 Cogpus, Bvazapus
2Uncmumym no gusuxoxumust ,, Pocmucnas Kauwes “, Bvnzapcka akademus na naykume, yn. "Axao. Ieopeu Bonueg”
oyn. 11, 1113 Cogus, bvreapus

[ocrenuna na 21 aBrycr, 2017 r.; mpuera va 07H0emBpH, 2017 1.
(Pestome)

Hacrosmara craTus 10KIaaBa pe3yaTaTHTE OT CHCTEMaTHYHOTO OXapaKTepU3NpaHe Ha MOpQoIorusTa, Ga3oBust CbCTAB,
6apuepHaTa ciocoOHOCT M Kopo3noHHaTa ycroanBocT Ha Ni-P, Co-P u Ni-Co P mokpurtus Bepxy men. M3cnensannre
MOKPHUTHSI Ca OTIIaraH! TaIBAHOCTATHYHO IIPU CHIIOCTABUMH YCJIOBHS OT CyI(aTHO-XJIOPHICH enekTpoiut ¢ pH = 2 mpn
80°C. SEM aHanmu3bT YCTAHOBH, Y€ MMOTyYCHHUTE MMOKPUTHS ca HAHOPa3MEPHH ¢ (PIHO KPHCTAIHA CTPYKTYpPa, TOTBBPICHA
u ot pesynrature Ha XRD anammsa. Pesynrature orXRD ananmm3a nokazaxa, de Ni-P cItaBHE MOKPHUTHS ca ¢ THITHYHO
amop(Ha crpykrypa, okaro Co-P mokpuTHs ca ¢ XOMOreHHa IOJUKPUCTAIHA CTPYKTYpa, ChCTaBeHa OT OPTOPOMOHYHA
Co 2 P ¢aza. Ni-Co- P nokpurus ca ¢ pasnuideH (a30B ChCTaB B 3aBUCUMOCT OT ChIbPKAHUETO HA OCHOBHHUTE CIICMEHTH,
MpeACTaBIIsIBAIL Ceprsi OT TBbpAU pa3TBopu NiP —C0,P. JlanHuTe OT MeToIUTe Ha MMIenaHcHaTa criektpockomnus (EIS)
1 Ha JHeitHaTa Boatamnepomerpus (LSV) 3a GapuepHara ciocOOHOCT M KOPO3MOHHATA YCTOWYHMBOCT HA M3CIICABAHUTE
MOKPUTHS ca B ITbJIHA Kopenarus. KonndecTBeHUTE JaHHU OT JIBaTa METO/a, IOJyYeHH 32 HHTEepBaJl Ha IPECTOsSBaHE HA
moKpuTHATa OT 24 10 672 uaca B 3.5% NaCl nmoka3axa, 4e Haii-100pH 3allIUTHH XapaKTEPUCTUKU MMa TPOMHATA CIUIaB
Ni-Co-P. Ocgen ToBa Ni-Co-P u Ni-P cruiaBHu noKpuTHS 3ana3Bat OapuepHaTa CH CIIOCOOHOCT 3a ISUIOTO Bpeme oT 672
h na mpecrosiBane B pa3rBopa. Co-P moKpuTHS HamrbJIHO ce paspymasaT ciex 168 daca mpecTosiBaHe B MOJENIHATA
KOpPO3HOHHA Cpea.

KmouoBuaymu: Ni-Co- P, cimaBHM nokputusi, Mopdoutorus, ha3oB cbCTaB, KOPO3HUsl, IMIIEAaHCEH METOA
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Corrosion behavior in model solutions of steels suggested as construction materials
for mining industries
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A comparative study concerning corrosion behaviours of two steels suggested as construction materials in mining
industries have been carried out. Samples of widely used carbon steel st.25 and the new conceived, low-alloyed, steel KP-
355 (0.96 % Cr, 0.36 % Cu) have been tested. The tests have been held in model media containing the main aggressive
components appearing in real mining waste waters. The main parameters characterizing the mechanical and corrosion-
electrochemical behaviour of the tested materials have been determined by physical and electrochemical methods. It has
been estimated that the steel KP-355 exhibited better mechanical strength behaviour and higher corrosion resistance in all

media used in the tests.

Key words: corrosion, carbon and low-alloyed steels, mine waters.

INTRODUCTION

The working conditions in mines are
characterized by high aggressive behaviour of
underground waters and gases with respect to the
metallic  equipment used. The aggressive
components in such media are mainly dissolved
salts, dominantly chlorides and sulphates and to
some extent nitrates and carbonates and dissolved
gases (mainly oxygen). In addition, contaminants
such as mechanical pollutants, animal and plant
related microorganisms also are present. The
guantities and type of all aforementioned
contaminants is mainly dependent on the soil
content, temperatures and flow rates of underground
waters. The underground waters are mainly neutral
or close to this state, but there are also with acid and
basic reaction behaviours [1-4].

The mining atmospheres are characterized with
high humidity and contain dangerous contaminants
related to the corrosion aggression such as sulphur
oxides, hydrogen sulphide, carbon and nitrogen
oxides, etc. Moreover, solid particles (such as
corrosion active salts NaCl, Na,SOs; various natural
adsorbents; inert sands and product of blasts) are
also present in both gases and waters in mining
environments. Most of these contaminants are
natural (depending on the soil content) whereas
others are results of detonates and other mining
operations [2-3].

The alloying components used in the low-
alloyed steels are related to enhancement of their
mechanical characteristics. In this context, replace
the carbon steels when elements of equipment
working under high mechanical loads are at issue or

low-weight parts are needed. Moreover, carbon
steels alloyed by copper (0.2-0.8 %) or by copper
and chrome (1-2 %), with high corrosion resistances
are of primary practical importance. They are well
applicable in metal constructions with welded parts,
working in environments of sea waters, high
mineralized industrial wastewaters, etc. [5-9].

The corrosion of carbon and low-alloyed steels
in mine waters or model solutions is intensively
studied. The corrosion kinetics in aerated, neutral
solutions of chlorides (CI" > 1.5 %) has been
investigated by electrochemical methods [10, 11],
whereas the impedance method has been applied in
[12].

The corrosion behaviour of low-alloyed steels
in mining waters and in B 3 % NaCl solutions (with
flow rate of 2 m s at 20-55°C) has been studied in
[13]. It has been estimated that in mining waters the
main corrosion products are a-FeOOH, y-FeOOH
and Fes;04, whereas in the chloride solution they are
- a-FeOOH, B-FeOOH, a-Fe;O3y-FeOOH.

In this work results on corrosion behaviour of
two steels suggested for metal mining propping is
reported. Samples of widely used carbon steel st.25
and a newly suggested KP-355 have been tested in
model  solutions containing the  principle
components of mining waters.

EXPERIMENTAL
Materials tested
The test runs were carried out with simples
prepared from channel shaped profiles of st.25 and
KP-355. The chemical composition is listed in Table
1. The data summarized reveal that KP-355 has

* To whom all correspondence should be sent.
E-mail: dimkaivanova@uctm.edu
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Table 1. Chemical composition and mechanical characteristics of steels tested

Characteristics Steels
KP-355 st. 25
1. Content, %
-C 0.19 0.23
-Mn 0.65 0.54
- Si 0.4 0.4
-Cr 0.96 0.06
- Ni 0.15 0.07
-Cu 0.36 0.13
-S 0.02 0.04
-P 0.014 0.013
2. Mechanical characteristics
- yield strength limit Re, 0.2, MPa 427 324
-ultimate tensile strength R, MPa 588 503
- relative elongation As, % 28 30

o wr? N\ 7 aaax400
(©)
Fig. 1 Microstructures of the steels tested: a/ — st.25, ¢/ — KP-355: in the hot rolling state; b/ — st. 25, d/ — KP-355: in the
hot rolling state and additional 10 % deformation by strain.

greater content of chrome and copper and higher
tensile strength and yield strengths, then the classical
steel st.25.

The microstructures of the steels have been
investigated by observations of simples prepared
along the direction of rolling, using a metallographic
microscope NEOPHOTE-2. The photos in Fig. 1
show the microstructures of the steels tested
produced by hot rolling and after 10 % additional
plastic deformation by strain. The latter is almost the
same as the deformation occurring during cold
deformation of the beams when they are bended. The
target is to obtain a material with almost equal
content but with changes in the microstructure
almost close to the ones of real materials. The photos

reveal that the microstructure of both steels are
almost  identical, i.e. ferrite-perlite.  The
microstructure of st.25 has well defined strips along
the direction of rolling but this effect commonly
happens accidentally and cannot be related to a
specific type of steel.

The changes after the additional plastic
deformation in the steel microstructures are mainly
in the elongations of the ferrite grains in the direction
of the applied load but without any significant
differences between both steels tested.

Methods, samples, model solutions and
methodology of corrosion tests
Polarization methods
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These methods use potentiostatic devices and
are convenient for electrochemical and corrosion
investigations. They allow studying actually all real
relationships between the potential and the rate of
the electrochemical reaction (the current density).
The polarization curves, obtained by potentiostatic
or potentiodynamic methods, allow many corrosion
and electrochemical parameters such as Ecor and icor)
to be estimated. In addition, such tests allow the
parameters of the passive state to be determined, too.
A potentiostat-galvanostat PAR 273 was used in this
study.

The tests were carried out in a conventional
three-electrode, spatially separated, electrochemical
cell with a platinum plate (S=2.5 cm?) as counter-
electrode. In order to avoid the transport of chloride
ions from the reference electrode into the cell
volume, the salt bridge was filled with the working
solution.

The shape of the tested samples is cylindrical
with working surface area of 0.5 cm2. The electrodes
are insulated by means of polymeric material
(duracryle). The preparation of the samples includes:
cleaning with glass paper Ne 220+600, rinsing with
distilled water and drying/degreasing with alcohol-
ether mixture.

Model solutions

o 5 % HySO,, prepared from acid (pa) and
monodistilled water;

e 5 % HCI, prepared from acid (pa) and
monodistilled water;

e Arttificial see water solution with the
following content: NaCl — 26.52 g I'*; MgCl, — 2.45
gl MgSO,—-3.3g 1% CaCl,—-1.14 g I*; KCI-0.73
g I'; NaHCO; - 0.2 g I'*; NaBr —0.08 g I, prepared
from chemicals (pa) and monodistilled water;

e  Solutions with various concentrations of the
sulphate ions, prepared from Na;SO, (pa) and
monodistilled water. The concentrations of SOs*
were: 100 mg I, 500 mg It and 2500 mg I. The pH
of these solutions was varied within the range 3.0 —
9.0 by addition of either concentrated H>SOa, (pa) or
NaOH, (pa).

Test protocol

The initially prepared sample (electrode) was
mounted in the compartment of the working
electrode in a way that the distance between it and
the Haber-Luggin capillary to be about 1 mm. The
counter electrode (Pt) and the bridge of the calomel
reference electrode (SCE) were correctly placed in
the other cell compartment.

At the beginning, prior to the records of the
polarization curves, additional cathodic treatment of
the sample at a potential of -1200 mV (SCE) for 1
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min was carried out. After that, the potential shifts in
the positive direction with a sweep rate 50 mV min’
1

The polarization curves allow determining the
following corrosion-electrochemical parameters,
among them: corrosion potential (Ecorr), corrosion
current density (icor), Tafel slopes of the anodic (ba)
and cathodic (bx) curves, and the parameters of
passive state such as critical potential, Ec; critical
current density, icr; passive potential, E, and passive
current density, ip, and the transpassive potential Exp.

RESULTS AND DISCUSSIONS
Tests in 5 % H>SO4 solutions

The results presented in Fig. 2 are
potentiodynamic polarization relation-ships E, V —
lg i, A dm? of st.25 and KP-355 in 5 % H,SO,
solutions obtained with a potential sweep rate of 50
mV mint. The main corrosion-electrochemical
parameters are summarized in Table 2. The
corrosion potential Ecorr of KP-355 steel is -520 mV,
SCE and it is more positive that the one
corresponding to st.25 steel (with higher carbon
content), a fact that could be attributed mainly to the
chrome content as alloying element.

.8 -4 1.0 w4 [H] 1.2 La
F, V (5CT)

Fig. 2. Potentiodynamic polarization curves E, V — i, A

cm?, developed in 5 % H,SO, solutions at 25°C, and non-
deformed samples: (1) — KP-355; (2) — st.25.

The corrosion rate of st.25, represented by
current density (1.2x10°A cm?) is several times
higher than the corrosion rate of KP-355 which could
be explained by the lower carbon content and the
alloyng chrome and copper in KP-355 steel.

Table 2. Corrosion-electrochemical parameters for both
steels in 5 % H,S04, 25°C

Parameters KP-355 st. 25
Ecorr (SCE), mV -520 -540
icorr, A CM2 5.6 x10* 1.2,10°
bk, mV dec! 120 125
ba, mV dec? 50 50
Ecr (SCE), mV 630 790
icr, A CM? 1.6 4101 2.8,101
Ep (SCE), mV 770 950
ip, A cm2 2.6 4108 9.8 ,10*
Egp, mV 1500 1690
AEp, mV 740 510
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The values of E¢ and ic characterizing the
transition of the steels into the passive states indicate
that these parameters are not so favorable for the
st.25 samples (considering the transition into the
complete passive state) due to the more-positive
critical potential and higher critical current density.
Both steels tested demonstrate big differences in the
passive states. For the st.25 samples, the passive
current i, remained almost constant (9.8x10“A cm’
2), while with the KP-355 sample specific peaks were
observed. The later could be related to the presence
of chrome as alloying element. The Tafel slopes of
the cathodic (bx) and anodic (ba) polarization curves
are almost equal for both steels. This actually
indicates that the mechanisms of the cathodic
reactions (hydrogen evolution) as well as the anodic
dissolution are identical for both steels.

The effect of the 10 % cold plastic deformation
on the polarization relationships in 5 % H,SO,
solutions are shown in Fig. 3. The comparison
between the corrosion-electrochemical parameters
of both steels in the deformed states reveals that the
10 % cold plastic deformation does not change
significantly the main parameters with respect the
ones obtained with no-deformed samples. Precisely,
this comment refers to: more-positive corrosion
potential (Ecorr) and lower corrosion current density
(icorr) for the KP-355 steel and consequently easier
transition into the passive state, while the passive
state of st.25 is more stable.

The most important difference observed in the
characteristics of the deformed and non-deformed
samples is in the pre-passive and passive states. The
plastic deformation leads to more negative critical
potentials E, that is the passive states appears
earlier, but the critical current densities ic in such
situations are greater. Moreover, the plastic
deformation enlarges the area of complete passive
state and reduces the current density ip, A cm? (see
Fig. 2 and Fig. 3).

Tests in 5 % HCI solutions
The corrosion-electrochemical characteristics
of the steels tested in 5 % HCI solutions determined
by means of the polarization relationships in semi-

logarithmic scale E, V - Ig i, A cm-? are summarized
in Table 3. The potentiodynamic polarization curves
for both steels in the deformed states are shown in
Fig. 4.

i,Acm™
-
-

T T I ¥ T T T
-08 -04 0.0 0.4 0.8 1.2 1.6
E, ¥ (SCE)

Fig. 3. Potentiodynamic polarization curves E, V — i, A
cm? obtained in 5 % H,SO4 solutions at 25°C and 10 %
elongations of the steel samples:(1) — KP-355; (2) — st.25.

-2

i, Acm

-0.8 -0.60 -lJI.-I -0.2 0
E, V (S5CE)
Fig. 4. Potentiodynamic polarization relationships E, V —
i, A cm-2, obtained in 5 % HCI solutions at, 250C, with
10 % elongations of the steel samples: (1) — KP-355; (2)
—st.25.

The corrosion rate (icor) for st.25 in these media
is of about 1.7x10*A cm? and this value is
significantly higher (one order higher) than the
corrosion rate of KP-355 steel. In the solutions of 5
% HCI, as well as in the model media with sulphur
acid content, the corrosion potential (Ecorr) iS more-
positive for the KP-355 steel that could be attributed
to the copper and chrome as alloying components.

The cathodic reaction and the anodic
dissolution of both steels have identical mechanisms,
a standpoint supported by almost equal values of the
Tafel slopes by and b..

Table 3 Corrosion-electrochemical parameters for both steels with and without 10 % cold plastic deformation, in 5 %

HCI, 25°C
Parameters Undeformed steel 10 % cold deformation
KP-355 st. 25 KP-355 st. 25
Ecorr (SCE), mV -370 -460 -450 -455
icorr, A CM2 1.7,10° 1.7,10* 1.6 ,10* 3,10*
bk, mV dec? 70 80 110 100
ba, MV dec™? 40 40 55 50
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The cold plastic deformation does not change
the corrosion-electrochemical parameters and their
behaviour is similar to that in absence of
deformation. However, the additional introduced
energy and the effect on the steel heterogeneity leads
to increased corrosion rates for both steels, mainly
for KP-355, where the value of icorr raises about 10
times.

Tests in artificial sea water solutions

In the corrosion process of both st.25 and KP-
355 samples in artificial sea water oxygen
depolarization take place as it well demonstrated by
the polarization curves shown in Fig. 5. The
parameters characterizing the corrosion behaviour
are summarized in Table 6. The parameter values
indicate that the dissolution rate of st.25 is higher
than the one of KP-355. However, both dissolution
rates are significantly lower in comparison with the
ones observed in HCI and H,SO, media.

In this model solution the corrosion potential of
KP-355 is more positive (with about 100 mV) with
respect to the corrosion potential of st.25. The
comparison of the corrosion-electrochemical
parameters (see Table 4), reveals that the cold plastic

2

i Acm

1.2 -1.0 Rk 06 4 0.2 LX)
F,V (5CT)

Fig. 5. Potentiodynamic polarization relationships E, V —
i, A cm, obtained in artificial sea water: (1) — KP-355;
(2) —st.25.

deformation does not increase the corrosion rate in
contrast to the case when the tests performed in HCI
and H;SO; media, but significantly reduces it.
Moreover, the deformation shifts the corrosion
potential of st.25 in the positive direction and makes
it closer to corrosion potential of KP-355.

Tests is agueous sulphate solutions

The tests with KP-355 samples, following the
same methodology, produce polarization curves
shown in Fig. 6.

Table 4 Corrosion-electrochemical parameters for both steels, in artificial marine water, 25°C

Undeformed steel

10 % cold plastic

Parameters deformation
KP-355 st. 25 KP-355 st. 25
Ecorr (SCE), mV -520 -620 -510 -525
icorr, A M2 3,10 4.6 4106 8,108 1.2 ,107
ig, A cm? 2.2,10° 1.8 410 5,107 5,107
ba, mV dec? 40 45 45 50

Table 5. Corrosion-electrochemical parameters of steel KP-355 in solutions with various concentrations of
sulphate ions and various pH at 25°C

[5042'] H Ecorr, mV
mg I P (SCE)
3 -555
4.5 -300
100 55 -310
7.5 -340
9 -400
3 -590
4.5 -360
500 55 -380
7.5 -400
9 -460
3 -600
4.5 -460
2500 55 -410
7.5 -475
9 450

icorr, id, ba,
A cm? A cm? mV dec?
2,510°° 10,10°° 50
1.88,10® 2.6x10° 55
2,10® 16410 60
1.3,10°¢ 10.2,10°® 70
1.1,10° 25106 90
1.3,10° 75107 30
9,106 3,10 55
5410 16410°® 58
5410 2.4,10° 70
2.5,10° 6x10°® 70
6.6410°° 7x10°° 29
2.4,10° 5,10 39
251076 9,106 39
2,10® 4.6,10C 40
1.8,10°¢ 5.8x10 55
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These relationships were taken at concentration
Cso;2 = 100 mg1~* and pH in the range of 3.0 —
9.0. The plots reveal that the cathodic depolarization
reaction is oxygen reduction with well-shaped
oxygen levels (steps). The main parameters
characterizing the corrosion of the steel tested are
summarized in Table 5.

piian

-2 -0 -II‘,N -ﬂl,h -I'I‘ + -ﬂ‘,l o
E. Vv (SCE)

Fig. 6. Potentiodynamic polarization relationships E, V —

i, A cm? of KP-355 in sulphate solutions. Concentration
of SO4>=100 mg I and pH 3.0-9.0 at 25°C

The change in the corrosion potential Ecorr With
variations of pH, within the rage of concentration
variations are shown in Fig. 7. The values of the
potentials shifts sharply from more negative (at
pH=3.0) towards more positive but for pH beyond
5.0 there is a weak change in the negative direction.
The plots indicate that the largest amplitude of Ecor
appears in low-concentrated solutions (100 mg I%).

1507

0,6+ —®— 100 mg1"
—8—500mg1"
—&— 2500 mg I

=0,5 4

.V (SCE)

E
con

0,4 4

pH

Fig. 7. Relationship Ecn=Ff(pH) at various concentrations
of SO4* at 25°C.

Fig. 8 illustrates the relationship between the
rates of the corrosion processes represented by the
current density (icor) as a function of the solution pH
as independent variable. These plots clearly
demonstrate that with increase in pH the corrosion
rate initially decreases rapidly from the area of the
weak (low-concentrated) solutions (pH 3.0) toward
the neutral and remains almost unchanged towards
the range with pH 9.0. This relationship of the
corrosion rate as function of pH (beyond pH 4.5)
could be explained by the fact that the cathodic
depolarization reaction is oxygen reduction rather
than (especially at high pH) water reduction, where
corrosion rate increase with increase in the value of
pH.

150,

—&— 100 mg r
—&—S0Umg I
—A— 2500 mg 1"

1674

-2
s Aem
+

pH

Fig.8. Relationship icor=f(pH) at various concentrations
of SO4% at 25°C.

CONCLUSIONS

The results obtained from the corrosion test with
st.25 and KP-355 samples could be outlined as:

1. In model solutions of 5 % H,SO4 the corrosion
rate of st.25 is about two times higher than that of
KP-355 alloyed by 0.96 % Cr and 0.36 % Cu. The
registered more negative potential and the lower
critical current density of KP-355 reveal that this
steel demonstrate higher ability to be passive in
sulphur acid media in comparison with the behaviour
of st.25.

2. In model solutions of 5 % HCI the samples of
st.25 dissolute more intensively with a rate of about
one order of magnitude more (icor = 1.7x10* A cm™?)
with respect to KP-355 where icor = 1.7x10° A cm,

3. The corrosion rate of KP-355 steel in artificial
sea water is about two times slower than the
corrosion rate of st.25.

4. The corrosion potentials (Ecorr) of KP-355 steel
in all model solutions are more positive with respect
to the corrosion potentials of st.25 and this indicates
better corrosion behaviour of KP-355 in aggressive
media.

5. It was established that the dissolution rate icorr
for both steels tested increases after additional 10 %
cold plastic deformation. This effect is stronger with
samples of KP-355.

6. It was estimated the effect of concentration of
S0O,% (100; 500 and 2500 mg I) and pH (3.0 + 9.0)
of Na,SO, solutions on the corrosion behaviour of
KP-355 steel. The corrosion rate, irrespective of the
solution concentrations, reduces rapidly from the
area of weak acid solutions towards the neutral ones
and remains unchanged up to pH=9.0. The shift of
Ecorr in the positive direction with increase in pH is
more pronounced in the weak (low-concentrated)
solutions.
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KOPO3MOHHO ITIOBEJIEHUE B MO/IEJIHU PA3TBOPU HA CTOMAHU,
INPEAHA3BHAYEHUN KATO KOHCTPYKIOUMOHHU MATEPUAJIN 3A MUHHATA
NMHAYCTPUA

. . UBanosa*, I'. I1. NUnuesa, JI. b. ®aunkoB

Xumurxomexuonozuuen u memanypeusen ynusepcumem,oyi. ,, Kn. Oxpuocku” 8, Coghus 1756, Bvaeapus

[MocTenuna Ha 15 HoemBpu 2017 r.; npuera Ha 12 nekemBpu 2017 r.
(Pesrome)

W3BBpIICHO € CPaBHUTEIHO H3CIICABAHE Ha KOPO3HOHHOTO MOBEJCHUE HA JBE CTOMAHM, MPEIHA3HAYCHU 33 PYIAHUIHO
KpereHe: IIMPOKO M3IO0JI3BaHaTa BBIVIEPOJHA CTOMaHa CT.25 W HOBOIpeAJaraHaTa, HHUCKoyierupaHa cromana KP-355
(0.96% Cr, 0.36% Cu). U3nuTBanusiTa ca NPOBEICHU B MOJCIHH CPEIH, MOAOPAHU TaKa, Y€ Ja ChIbPIKAT OCHOBHUTE
arpecHMBHH KOMIIOHEHTH B MMOBEYETO peanHu pyAHuuHH Boau. C momornra Ha pU3NYHU U eNEKTPOXUMUYHU METOH 32
M3CIIE/IBAHE M aHaJM3, Ca ONpEJelieHH Hali-BaXKHUTE MapaMEeTpH, XapaKTepH3Hpalld MEXaHHYHHTE CBOWCTBA U
KOPO3HOHHO-EJICKTPOXUMHYHOTO TOBE/ICHUE Ha CTOMAaHUTE. Y CTaHOBEHO e, ue ctomana KP-355 e ¢ mo-mobpu sikocTHH
MOKAa3aTesH U KaTo ISUI0 C€ OTJIMYAaBA C M0-BUCOKA KOPO3UOHHA YCTOWYMBOCT BbB BCHUYKH U3IOI3BAHN MOJIEITHH CPEJIH.

KiaouoBu AYMH: KOpPO3¥Ws, BBITICPOJHU U HUCKOJICTUPAHU CTOMaHU, pyJHUYIHU BOINU
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conditions
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The growing world population puts ever-increasing environmental requirements on all industries, be it construction,
pharmacology or energy generation. One of the more potent and hard-to-neutralize industrial waste products are sulfites
(typically sodium or calcium) generated by flue-gas desulfurization processes. Our project aims at neutralizing these
dangerous compounds by oxidizing them in a fuel cell (FC) of our own design while simultaneously gaining electrical
power. The present study’s goal is to find suitable catalysts for the oxidation process. The experiments show that a nickel
coated graphite fiber is an appropriate candidate to be used as electrode for the anode compartment of the fuel cell. A
comparison of the electrochemical characteristics of the chosen fuel cell with different oxidizing agents (aerated seawater,

hydrogen peroxide and ammonium chloride) is presented as well.

Key words: fuel cell, catalyst, sulfite ions, oxidation

INTRODUCTION

In our age the demand for energy, electricor
other, is ever increasing. According to the
International Energy Agency, [1] for 2015 over 80%
of all energy gained is derived from fossil fuels. All
fossil fuels contain varying quantities of sulfur that
becomes a real environmental problem after the
burning of the fuel when the sulfur is transformed to
sulfur dioxide. Methods are developed to neutralize
this hazardous product, but most of them are either
too expensive for massive industrial applications or
as in the cases of the lime and limestone methods
require additional treatment that further complicates
and increases the cost. Nevertheless all the
ecological directives of the EU dictate that it is
absolutely prohibited to release SO2 in the
atmosphere in high concentrations, which forces all
factories and power plants to neutralize their flue
gases despite the high costs.

The most economical way of scrubbing SO2
from flue gases is via hydrated lime (Ca(OH)2) or
limestone (CaCO3) to calcium sulfite (CaSO3) and
via caustic soda (NaOH) to sodium sulfite
(Na2s03).

Other industries whose wastewaters are
contaminated with calcium or sodium sulfite are the
pulp and paper (Kraft process), photographic (fixer),
oil (oil recovery), food (preservatives), textile (dyes)
and mineral processing (froth flotation).

Sulfites in wastewaters are substances that need
to be oxidized to the more stable sulfates before their
disposal in the environment. The oxidation process

* To whom all correspondence should be sent.
E-mail: stefanmartinov@yahoo.com

is a high energy consuming one and is accompanied
with a lot of exploitation difficulties. Many studies
are dedicated to the kinetics of oxidation [2-6] as
well as the improvement of apparatuses equipment
[7-9]. The high expenses make them inefficient for
small-scale desulfurization installations.

In recent years there is increasing scientific
interest for oxidation of different pollutants
(including organic) in fuel cells (FC) [10-13]. This
interest is due to the possibility of eliminating
pollutants with minimum exploitation costs while
simultaneously harvesting electrical energy.

Particularly relevant way to intensify the
process of oxidation of the pollutions is the use of
microorganisms in so-called microbial fuel cells
(MFC). The possibilities for use of modern
microbial fuel cells in our case are very limited
because of the fact that sulfites are preservatives and
are toxic to most bacterial strains.

Lately there are some studies [14-16] that try to
improve the oxidation of sulfites by using different
catalysts and electrodes.

Our project aims at improving the secondary
oxidation step for both the limestone and the lime
methods, as well as the caustic soda one by
electrochemical oxidation in a membrane fuel cell of
our own design. This way we can both reduce the
cost of the neutralization steps as well as harvest the
otherwise unused energy of the oxidation process.
Our previous work [17] show that commercially
available ion-exchange membrane Fumapem® FFA-

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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3-PK-75 is best suited for the fuel cell. The influence
of the initial concentration, concentration of end
products from the process and pH has also been
investigated in the paper.

The aim of the current work is to find suitable
catalysts for the oxidation process, as well as
investigate alternative oxidizing agents.

EXPERIMENTAL

The preparation of the sulfite solution is done
by dissolving Na.SOs (analytical grade) in distilled
water. The CaSOs suspension is prepared after
precipitation of CaCl, and Na;SOs. The resulting
suspension is then washed up of chloride ions. The
presence of said ions is verified qualitatively with
AgNO:s. The latter is done in order ascertain that the
chloride ions won't influence the results. The
concentration of the sulfites is determined by
iodometric titration.

Analytical grade of sodium sulfate is dissolved
in the initial solution to both increase the

conductivity of the solution and to simulate
accumulation of the end product.

The principal and practical scheme of the
experimental installation of the fuel cell are shown
in Fig. 1. It consists of two concentrically situated
compartments with 200 ml volume for the anodic
compartment and 75 for the cathodic one. The
membrane (S = 700 mm?) is placed on the bottom of
the inner one. The outer volume is the anode
compartment (AC) and the inner one is the cathode
compartment (CC). Five standard cylindrical
graphite rods ((d = 6 mm, L = 200 mm, S = 3000
mm? each) are used as electrodes in the anode
compartment and 30 g. (75 ml) activated carbon
(Fujikasau®, Japan, 680 m2.g*.) and one graphite
rod into the cathode one. The addition of activated
carbon is done in order to increase the surface area
of the electrode in the cathode compartment. This
approach is not done for the anode compartment due
to the sorption effect of the activated carbon of the
desired end products.

Sle Fou = H-O

[ANGDE] [cATHODE
2 OEL-

8032— f T O

Fig. 1. Principal and practical scheme of the experimental fuel cell

The intended reactions are as follows:

Anode:
SO:* + 20H— SO4* + OH + H*+ 2e

Cathode:
1/20,+2H*+ 2 —= OH + H*

A screening is done for determining an
appropriate catalyst for the process. All catalysts are
molded along with binding agents into electrodes
with identical surface area of 2000 mm2. The
molded electrodes are as follows:

1. 3 mg Fullerenes C60/C70 (Sigma Aldrich), 40 mg
manganese acetate, 60 mg Vulcan XC72 and 35 %
Polytetrafluoroethylene (Teflon®) as a binder
pressed over stainless steel mesh at 150°C and 150
atm. for 5 minutes;

2. 8 mg Norit®, 40 mg manganese acetate, 60 mg
Vulcan XC72 and 35 % Polytetrafluoroethylene
(Teflon®) as a binder pressed over stainless steel
mesh at 150°C and 150 atm. for 5 minutes;

3. Ni-coated graphite fiber [18], rolled over the
graphite rods with the same geometrical surface.
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Roentgenography of nickel-plated graphite
fiber is presented in Fig. 2. The only distinct peak is
corresponding to Ni and indicates that the coating is
dense and evenly distributed.

‘W

Fig. 2. Roentgenography of nickel-plated graphite fiber

RESULTS AND DISCUSSIONS
Influence of the type of pollutions
Fig. 3 shows a comparison of the electrical power
output of the cell as a function of the concentration
for both sodium and calcium sulfite.
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It is to be expected for the calcium sulfite to have
lower power output due to the fact that it is a
suspension rather than a solution as is the case of the
sodium sulfite. Due to the difference of one order of
magnitude for further experiments we focused on the
sodium sulfite and chose a concentration of 25 g.I*
as it is relatively close to the real conditions [17].
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Fig. 3. Influence of the concentration of Na.SOs; and
CaS0s on obtained electrical power

Screening for a catalyst for the process

The most common way for intensifying the
oxidation process is the use of catalysts. The
previously mentioned electrodes with molded
catalysts are synthesized for this exact reason. Their
catalytic effect is first tested in a vessel with similar
volume to the fuel cell with results shown in Fig. 4.
As can be seen all of them have a distinct catalytic
effect (30 — 40%) compared to the experiment
without catalyst. Even though the differences are
within 5% by comparing the catalysts individually a
distinction can be made that the Ni-coated fiber
performs slightly better than the rest. For this reason
this particular electrode is chosen to be used in the
fuel cell as anode. In order to enhance the
conductivity of the solution in the cathode
compartment (saltwater with 16 g.I* NaCl) an
experiment is conducted with the addition of 3%
ammonium chloride with the results shown in Fig. 5.
By comparing the results of both experiments as well
as polarization curves we get the following:

Internal resistance of the fuel cell: when using
saltwater — 40 Q; when using saltwater with
ammonium chloride — 4 Q (an order of magnitude
lower).

The power output of the fuel cell remains
relatively constant between the 2" until the 8" hour
mark: when using saltwater — 0.7 mW; when using
saltwater with ammonium chloride — 0.8 mW (about
15% increase).

The power output of the fuel cell at the 24" hour
mark shows much greater difference: when using
saltwater it is 0.45 mW while when using

ammonium chloride it is 0.65 mW (about 40%
increase).

A note should be made of the low wear resistance
of the Ni-coating during work. After several
experiments a roentgenography of the fiber (Fig. 6.)
is done that shows a distinct carbon peak that is not
present in the unused fiber (Fig. 2.). This indicates
that portions of the Ni-coating is washed away and
the underlying carbon is exposed.
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Fig. 4. Depletion of SO3* using three different catalyst
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Fig. 5. Power in time using nickel-plated graphite fiber

Fig. 6. Roentgenography of nickel-plated graphite fiber
after 96 h

Influence of the oxidation agent

Another way for intensification of the oxidation
process by using oxidizing agents. As such nitrates
(with concentration of 0.5 g.I'), hydrogen peroxide
(with concentration of 30 g.I"!) and aerated saltwater
(with atmospheric air 15 Lh?') are tested.
Comparison between the power output of the cell as
a function of time is shown on Fig. 7. The external
resistance used is 100 Q.
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Fig. 7. Power in time using three different oxidizers

The internal resistance of the fuel cell when
using nitrates, hydrogen peroxide and aerated
saltwater is 50 Q, 150 Q and 100 Q respectively.

The power output at the 2™ hour mark for the
nitrates is 0.15 mW, for the hydrogen peroxide —
0.17 mW and for the aerated saltwater — 0.01 mW.

The power output at the 6™ hour mark for the
nitrates is 0.13 mW, for the hydrogen peroxide —
0.15 mW and for the aerated saltwater — 0.04 mW.

The power output at the 24" hour mark for the
nitrates is 0.09 mW, for the hydrogen peroxide —
0.10 mW and for the aerated saltwater — 0.04 mW.

It should be noted that even though the aerated
saltwater shows lowest power output it remains
constant for the time interval 6" — 24" hour unlike
the nitrates and the hydrogen peroxide. An
explanation of this phenomenon can be derived
from the rate of the depletion of the sulfite ions in
Fig. 8 which shows that the concentration of sulfite
ions remains higher for longer periods of time
compared to the other oxidizing agents.

100
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Fig. 8. Depletion of SO3? using three different oxidizers

As shown in Fig. 8. the sulfite depletion rate is
highest when using nitrates as an oxidant (about 10%
higher than the peroxide and about 20% more than
the aerated saltwater). Comparing with the power
graph (Fig. 7.) the peroxide fuel cell that has the
highest power output does not have the highest
oxidation rate. Perhaps the use of hydrogen peroxide
initiates other secondary reactions besides the
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desired, respectively produce more power. This may
be the reason for the higher electrical resistance in
that case.

CONCLUSIONS

« The use of a fuel cell for sulfite ion
neutralization is more effective in the case of sodium
sulfite compared to calcium sulfite;

» The use of catalysts intensifies the oxidation
rate of the sulfite ions in the fuel cell;

+ All the investigated catalysts show definite
catalytic effects on the oxidation of Na,SOs. Nickel-
plated graphite fiber shows both best oxidation rate
as well as lowest production cost but it also has very
low wear resistance;

» Using more potent oxidizing agent enhances
the oxidation rate of the sulfite ions and
correspondingly the power gained,;

» Of the studied oxidizing agents the nitrates
show best results at increasing the oxidation rate of
sulfite ions.
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CVIIONJHA I'OPUBHA KJIETKA C EKOJIOTUYHA HACOYEHOCT: OIITUMM3ALIMA HA
OKUCJIIMTEJIHUTE YCJIOBUA

C. Credanos, M. Maprtunos, E. Pa3kazoBa-Benkosa

Hucmumym no unsicenepra xumus — bvneapcka akademus na naykume, yn. ,,Axao. I'eopeu Bonues”, 6a. 103, 1113,
Cogus, Bvreapus

[octenmna Ha 14 centemBpu, 2017 r.; mpuera Ha 09 okromBpH, 2017 T.
(Pesrome)

YBenMyaBalloTo ce CBETOBHO HACEJICHHUE IOCTaBs BCE IO-TOJEMH €KOJIOTUYHH M3MCKBAHHS BbPXY BCUUKU UHIYCTPHH,
Onu Te cTpouTeIHaTa, (hapMaleBTHYHATA WM IPOU3BOJICTBOTO Ha EJIEKTPOEHEPrHusl. EMMH OT N0-0nacHUTE U TPYIHH 32
HeyTpaJU3UpaHe WHIYCTPHAIHN OTHaIbLU ca cyapuTuTe (0OMKHOBEHO 1moJ (hopMaTa Ha HATPHUEB U KAJIIUEB CYI(HT),
TeHEpUpPaHU OT MPEYHUCTBAHETO Ha CAPOCHAbPIKAIIMTE JUMHH ra3oBe, MOJyYeHU NP H3rapsiHe Ha (OCHIHHM TOpHBA.
LlenTa Ha HaIIUS NPOEKT € HEYTPAIU3UPAHETO HA TE3U ONACHU ChEIUHEHHS Ype3 OKUCICHUETO UM B FOPUBHA KIIETKa,
pa3paboTeHa OT eKHIa HM, KaTO €AHOBPEMEHHO C TOBa CE IeHepUpa U eNeKTpoeHeprusa. TeKymoTo u3cielBaHe ce
¢doxycupa BbpXy HaAMHpaHE HA IOIXOSII KAaTalH3aToOp 32 OKUCIMTEIHUS Mpoliec. Pe3ynTaTure OT eKCIepUMEHTUTE
MOKa3BaT, 4e rpaduTHa ThKaH, MOKPHUTA C HHKEJ, ¢ MOAXOMAIIA 33 M3IOJI3BaHE KaTo aHOJACH ENEKTPOJA B TOpHBHATA
ki1eTka. [loka3aHu ca ¥ CpaBHEHUs Ha €JIEKTPOXUMHYHUTE MOKA3aTeN Ha H30paHa KOH(QHTIypalus Ha rTOpUBHATA KJICTKA
NPY U3MOJ3BaHE Ha PA3IMYHK OKHCIUTENH (aepupaHa MOPCKa BOJa, BOJOPOJICH MIEPOKCHU U AMOHHEB XJIOPHI).

KaouoBn AYMHM: TOPHMBHA KJIETKA, KaTajanu3aTop, CyJ'I(I)I/I,I[HI/I ﬁOHPI, OKHCJICHHE
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P. Paunovi¢!”, O. Popovski?, G. Nadevski!, E. Lefterova®, A. Grozdanov! and A. T. Dimitrov?

! Faculty of Technology and Metallurgy, University ““Sts. Cyril and Methodius™
Ruger Boskovic Str., 16, 1000 Skopje, R. Macedonia
2 Military Academy ,,Mihailo Apostolski””, Mihajlo Apostolski Str., b.b., 1000 Skopje, R. Macedonia
3Institute of Electrochemistry and Energy Systems, Bulgarian Academy of Sciences, Acad. G. Bonchev Str., BI.10, 1113
Sofia, Bulgaria

Received July 31, 2017; Accepted October 18, 2017

The subject of this study is preparation and physical characterization of nano-scaled electrocatalysts for water electrolysis,
consisted of Magneli phases as a support and different metallic phases (Co, Pt, Ru, CoPt (Co:Pt = 1:1 wt.), CoRu (Co:Ru
= 1:1 wt.) and CoPtRu (Co:Pt:Ru = 1:0,5:0,5 wt.)). Magneli phases were mechanically treated (top-down approach) to
reduce their particles from micro to nano scale. Electrocatalytic materials were prepared by sol-gel procedure using
organometallic precursors (Me-acetylacetonate) deposited on dispersed Magneli phases in wt. ratio 10% Me and 90%
Magneli phases. Pure Magneli phases and the studied electrocatalysts were characterized by means of TEM, XRD and
BET analysis. The obtained results have shown that the size of the micro-scaled Magneli phases after the applied
mechanical treatment, were reduced to 180+-200 nm. Specific surface area of 4.2 m?g* was determined by BET analysis.
After grafting of the metallic phase over the Magneli phase, good dispersion of the catalytic centers over the support
surface was achieved, that is appropriate for catalytic purpose. Metallic particles are nano-scaled in the range of 2 to 15
nm, thus the BET surface area of the electrocatalysts is higher (4.3 to 11 m?g™) related to the BET surface area of pure

Magneli phases.

Key words: Magneli phases,Co, Pt, Ru, hydrogen evolution, oxygen evolution.

INTRODUCTION

In the last decade, non-stoichiometric titanium
oxides, so called Magneli phases (trade name
Ebonex) have attracted great attention within the
hydrogen economy, as potential support material for
nano-scaled electrode materials for fuel cells and
water electrolysis [1-3]. Generally, the support
material should meet the following important
characteristics, such as: i) highly developed surface
area to provide better dispersion of the nano-scaled
catalytic particles; ii) high electric conductivity to
provide efficient electron transfer to ions involved in
the electrochemical reactions, iii) mechanical and
chemical stability and iv) to improve intrinsic
catalytic activity of the active catalytic phase
through the strong metal-support interaction (SMSI).
In the electrocatalytic systems with metallic
(catalytic phase), Magneli phases have bifunctional
role: i) as a catalyst support and ii) contributes to the
catalyst’s overall synergetic effect by so called Strong
Metal-Support Interaction (SMSI). The SMSI gives
rise to both the electrocatalytic activity of the metal
component as the main catalytic phase (by
reinforcing it) and to the catalyst’s stability (due to
stronger adherence between catalyst’s components)
[4,5].

* To whom all correspondence should be sent.
E-mail: ppaunovik@gmail.com
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The main general formula of Magneli phase is
TinO2n1 (4 < n < 10) [6]. It was observed that
removing oxygen from the TiO; octahedra leads to
shear planes in the crystal structure and forming of
TiO octahedron. Depending of the ratio of TiO; vs.
TiO octahedra within the crystal structure, different
non-stoichiometric titanium oxides can appear [6,7].
Within this way formed crystal lattices, besides Ti**
ions, also Ti®* ions exist, which are responsible for
increasing of electrical conductivity by three orders
of magnitude, approaching the conductivity of
graphite-like carbon nanomaterials [8,9]. Magneli
phases show very similar physical properties to that
of TiO,, so they could be used for the same
applications as that of TiO,. The only difference in
the properties of Magneli phases and TiO: is high
electric conductivity, which make the Magneli
phases applicable in more fields such as sensing [7],
electrocatalysis [10,11] and energy storage [12-14].
The high electrical conductivity, chemical stability
and possibility for interaction with the metallic
catalytic phase, make them as an appropriate support
material for electrocatalysts. The main disadvantage
of Magneli phases as support material is the low
specific surface area, compared with nano-scaled

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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carbon materials with specific surface area of more
than 250 m?g~t. The maximal achievement of the
“top-down” procedures for preparation of Magneli
phases including mechanical reduction of the
particle size (attrition and milling) was specific
surface area to 1.6-3.0 m?g [11,15]. The “bottom
up” approach employing high temperature reduction
in atmosphere of hydrogen and inert gas (N. or Ar)
has enabled specific surface area of 25.3 m?g~! [16]
or 26.6 m?-g~ [10] so far. Maximal achievement of
“pbottom up” approach was 45 m?g* [17], but with
lower electrical conductivity of 4.7 Scm™.

The aim of this work is to prepare and
characterized a electrocatalysts with reduced amount
of noble metals, deposited on Magneli phases as a
support material.

EXPERIMENTAL

As a catalyst support commercial micro-sized
Magneli phases were used (Ebonex®, Altraverda,
UK). To reduce their particle size, top-down
approach was applied, using mechanical treatment
by Fritsch Planetary Mill (Pulverisisette 5) for 20 h
with acceleration of balls of 200 rpm. The ball
diameter was 1 cm, while the weight ratio of balls
vs. treated material was 3:1.

The electrocatalytic materials were prepared
using simplified sol-gel method proposed by the
present authors [18]. Magneli phases were dispersed
in organic solvent — anhydrous ethanol (Merck, p.a.),
using magnetic stirrer with 600 to 900 rpm. Metallic
phase as organometallic compound (Me-2,4-
pentaedionate, Me = Co, Pt, Ru; Alfa Aesar, Johnson
Matthey, GmbH) was added into the support’s
suspension. The mixture was evaporated at
temperature bellow 60 oC, with continuous stirring.
The obtained fine catalyst’s powder was thermally
treated for 1 h at 250 °C in inert (N2) atmosphere in
order to remove the residual organic groups from
organometallics. The composition of the prepared
electrocatalysts is shown in Table 1.

The catalyst support (mechanically treated
Megneli phases) and the prepared electrocatalysts
were observed by transmission electron microscope
(TEM) FEI Tecnai G2 Spirit TWIN equipped with
LaB6. XRD measurements were carried out by X-
ray powder diffractometer Philips APD 15, with
CuKa radiation. The diffraction data were collected
at a constant rate of 0.02 deg over an angle range of
26 from 20 deg to 80 deg. The average crystallite
size was calculated from the broadening of the XRD
peaks using the Scherrer’s equation [19]. Specific
BET surface area of the samples was determined
using measurements of isothermal nitrogen
adsorption by Quantachrome NovaWin,
Quantachrome Instruments version 11.0. Zeta

potential measurements of Magneli phases were
performed using Zeta Meter System 4.0 -
electrochemical cell which works on the principle of
electrophoresis, at room temperature (23 °C) and pH
= 7. As a surface active agent (anionic surfactant),
sodium dodecyl sulfate was used.

Table 1. Composition of the studied electrocatalysts

Sample Metallic phase Support
10%, wt. 90%, wt.
E-1 Co Ebonex
E-2 Pt Ebonex
E-3 Ru Ebonex
E-4 CoPt, 1:1, wt. Ebonex
E-5 CoRu, 1:1, wt. Ebonex
E-6 CoPtRu, 1:0.5:0.5,wt. Ebonex
E-6 CoPtRu, 1:0.5:0.5,wt. Ebonex

RESULTS AND DISCUSSION
Characterization of the catalysts support — Magneli
phases

According to TEM images shown in Fig. 1, it was
determined that the size of mechanically treated
Magneli phases (Ebonex) is in submicron-scaled
region, near 180 to 200 nm. Our previous research
[3] has shown that this value of particle size is
maximum achievement of the mechanical treatment
of Magneli phases. The difference of the particle size
of Magneli phases treated for 16 and 20 h is only 10-
15 nm. Therefore, further mechanical treatment
would exceed the critical value of the surface energy
and the treated material would tend to reach the
thermodynamic steady state through agglomeration
of the particles.

Fig. 1. TEM images of Magneli phases mechanically
treated for 20 h
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Fig. 2. XRD spectrum of Magneli phases mechanically
treated for 20 h

Qualitative identification of Magneli phases was
performed by means of XRD analysis. Characteristic
peaks of the Magneli phase’s constituents such as
TisO7, TisOg and TigO11 are on different positions

0.4 T T T
0.00 0.05 0.10 0.15

a)

that correspond to peaks of the basic XRD peaks of
rutile [20]. As the content of oxygen decreases
within the rutile octahedra, TiO octahedron is
forming. Due to the different ratio of TiO; and TiO
in the different Magneli phases, different diffractions
of X- rays occur than in rutile octahedral. As result,
the XRD spectrum of Magneli phases contains larger
number of less pronounced, widespread and less
intensive peaks along whole range of 26 [21] (Fig.
2). As result of presence of TiO, some of them are
less shifted compared with the basic rutile peaks, but
most of them are on quite different positions. The
peaks of first three homologues TisO7, TisO9 and
TisO11 can be seen, while the rest homologues are in
small quantity and their peaks are very less intensive
and cannot be detected within the spectra.

k=797.05375
n=27.34273

04 4 Sger=422m’ g’

0 T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 035
]Jf‘p"

b)

Fig. 3. Nitrogen adsorption curves of Magneli phases: a) as-measured in plot V 2+ p/p® and b) linearized adsorbton
curve in plot 1/[n®-(p%p — 1)] + p/p°.

Specific surface area (m?g™) of Magneli phases
was determined by the nitrogen adsorption curve
shown in Fig. 3a. After linearization of this curve
(Fig. 3b), BET surface area of 4.2 m’g? was
calculated. This is good achievement of the applied
mechanical treatment, compared with the
corresponding results of other studies, ranging from
1.6 to 3m?g* [1,11].

Characterization of the electrocatalysts

The studied electrocatalysts were prepared by
sol-gel route and contain only 10 %wt. metallic
phase (see Table 1) deposited on mechanically
treated Magneli phases as support material. Shown
in Fig. 4 are their TEM images. Generally, one can
say that metallic particles (active catalytic centers)
are uniformly dispersed over the surface of catalyst
support (Magneli phases), and there is no
segregation on particular areas of the surface.
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Uniform dispersion provides active participation of
all catalytic centers (metallic particles) over the
whole  surface of the  catalysts in
adsorption/desorption processes with ionic/atomic
participants in the electrochemical reactions. This
intensifies the total electrochemical reaction, at
constant intrinsic activity of the metallic phase.
Good dispersion of the metallic particles was
expected according to the Zeta potential value of the
support material — Magneli phases. The measured
value of —48.3 mV highlights on their good stability
and dispersibility, while the negative sign points out
that the particles of Magneli phases are surrounded
by negatively charged ions within the suspension.
This is suitable for better attracting the positive
metallic ions over the whole surface of the support
material. So, the result of Zeta potential
measurements is in good agreement with TEM
analysis.
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e)

f)
Fig. 4. TEM images of the studied electrocatalysts: a) E-1, b) E-2, ¢) E-3, d) E-4, €) E-5 and f) E-6

In sample E-1 (Fig. 4a) prevailing cobalt particles
with an average size of 2 to 3 nm, and in the darker
part of the image, particles with size of 10 to 15 nm
can be seen. These larger particles are in very small
amount. Sample E-2 (Fig. 4b) contains uniformly
dispersed platinum particles with variation in size
from 5 to 15 nm. Very fine dispersed particles of the
metallic phase over the support surface, with size of
2 to 3 nm can be observed in the sample E-3 based

on Ru metallic phase (Fig. 4c). Also, the sample E-4
with mixed metallic phase, CoPt (Fig. 4d) has shown
outstanding dispersion of the metallic particles with
size of 2 to 3 nm, and less quantity with size of near
5 nm. The size of metallic particles in the sample E-
5 containing CoRu (Fig. 4e) is 2 to 4 nm, while in
the sample E-6 containing CoPtRu is 3to 5 nm.

In order to detect the catalysts constituents, their
crystalline state, possibility of formation the solid
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solutions and/or intermetallic compounds in
polymetallic phase, the presence of oxidized state,
etc., XRD analysis was applied. The obtained XRD
spectra of the studied electrocatalysts are shown in
Fig. 5.

A Tiy0g
@ Tis0g

Intensity, arb. units

30 40

50 60
26, degrees

Fig. 5. XRD spectra of the studied electrocatalysts

In the electrocatalysts with pure Co and Pt (E-1
and E-2), crystalline metallic phase was detected.
The crystallites size was determined using Scherrer
equation [19] and fitting procedure was applied for
determination of the FWHM (full width at half
maximum). In the sample E-1 cubic and hexagonal
crystalline metallic phase were detected with size of
near 13 nm. The corresponding weak pronounced
peaks, highlight on low amount of this phase within
the electrocatalysts, while the size of the main part
of the Co metallic phase is very small, near 2 nm,
and in oxidized state. For the sample E-2, two strong,
relatively broad platinum peaks were registered,
corresponding to crystal orientation of 111 and 200.
Average size of 111 crystallites is 8 nm, while that
of 200 crystallites is 6 nm. In the spectrum of sample
4 with mixed metallic phase, CoPt, one can see weak
and broad peak at position of 26 = 41.8°
corresponding to the solid state solution type of CoPt
alloy. The size of these particles is 2 nm. According
to the previous researches [22,23], and here was
confirmed that in the presence of cobalt, platinum
has smaller particles, which means that cobalt is a
promoter to reduce the platinum nanoparticles.
Therefore, one can expect that the catalytic activity
of this electrocatalyst (E-4) could be close or even
better than that of electrocatalysts containing pure Pt
as metallic phase (E-2), although it contains less than
half quantity of Pt. XRD spectra of the
electrocatalysts containing Ru (E-3) and mixed
CoRu (E-5) metallic phase, coincide with the
spectrum of pure Magneli phases, which means that
no metallic phase was detected. Hence, the metallic
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phase in these catalysts is in amorphous or most
probably in oxidized state (oxides and/or
hydroxides).

Shown in Table 2 are the values of BET surface
area of the studied electrocatalysts, calculated as was
explained in previous section. Addition of the
nanoscaled metallic phase more or less increases the
BET surface area of the electrocatalysts related to
the pure Magneli phases. In the monometallic
systems, this effect is most pronounced in the case
of addition of Ru, while Pt has shown the lowest
effect. In the sample E-2, platinum insignificantly
increased the surface area related to the pure
Magneli phases (4.3 vs. 4.2 m?g~L, respectively). The
increased BET surface area of the sample E-4 (CoPt)
is result of addition of Co. Comparing the Ru based
electrocatalysts, one can see that addition of Co in
the Ru metallic phase (E-5) decreases the BET
surface area (9.4 m?g?) related to the monometallic
Ru based electrocatalysts (E-3), which has shown
the highest BET surface area (11 m?g™). Also, in the
sample E-6 based on CoPtRu, platinum and cobalt
have decreased the BET surface area to 6.4 m?g—.
Generally, higher BET surface area means higher
catalytic activity as result of larger available area for
adsorption/desorption processes. But also, one
should consider the intrinsic catalytic activity of the
metallic phase. However, the values of BET surface
area can be used for explanation of electrocatalytic
activity of the studied catalysts.

Table 2. BET surface area of the studied catalytic
materials

10% metallic phase + BET s. a,,

90% Ebonex m?-g~*

Pure Magneli phases 4.2
E-1 Co 6.1
E-2 Pt 4.3
E-3 Ru 11.0
E-4  CoPt, 1:1, wt. 7.6
E-5 CoRu, 1:1, wt. 9.4
E-6  CoPtRu, 1:0.5:0.5, wt. 6.4

CONCLUSIONS

The study presented in this paper was motivated
by the idea to use Magneli phase as support for
electrocatalysts aimed for hydrogen/oxygen
evolution, instead of nano-scaled carbon support
materials, and to investigate the addition of non-
noble metal Co in platinum or ruthenium metallic
phase. According to the presented results the
following conclusions can be drawn:

1. The size of the micro-scaled Magneli phases
by the applied mechanical treatment were reduced to
180 to 200 nm, with specific surface area of 4.22
m2gt and high stability and dispersibility in liquid
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media. This is a good achievement for this type of
treatment.

2. Metallic phase was uniformly dispersed
over the support surface providing active
participation of all catalytic centers in
adsorption/desorption processes with ionic/atomic
participants in the electrochemical reactions.

3. The size of different metallic particles
within the studied electrocatalysts is in range of 2 to
15 nm, which points out that the support material
successfully prevent the agglomeration and
segregation of metallic phase over the catalyst
surface.

4. The obtained results point out that the
studied electrocatalysts could be used as an effective
electrode material for water electrolysis.
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EJIEKTPOKATAJIM3ATOPU C HAMAJIEHO CbIbPXXAHUE HA BJIAT'OPOAH METAJIN
3A OTAEJISIHE HA BOAOPO/I/KUCJIOPO/] C MATHEJIN ®A3U KATO KATAJIMTUYEH
HOCHUTEJL YACT I: DU3NYECKO OXAPAKTEPU3MPAHE
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2Boenna axademus "Muxaiino Anocmoncku”, yn. Muxaiino Anocmoncku, 1000 Cxonue, Penybnuxa Makeoonus
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TTocTeruna Ha 31 romu, 2017 r.; npueta Ha 18 oxromBpu, 2017 T.
(Pesrome)

[Ipeamer Ha TOBa W3cienBaHE € CHHTE3 M (PU3NUECKO OXapaKTepu3UpaHe Ha HAHOPA3MEPHHU ENIEKTPOKATAIM3aTOPH 32
BOJIHA CJICKTPOJIN3a, ChCTOSIIM ce OT MarHesnu ¢a3u kaTo HocuTten U pasanunu Metanau dasu (Co, Pt, Ru, CoPt (Co: Pt
= 1:1 tern.), CoRu (Co: Ru = 1:1 tern.) u CoPtRu (Co:Pt:Ru = 1:0,5:0,5 tern.)). Marnenu ¢asure ca MeXaHHYHO
00paboTeHH 3a J1a ce HaMaIAT TEXHHUTE YacTHUIM OT MHUKPO JI0 HaHOpa3MepH. ENeKTpokaTaIuTHYHUTE MaTepHaIH ca
CHHTE3MPaHHU II0 30JI-TeJl METO/a, KaTo ca M3IMOJI3BaHN OPraHOMETAIHH Mpekypcopn (Me-aleTHianeToHar), HaHECEHH
BBPXY Aucneprupann Marnenu ¢asu B TernoBHo cboTHOmeHne 10% Me n 90% Marnenu ¢asu. Uncture Marnenu ¢azu
1 WU3CJICBAHUTE EJIEKTPOKATAIN3aTOPHU ca oxapakrepusupanu c¢ noMomra Ha TEM, PJ] u BET ananus. Ilonyuyenure
pe3yNITaTH MOKa3BaT, Y€ pa3MepbT Ha MUKPOPAa3MEPHHUTE YacTHIM Ha Maraenu (asurte ciies MpUI0KeHOTO MEXaHUIHO
Tpetupane e HamaneH 10 180-200 nm. Crenuduunara IOBLPXHOCT, onpejeneHa upes BET anamus e 4,2 mgL. Cnen
HaHaCsIHE Ha MeTajHaTa (a3a BbpXy Marnenu ¢asute ce nocrtura 1oopa aucnepcus Ha KaTAIMTHYHUTE LIEHTPOBE BBPXY
HOCell[aTta MOBbPXHOCT, KOETO € OJaromnpHsTHO 3a KaTaIUTHYHUS Ipolec. MeTalHUTe 4acTHUIM ca HaHOpa3MEpHH B
nuamasoHa oT 2 1o 15 nm u ciefgoBaTenHo crennpuyHaTa MOBBPXHOCT HA SIEKTPOKATAIN3ATOPHUTE € Mo-Brcoka (4.3 1o
11 m?gY) ciipsimo Ta3u Ha uncTuTe Maruenu Qasu.

KarouoBu xymu: Marnenu ¢asu, Co, Pt, Ru, oTnensine Ha BoIOpoI, OTAEISIHE Ha KHCIOPO/.
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This study is concerned with electrochemical testing of nano-scaled electrocatalysts consisted of Magneli phases as a
support and different metallic phases (Co, Pt, Ru, CoPt (Co:Pt = 1:1 wt.), CoRu (Co:Ru = 1:1 wt.) and CoPtRu (Co:Pt:Ru
= 1:0,5:0,5 wt.)). Electrocatalytic materials were prepared by sol-gel procedure using organometallic precursors (Me-
acetylacetonate) deposited on dispersed Magneli phases in wt. ratio 10% Me and 90% Magneli phases. Electrochemical
testing of the studied electrocatalysts was performed in aqueous alkaline electrolyte. The order of activity for hydrogen
evolution was the following: CoPt > CoPtRu > CoRu, while for oxygen evolution: CoRu > CoPtRu > CoPt. Co has been
shown as promoter for reducing Pt particles (the most active monometallic phase), so reduction of Pt quantity in the
metallic phase was compensated with smaller particles. Also, mutual interaction between metallic phases (shifting the
centre of d-band to values close to Fermi level) increases the intrinsic catalytic activity for both hydrogen and oxygen
evolution. Due to large particle of Magneli phases, the catalytic activity is lower compared with corresponding
electrocatalysts deposited on carbon nanomaterials. But, they are very good catalysts for oxygen evolution, because

Magneli phases in this case, behave not only as support material, but also, as an active oxide electrode.
Key words: Magneli phases, Co, Pt, Ru, hydrogen evolution, oxygen evolution.

INTRODUCTION

One of the most challenging issues within the
hydrogen economy as the most promising alternative
energy system is finding out catalytically active
electrode materials for water electrolysis/fuel cells
with reduced amount or without platinum. The
exploitation of platinum as a leading electrode
material in the hydrogen economy is limited due to
high price and low abundance [1]. There are two
main approaches to enhance the catalytic activity of
the metals: physical and chemical. The first
approach is based on the reduction of the particles
size, which implies increase of the real surface area
(size-effect) [2]. So, this approach leads to nano-
scaled electrocatalytic materials in hydrogen
economy. The second one is based on alloying of the
catalytic metal phase or interaction of metallic phase
with the support material (intrinsic effect).
According to Jaks$i¢’s hypo-hyper d-concept [3,4],
the mixture of hyper d- electronic transition metals
(having more electrons in the outer shell and good
individual catalysts) with hypo d- electronic
transition metals (having less electrons in the outer
shell and poor catalysts as individual metals)
exhibits  pronounced synergetic effect of
electrocatalytic activity. In this context, TiO, has
shown unique hypo-hyper d-interaction with the
metallic phase [5,6]. TiO; as an oxide material have

* To whom all correspondence should be sent.
E-mail: ppaunovik@gmail.com

high chemical stability, but it is non-conductive.
Thus, it is used most commonly accompanied with
carbon nanostructures as support material. Non-
stoichiometric titanium oxides with high electrical
conductivity could be potential substitution for
carbon support within the electrode materials.
Besides supportive role, Magneli phases behave as
hypo d-phase, which interact with hyper d-metallic
phase and contribute to the strong metal-support
interaction (SMSI) [7,8]. As was mentioned in our
previous work [9], the main disadvantage of Magneli
phases as support material is the low specific surface
area. The maximal achievement of the mechanical
techniques for preparation of Magneli phases was
the specific surface area in the range of 1.6-3.0 mg°
1 [10], instead of more than 250 m?g™ in the case of
carbon nanostructures [11].

The aim of this work is firstly, to examine a
possibility of usage of Magneli phases as an
electrocatalysts support material and secondly, to
determine the effects of addition of non-noble metal
— Co in the platinum or ruthenium metallic phase of
electrocatalysts aimed for both hydrogen and oxygen
evolution.

EXPERIMENTAL
As a catalyst support commercial The
procedure for mechanical activation of Magneli
phases, as well as the procedure for sol-gel

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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preparation of the studied electrocatalysts is given in
our previous work [9].

The composition of the prepared electrocatalysts
is shown in Table 1.

Table 1. Composition of the studied electrocatalysts

Metallic phase (hyper d-  Support
phase) (hypo-
phase)

10%0, wt. 90%o, Wt.
E-1 Co Ebonex
E-2 Pt Ebonex
E-3 Ru Ebonex
E-4 CoPt, 1:1, wt. Ebonex
E-5 CoRu, 1:1, wt. Ebonex
E-6 CoPtRu, 1:0.5:0.5, wt. Ebonex

Electrocatalytic  activity of the studied
electrocatalysts was tested by means of steady-state
galvanostatic method. The measurements were
performed using AMEL equipment (Function
Generator AMEL 568, Potentiostate/Galvanostate
2053 and software package SOFTASSIST 2.0). As
working electrodes three-phase  gas-diffusion
electrodes were used, prepared by hot pressing at
300 °C and pressure of 300 kgcm=2 [12]. It consists
of two layers: i) the electrolyte-side layer, covered
by catalyst with low amount of PTFE, and ii) the gas-
side layer consisted of carbon black bonded with
PTFE.The counter electrode was of platinum wire,
while Hg/HgO was used as a reference electrode.
The electrolyte was an aqueous solution of 3.5 M
KOH (p.a., Merck) at room temperature.

RESULTS AND DISCUSSION
Electrochemical characterization for HER

Electrocatalytic activity for both hydrogen and
oxygen evolution was observed by steady-state
galvanostatic measurements of overpotentials at
different current densities. The results of i +7
measurements  for hydrogen evolution are
summarized in Fig. 1. Also, Tafel slopes and
corresponding exchange current densities (i) were
determined in the region of low current densities.
This is illustrated in Fig. 2, for sample E-1.
Determined values of Tafel slopes and current
densities are summarized in Table 2, where also, the
corresponding overpotentials for hydrogen evolution
at a reference current density of 80 mAcm(7s0) are
given.
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Fig. 2. Polarization curves of the studied electrocatalysts
for HER in the plot logi+#, in region of low current
densities

Generally, the monometallic electrocatalysts
have shown lower activity for HER than the
multimetallic ones, wherein the order of activity is
as follows: E-2 (Pt) > E-3 (Ru) > E-1 (Co). This is
the expected order according to the intrinsic activity
of the studied metallic systems [13] as well as to the
determined values of i, shown in Table 2.
Considering that the sample E-2 (pure Pt as metallic
phase) has the lowest specific surface area (almost 3
times than Ru, E-3 and 1.5 times than Co, E-1), one
can notice that in monometallic systems, the intrinsic
effect of electrocatalytic activity is more pronounced
than the size effect.

Multimetallic electrocatalysts have shown
considerably better activity for HER than
monometallic ones. According to TEM and BET
analysis (see ref. [9] in this issue), as well as to
electrochemical results (Table 2), the improved
activity in different electrocatalysts is result of size
and/or intrinsic effect. The impact of size and
intrinsic effect will be analyzed separately for each
multimetallic system.
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Table 2 Electrochemical indicators for electrocatalytic activity of the studied catalytic materials for HER and OER,
BET surface area presented in [9]

Sample 10% metallic phase + BET s. a., b, io, 7780, 780,
90% Ebonex m?.g* mV-dec™? A-cm? mvV mvV

HER OER

E-1 Co 6.1 90 1.60-10* —445 475
E-2 Pt 4.3 46 1.80-10* -395 490
E-3 Ru 11.0 52 1.68-10* -410 450
E-4 CoPt, 1:1, wt. 7.6 31 1.90-10* —-280 455
E-5 CoRu, 1:1, wt. 94 54 1.79-10* —-345 400
E-6 CoPtRu, 1:0.5:0.5, wt. 6.4 40 2.20-10* —285 430

Firstly, to see how addition of non-noble metal
— cobalt affects the electrocatalytic activity of
platinum, comparing the results for sample E-4
(CoPt) and E-2 (Pt). The quantity of Pt in the
bimetallic sample E-4 is twice lower than that of
monometallic platinum based sample E-2, while the
catalytic activity is considerably higher (-280 mV
for E-4 vs. —395 mV for E-2, See Tab. 2). According
to the values of particle size (TEM and XRD analysis
[9]), BET surface area and exchange current
densities, one can conclude that improvement of
catalytic activity with addition of Co in Pt is result
of both, size and intrinsic effect. The size effect is
reflected in the considerably smaller (near 4 times)
platinum particles in the bimetallic CoPt system E-4
(2 to 3 nm), compared with the pure Pt system E-2
(5 to 15 nm). It was already shown that Co behaves
as promoter to reduce the size of platinum particles
[14-16]. The smaller metallic particles affect on the
increasing of the specific BET surface area of the
catalyst as a whole (4.3 m?g* for E-2 vs. 7.6 m?g*
for E-4) and consequently on better catalytic
activity. Therefore, the size effect can be seen in the
smaller metallic particles as an active catalytic
centers over the catalyst’s surface as well as in the
higher BET surface area of the bimetallic catalyst as
awhole. According to the values of exchange current
densities (1.8.10* Acm2 for E-2 vs. 1.9.10* Acm™2
for E-4), there is also an enhancement of intrinsic
electrocatalytic activity. This means that there is a
synergetic interaction between metallic phases in the
bimetallic electrocatalysts E-4 (PtCo). This
interaction comprises modification of electronic
properties (electronic density and average electron
configuration) of certain metallic phase in presence
of the other one [17]. For better understanding of the
synergetic interaction, so-called “d-band center
theory” can be used, explained elsewhere [17-20].
The position of d-band has leading role in
determining the affinity of d-metals to adsorption of
variety of adsorbates, such as H, O, CO etc. The
higher the d-band center lies regarding the Fermi

level, the better is the interaction metal-adsorbate.
The metals with larger atomic radius and
electronegativity up-shift d-band center of Pt, thus
improving its adsorptive ability and consequently,
accelerate the overall electrode reaction.
Theoretically, this does not occur in the case of
addition of Co to Pt, because Co has smaller atomic
radius than Pt. But, Ngrskov and collaborators
[18,19] have shown that as the Pt particles are
smaller, the d-band center is approaching to Fermi
level, achieving better adsorption of adsorbates. So,
Co can not affect this synergism, but indirectly,
through reduction of Pt nanoparticles causes the
same synergetic effect.

Improvement of the catalytic activity of sample
E-6 (CoRuPt) can be explained similarly. The
catalytic activity is slightly lower (only 5 mV) than
that of sample E-4 (CoPt), but in this case the
guantity of platinum in the metallic phase is only 25
%.

Now to see how the addition of Co in the Ru
improves electrocatalytic activity, comparing the
results for samples E-5 (CoRu) and E-3 (Ru), where
the overpotential for HER was decreased from —410
mV for monometallic catalyst (E-3) to —345 mV for
bimetallic catalyst (E-5). Firstly, the size effect is
considered. Specific BET surface area [9] of the
sample E-5 (9.4 m?g?) is lower than that of
monometallic sample E-3 (11 m?g™). Also, the
average size of particle of bimetallic sample is
slightly higher (2 to 4 nm for sample E-5 vs. 2 to 3
nm for sample E-3). These results highlight that
there is not a size effect. On the other hand, the
values of exchange current densities (1.68.10* Acm~
2 for E-3 and 1.79.10* Acm~2 for E-5) point out that
improvement of catalytic activity of bimetallic
electrocatalysts E-5 is result only of intrinsic effect,
i.e. of synergetic interaction between the present
metals.

Generally, the activity of the studied
electrocatalysts for HER is not so high compared
with electrocatalysts deposited on nano-scaled
carbon support material [15,21], mainly due to large
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particles of the Magneli phases (180-200 nm) and
consequently low specific surface area (4.2 vs. 250
m2gt and more for nanoscaled carbon materials).
Also, one should mention that the amount of metallic
phase in the electrocatalysts is low, only 10 %.

Electrochemical characterization for OER

Polarization curves for oxygen evolution are
shown in Fig. 3.
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Fig. 3. Polarization curves of the studied electrocatalysts
for OER

The order of activity of the monometallic
samples is the follow: E-3 (Ru) > E-1 (Co) > E-2
(Pt). According XRD analysis [9], Ru surface
structure was in oxidized state (oxides and/or
hydroxides), and it is known that oxidized Ru is one
of the most active electrodes for oxygen evolution
[22]. The better activity of Co than that of Pt is result
of higher specific surface area (6.1 vs. 4.3 m?g?), but
also, due to early transition of Co to Co(ll) and then
to Co(lll) [21]. This oxidized surface is covered with
hydroxyl groups, in so-called sandwich-structure
Co/CoO/ Co(OH), during Co(0) to Co(ll)
transformation  [23] and sandwich-structure
Co0O/Co(OH)2/C0304 during Co(ll) to Co(lll)
transformation [24], which is an appropriate to
accelerate oxygen evolution.

Similarly to HER, multimetallic
electrocatalysts have shown better catalytic activity
and for OER than the corresponding monometallic
systems. Improvement of the catalytic activity for
OER can be explained on the same way as was
explained that for HER above. As the most active
catalyst for OER sample E-5 based on CoRu has
been shown. As was already shown, the
improvement of catalytic activity in this system is
result only of intrinsic effect, i.e. of synergetic
interaction between Ru as the most active individual
catalyst for OER and Co which has shown good
individual catalytic activity for OER.

In contrast to the poor activity for hydrogen
evolution, these catalytic systems have shown good
activity for oxygen evolution, compared to other
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electrocatalysts [14, 25-27]. Besides the electrode
surface composition of the metallic phase (Co and
Ru are in oxidized state at potentials close to oxygen
evolution region), in this case, Magneli phases
behave not only as support material, but also, as an
active oxidized electrode. The surface structure in
the electrolyte is a characteristic that distinguishes
the oxide electrodes [28]. Their surface is
characterized with high energy content and strong
hydrophylicity, making it easier to interact with
water molecules and to cover the top of oxide with
layer of OH™ ions. This layer mediates the action of
the oxide's surface with the electrolyte species. The
OH- groups are responsible for the exhibited
electrocatalytic activity. The mechanism of surface
charging of oxidized catalysts is quite different from
that of bare metal surfaces, since it is governed by
the pH-dependent acid-base dissociation of the
surface OH~ ions. Behaving as weak acids or basis,
these groups exchange protons with the electrolyte.
This is the basis of the mechanism by which the inner
sites can be active in reactions involving water
molecules [29].

CONCLUSIONS

This research was motivated by the idea to
reduce the amount of noble metals in the
electrocatalysts, studying the addition of non-noble
metal Co in platinum or ruthenium metallic phase.
According to the presented results the following
conclusions can be drawn:

1. Addition of cobalt in platinum or in
ruthenium considerably increases the catalytic
activity of pure Pt or Ru for both hydrogen and
oxygen evolution. In the Pt based systems this is due
to both size and intrinsic effect, while in the case of
Ru, this is result only of intrinsic effect. Co has
shown as promoter for reducing of Pt particles (size
effect), while smaller Pt particles cause the d-band
center to approach to Fermi level, achieving better
adsorption of adsorbates. As a total effect,
considerably higher catalytic activity was achieved
with double lower amount of platinum in the
multimetallic systems than that of pure metallic
catalysts.

2. The studied electrocatalytic systems have
shown poor activity for hydrogen evolution due to
large particles (180-200 nm) and low specific
surface area (4.2 m?g?t) of the catalyst support —
Magneli phases. One should be considered and the
low amount of the metallic phase in the
electrocatalysts of only 10 %. Contrary to the
inferior activity for hydrogen evolution, the studied
electrocatalysts have shown very satisfactory
activity for oxygen evolution. In this case, Magneli
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phases behave not only as support material, but also,
as an active oxidized electrode.

Therefore, an appropriate  “bottom-up”
technique for preparation of Magneli phases should
be applied to obtain support material in
nanodimensions (20 to 50 nm) instead of the
presented mechanical treatment. This would
improve considerably the catalytic activity for
hydrogen evolution, while extra-ordinary catalytic
activity for oxygen evolution should be expected.
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EJIEKTPOKATAJIM3ATOPU C HAMAJIEHO CbIbPXXAHUE HA BJIATOPOAHM METAJIN
3A OTAEJIIHE HA BOAOPO/I/KUCJIOPO/] C MATHEJIN ®A3U KATO KATAJIMTUYEH
HOCUTEJIL. HACT II: EJIEKTPOXUMNYHO OXAPAKTEPU3NPAHE

I1. ITaynosuu?, O. Ilonoscku?, I'. Hauescku®, A. I'po3ganos® u A. T. Jlumutpos?

YTexnonozuuen u memanypauuen paxynmem, Yuueepcumem "Ce. Kupun u Memoouii”, yn. Pyoxcep Bowxosuu 16, 1000
Ckonue, Penybonuxa Makedonus
2Boenna axademus "Muxaiino Anocmoncku”, yn. Muxaiino Anocmoncku, 1000 Cxonue, Penybnuxa. Maxedonus

Iocrenmna Ha 31 romu, 2017 r.; npueta Ha 120kTomBpH, 2017 T.
(Pestome)

[Ipenmer Ha TOBa M3CIIEABAHE € SICKTPOXUMHUYHO TeCTBaHE Ha HAHOPA3MEPHH €IEKTPOKATAIN3aTOPH, CHCTOSIIN CE OT
Maruenu aszu kaTo HocuTen U pasznuvnau Metanuu gasu (Co, Pt, Ru, CoPt (Co:Pt=1:1 tern.), CoRu (Co:Ru=1:1 Termn.)
u CoPtRu (Co: Pt: Ru = 1:0,5:0,5 terun.)). EnekTpokaTaJuTHYHUTE MATEPHATIH Ca CHHTE3UPAHHU 110 30JI-Tell METO/1a, KaTo
ca W3I0JI3BaHU OpTraHOMETaTHH NIpeKypcopu (Me-aleTninaneToHar), HAaHECEHH BBPXY AWUCIeprupann MarHenu ¢azu B
TernoBHO choTHOMEHUE 10% Me u 90% Maruenu dasn.

ENekTpoXMMHUYHOTO TECTBaHE Ha M3CICIBAHHUTE CIICKTPOKATAN3ATOPH C€ M3BHPIIBA BHB BOJCH ANKAJICH EICKTPOJIHT.
PensT Ha akTUBHOCTTA 3a OTAeNsiHE Ha Bojopoja e ciennusat: CoPt > CoPtRu > CoRu, nokato 3a otnensHero Ha
kucnoponaa: CoRu > CoPtRu > CoPt. Co ce mposiBsiBa KaTo IpoOMOTOp 32 HaMaJIIBAaHETO Ha pa3Mmepa Ha Pt vactumure
(Hait-akTMBHaTa MOHOMeTanHa (asa), Taka 4e HaMalsBaHETO Ha KoJnuecTBOTO Pt B MeTanHara (a3a e KOMIEHCHPAHO ¢
no-Maiku yactuny. ChIIo Taka B3aMMOAEHCTBUETO MEXy MeTalnHuTe (asu (ImpeMecTBaHeTo Ha IEHTHpa Ha d-HUBOTO
JI0 CTOWHOCTH MO-0JIM3KH 710 HUBOTO Ha depMu) yBennuaBa BhTpEIIHATA KaTATUTUYHA aKTHBHOCT, KaKTO 32 OTICIISIHETO
Ha BOJIOPOJI, Taka W 3a kuciopona. [lopaau ronemure yacTuiy Ha Marnenu ¢a3ute, KaTaTUTUYHATA aKTUBHOCT € T10-
HHUCKa B CPaBHEHHUE ChC CHOTBETHUTE €ICKTPOKATAIN3AaTOPH, HAHECCHH BBPXY BBIVIEPOIHH HaHOMarepuanu. Ho Te ca
MHOTO T0OpH KaTaTn3aTOPH 3a OTACITHETO Ha KUCIOPO1a, Thi KaTo MarHenn ¢a3ute B TO3M CIIydail ce IbpkKaT He CaMo
KaTo CyOCTpaT, HO ¥ KaTO aKTUBEH OKCHJICH CIEKTPO/I.

KarouoBu nymu: Marnenu ¢asu, Co, Pt, Ru, oTnemnsae Ha BOIopoI, OTIEISTHE Ha KUCIOPOI.
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Characterisation of LagsSro4C0o2F€0503.5- BaosSrosC0osFe203.5 composite as
cathode for solid oxide fuel cells
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Mixture of LaogeSro4Coo2FeosOs.s and BaosSrosCoosFeo20s3.5, was investigated as promising cathode for
intermediate temperature solid oxide fuel cells (IT-SOFCs). The two perovskites possess high catalytic activity for the
oxygen reduction (ORR), although some problems related to their chemical and structural stability have still to be
overcome in view of improving durability of the cell performance. The achievement of a stable and high-performing
composite material is the aim of this study. In principle, chemical equilibrium at the LSCF-BSCF interface may be reached
through ions interdiffusion during the sintering process, resulting in the chemical stabilization of the material. The
composite-cathode deposited on CepsSmg 2025 electrolyte was then investigated by Electrochemical Impedance
Spectroscopy (EIS) as a function of temperature, overpotential and time. The results exhibited an interesting
electrochemical behavior of the electrode toward oxygen reduction reaction. XRD analysis was performed to detect
structural modification during thermal or operation stages and it was found that after the sintering the two starting
perovskites were no longer present; a new phase with a rhombohedral Lao 4SrosFeOs-type structure (LSF) is formed. An
improvement in composite cathode durability has been detected under the considered operating conditions (200 mAcm-
2, 700 °C) in comparison with the pure BSCF electrode. The results confirmed this new electrode as promising system
for further investigation as IT-SOFC cathode.

Keywords: SOFC cathode, long-term stability, LSCF-BSCF.

INTRODUCTION

One of the main goals for solid oxide fuel cells
is the reduction of operating temperature below
800 °C to improve long-term stability and reduce
costs. On the other hand the lowering of operating
temperature causes a reduction in performance,
mainly due to the high activation energy required for
oxygen reduction reaction at the cathode [1,2].

Different efforts have been made to investigate
new kind of materials and microstructure with the
aim to understand which phenomena are responsible
of the cathode performance changes as a function of
time, thermal cycling, operating conditions and
others factors [1,3-5].

One class of materials widely investigated are
perovskite, with a general formula ABOs; the A-site
is occupied by lanthanides or alkaline earth metals,
B-site contains cations of transition metal as Fe and
Co. In particular the attention has been focused on
the materials that shown a large ionic and electronic
conductivity with a good electrocatalytic reduction
of oxygen [6].

Bao5Sro5C00.8F€0.203-5 (BSCF) and
Lao6Sro.4Coo2Fe0s0s5 (LSCF) are two perovskites
evaluated as promising cathode materials by several
studies [7,8]. Excellent properties of BSCF were
presented by Shao et al. [9] at the beginning of 2000.

* To whom all correspondence should be sent.
E-mail: davide.clematis@edu.unige.it

This material showed a very high performance for
temperature lower than 600 °C.

LSCF has been considered a possible electrode
material thank to its electronic conductivity, over
300 S-cm® and oxygen conductivity near to
0.1 S-em™ at 800 °C, with consequent good results
[10,11].

Nevertheless these two materials are affected
by two main problems: stability and durability.
LSCF suffers of La and Srinter diffusion pointed as
the reason of degradation; in fact the cation
interdiffusion to electrode/electrolyte interface leads
to the formation of an insulating phases as LaZr,0
(LZO) or SrzZrOsz (SZO) when yttrium stabilised
zirconia (YSZ) is used as electrolyte [12,13]. The
presence of these phases has a negative effect on
ionic conductivity, reducing the global cell
performance. A possible solution, to avoid the
formation of the insulating layer, is the application
of an interlayer made by Gdo2CeosOs5 (GDC) or
Smo,Ceos0ss (SDC) between cathode and
electrolyte or as directly as electrode [13,14].

A further solution to block the Sr segregation is
the modification of surface chemistry through the
infiltration technique. In this case LSCF cathode
backbone was infiltrated by a stable compound rich
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in Sr[15], with the formation of a phase spread over
all the surface. Other possible technique proposed by
different authors are the preparation of composite
materials [16-18] or the introduction of A-site
deficiency.

About BSCF structural instability represents the
main issue; the material for temperature below
900 °C suffers a phase transition and the cubic active
phase evolves into an hexagonal structure that has a
lower catalytic activity. The literature attributes this
instability to a lattice distortion [22,23] caused by the
changing valence of B-site cations, and also by
doping quantity of A-site cations [25]. A second, but
relevant problem, which affects BSCF is the
formation of carbonates if exposed to CO;
containing atmosphere, even for low concentration
[28,29].

Known the problems introduced above, the aim
of this study is exploit the excellent properties of
these two materials, through a composite cathode
made mixing the two powders. The base of the
investigation is the assumption that the mixing could
result in their mutual structural stabilisation,
preserving a sufficient electrocatalytic activity. The
composite electrode was investigated under
structural, microstructural and electrochemical point
of view. Influence of operating temperature and
applied overpotential were investigated through
equivalent circuit analysis and also a long-term
stability behaviour was observed. Obtained results
were compared with those obtained from LSCF and
BSCF pure electrode.

EXPERIMENTAL

A set of samples of technically pure The LSCF-
BSCF composite powder was prepared by mixing 50
vol. % LSCF (Fuel Cell Materials) and 50 vol. %
BSCF (Treibacher) powders in ethanol, through a
low energy ball milling for 20 hours at R.T.

The obtained paste was freeze-dried for 24 hours
at -40 °C and 0.22 mbar (Labconco Free Zone 2.5),
then, sieved for 30 minutes to separate powder from
balls.

Electrolyte substrates were fabricated from
Ce0sSmo20,5 powders (SDC20-HP, Fuel Cell
Materials) by cold pressing at 60 MPa, followed by
one-step sintering at 1450 °C for 5 hours in air. The
resulting electrolyte disks had a diameter of 25 mm
and a thickness of 1.2 mm.

The LSCF-BSCF composite powders were
mixed in a mortar with alpha-therpineol (techn. 90%,
Sigma Aldrich) to obtain a mixture suitable for
deposition. The ink was deposited by slurry coating,
using a shaped-mask and a blade to obtain
symmetrical layers on both sides of the SDC pellets,
thus obtaining working electrode, WE, and counter
96

electrode, CE. On one side of the cell aring reference
electrode, RE, used for three-electrode
measurements and made by the same cathode slurry,
was deposited around the WE. Its distance was equal
to 3 times the electrolyte thickness, in order to avoid
possible reference electrode polarization [30,31].
Sintering followed at 1100 °C for 2 hours. The
thickness of the porous sintered electrodes was 30
pum while the geometric electrode area was about
0.28 cm? Composition mismatches and asymmetry
of the electrodes were carefully considered to avoid
appearance of artifacts in the impedance spectra
[32].

Electrochemical impedance spectroscopy was
used to investigate the electrocatalytic activity of the
composite  cathode in the three-electrode
configuration. The sample was placed in a lab-
constructed test station [33]. Pt meshes were placed
as current collectors on the surface of the WE and
CE and connected by Pt wires to a potentiostat
coupled to a frequency response analyser (Autolab
PSSTAT302N).

Impedance measurements were performed in the
temperature range of 500-800 °C, at open circuit
voltage (OCV) and at applied cathodic
overpotentials (up to -0.2 V), by applying a
perturbation of 10 mV in a 0.1 Hz - 100 kHz
frequency range.

To analyse the cathode degradation a direct
current (dc) load of 200 mA-cm™ was applied for 200
h, while the impedance measurements were
collected at OCV after interruption of the load at
different times.

To understand the kinetic of the reaction process,
all the impedance data were analysed by ZView®
software (Scribner Associates Inc.), using an
equivalent circuit (EC) to model the cathode
behaviour. The selected EC was formed from an
electrolyte resistance (Rs) connected in series with
two sub-circuits, each composed by a resistance (R)
in parallel with a constant phase element (CPE).

In order to identify the crystalline phases and any
second phase, the composite powder, the as sintered
electrode and the tested electrode were analysed by
X-ray diffraction (XRD), using a PAN analytical
X’pert diffractometer with Cu-K, incident radiation.
The spectra were collected over the angular range
20° < 211<90°, in a constant scan mode with steps
of 0.02° and a counting time of 40 s.

The microstructural investigation was performed
through a Scanning Electron Microscopy (Hitachi
SU3500) equipped with EDX detector. The porosity
of the electrode was determined by an image
analysis (Image J software).
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RESULTS AND DISCUSSIONS

Fig. 1 reports the cross-section of the
cathode/electrolyte interface, after the sintering of
the mixed powders at 1100 ° for 2 h. The electrode
structure is well-interconnected, though the porosity
appears a little irregular. From the same image a
good adhesion at the electrode/ electrolyte interface

was detected.
FANC A |
Tt “&
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Fig. 1. section of the

Image of cross
cathode/electrolyte interface after the sintering treatment
at 1100 °C x 2 h.

The XRD analysis of the LSCF — BSCF
composite electrode, as sintered cathode and after
electrochemical testing do not show any evident
formation of new phases (Fig. 2a). The electrode
structure is stable, however the original powders
structure has remarkably changed during the
sintering thermal treatment. In fact excluding the
highest peaks attributed to the SDC substrate LSCF
and BSCF phase (Fig 2b) were no longer detected
after the sintering step. While, it is possible to
identify a new phase with a rhombohedral
Lao 4SrosFeOs-type structure (LSF).

However, from these results it is not possible to
exclude the presence of a LagsBaosCoO3z Co-rich
cubic phase (LBC), because all its peaks are
completely overlapped with those of LSF.

LSCF - BSCF cathode

*

3 a After testing 4 La, Sr, FeO type
-~ 1 —— As sintered ® SDC
3 24
« . ¢ .
< ] v
2 ° b A
30— ; i it ¥ ; e
c

2 09 b LSCF - BSCF powder
£ 06 Ala, St Co Fe O,
3 A M Ba,Sr, Co Fe O,
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Fig. 2. (a) XRD spectra of the LSCF-BSCF composite
cathode after sintering at 1100 °C x 2h (as-sintered, black
pattern) and after testing (grey pattern). (b) XRD spectra
of the LSCF — BSCF powder after mechanical mixing

It is evident that during the sintering stage a
strong interdiffusion between the starting ceramic
powders occurred, leading to a heavy structural

modification involved not only the interface between
the two materials but the entire composite volume.
Further investigation to better clarify the nature of
the new electrode structure is object of future
studies.

The Polarization resistance (Re) of the composite
cathode was obtained from electrochemical
impedance spectroscopy analysis (EIS) on the
composite half-cell in three electrode configuration.
Fig. 3 summarizes the values obtained at different
temperature. In this graph the composite cathode
resistance was compared with those obtained for
LSCF and BSCF pure electrode deposited on SDC
substrate. Polarization resistance of the composite
stays between those of BSCF and LSCF in the whole
temperature range. Considering the Arrhenius
behaviour the apparent activation energies (Eact) was
calculated. The composite had the lowest valued 1
eV (96 kJ mol?), while BSCF and LSCF had Ej of
1.18 eV (113 kJ mol?) and 1.52 eV (147 kJ mol?),
respectively. The values extrapolated for the pure
cathode were in accordance with literature (BSCF ~
116 kJ mol™[9,40], LSCF ~ 140 kJ mol*[41]).

The low Ea for the composite pointed out that
this electrode is more active than BSCF at low
temperature, while its higher value for Rp could be
attributed to small geometrical differences between
the two porous structures.

T(°C)
500 600 700 800

O Composite
A LSCF
O BSCF

Y
N

10 13 12 11 ) 10 09
1000/T (K"

Fig. 3. Polarisation resistance (R;) versus temperature
for the composite and commercial LSCF and BSCF
cathodes. Calculated activation energies values: BSCF,
1.18 eV (113 kJ mol); composite, 1 eV (96 kJ mol?);
LSCF, 1.52 eV (147 kJ mol%).

The impedance spectra were analysed.
considering Jamnik interpretation [42], in agreement
with different studies on mixed ionic electronic
conductors [38,39,43,44]. In this analysis a well-
known equivalent circuit was chosen as reported in
the inset of Fig. 4.

The equivalent circuit was made by a resistance
(Rs), ascribed to electrolyte resistance, in series with
two identical sub-circuits. The first Rue//CPEue
describes the high frequency part, and was
associated to the charge transfer at the interface
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between cathode and electrolyte; the second sub-
circuit, R.e//CPE¢ (low frequency), was linked to
the electrode mechanism. In particular was assumed
that Rnr described the surface oxygen exchange
resistance, and CPEnr was related to the charge
stored in the cathode volume due to its high values
(1 + 3 F cm?) [45,46], and therefore was considered
as a chemical capacitance. Fig. 4 shows
experimental and fit curves, and confirms that this
circuit is able to provide a good quality fitting at
different temperature.

0,16

) 750 °C Exp.
0144 | —750°C Fitp —d AR,_ts R:"j_tf R:‘:I_‘
o 700 °C Exp.
0,124 | ----700 °C Fit CPE,; CPE;
4 650 °C Exp.
o~ 010 |...... 650 °C Fit
§ 008
a
= 0,06+
N 1Hz
0,04 - &.a
0,029 F %, 0,1 Hz
i PaN

0,00 T T T T T T T T 1
0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,16 0,18
Z'(Qcmd)

Fig. 4. Composite cathode impedance spectra
obtained in the three-electrode configuration at 750 °C
(1), 700 °C (O) and 650 °C (A) at OCV condition mol
1); LSCF, 1.52 eV (147 kJ mol?).

To obtain equivalent capacitance Cir and Cue
from constant phase (CPE) parameters the following
equation was used:

1-n 1
Ceq =Rn - Qn (1),
where R is the resistance of the R/CPE element (R.r
or Rue), Q is the module of the capacitance value and
n is the exponential parameter [47].

Table 1 summarizes resistance and capacitance
values as a function of temperature for the two sub-
circuits. Rir and Rye trend indicates that both the
processes are thermally activated. The reduction of
Cwr as a function of temperature described a lower
charge accumulation at the interface. Low frequency
sub-circuit was connected with gas-electrode

10°

(a) | o R-LF Composite |

A R-LF LSCF
O R-LF BSCF

& E\NA

S 10"

G

- B C

x =

10*

0,00 -0,05 -0,10 -0,45 -0,20 -0,25
7It:athode (V)

interaction (Ryr) and electrode activity (Cig). The
very low Rir values calculated confirmed a high
performance for the oxygen surface exchange for
composite cathode, while the chemical capacitance
directly related with the oxygen vacancy
concentration reached a maximum between 600 and
650 °C and then decreased.

Table 1: EIS fitting parameters for composite cathode
as a function of temperature

Temper

ature RuF RLF ChF Cvrr

500 °C 0.374 1.825 0.395 0.913
550 °C 0.092 0.774 0.341 0.955
600 °C 0.053 0.268 0.167 2.763
650 °C 0.052 0.115 0.093 3.193
700 °C 0.027 0.052 0.067 1.49

750 °C 0.011  0.031 0.075 0.932

The composite cathode was investigated by EIS
also in real cathodic conditions, applying a dc
overpotential (). Total polarization resistance (Rp)
for composite cathode increases up to an application
of -80 mV and remain constant at higher n. BSCF
and LSCF showed an opposite behaviour; the first
increases its Re while the second reduces Rrpwhen an
overpotential was applied.

Fig. 5 reports R.e (Fig. 5a) and C.r (Fig. 5b)
trends as a function of i} for all three tested cathodes.
In literature is well reported that the application of n
to LSCF cathode promotes the formation of new
vacancies, enhancing the activity for ORR with a
decreasing of R.f[44,48,51,52]. The behaviour
describes above is recognisable in the two figures 5
(@ and b). Composite R.e slightly decreases,
indicating that the net flux of currents, generated by
the applied cathode overpotential, helps surface
activity. This higher surface activity can be due to
the formation of new vacancies, as reported by Fig.
5b.

(b) 10
}__/_/_g__u__u——n———qr—m
—
o 14
£
©
[T
N—
g
O g4
O  C-LF Composite
A C-LF LSCF
O C-LF BSCF
0,01 T T T T
0,00 -0,06 -0,10 -0,15 -0,20 -0,25

7, (\))]

cathode

Fig. 5. (&) Rer and (b) Cvr, for composite (L1), commercial LSCF (A) and commercial BSCF (O) cathodes
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Furthermore, as regards Cirtrend with n for the
composite it shown an intermediate behaviour
compared to the two starting materials. In fact, LSCF
strongly increases its C.r, while on BSCF a so strong
effect was not detected. However the extremely high
Cir value for composite, which means a higher
ability to accommodate more oxygen vacancies,
does not correspond to the lowest resistance and this
behaviour remain an open issue. One key point for
cathode materials is their long-term stability. A first
ageing investigation on the composite cathode was
performed and results compared with BSCF pure
electrode, which is considered as reference electrode
as regards performance but presents many problem
of stability, as reported in the introduction. Ageing
test was performed applying a current density of 200
mA-cm at 700 °C, and every 12 hours impedance
measurements at OCV was done to evaluate Rp.

Fig. 6 presents the Rp trend for composite and
BSCF cathode during an ageing test of 200 hours.
The exposure time is in accordance with several
literature works, that identified a period between
100-300 h as acceptable for a preliminary ageing test
[63-56]. After 200 h composite cathode increased
polarization resistance of about 5 %, which
represents an important improvement if compared
with the 38 % of degradation shown by BSCF under
the same operation condition. Moreover another
positive factor is the absence of carbonates after
testing that indicates a good stability of composite
material in CO2-containing atmosphere.

0,10
0,09 - - A
008
0,07

0,06 4

Rp (Qcm?)

0,05

s o
0,044 o Composite
o— BSCF

0,03

0 2’5 Sb 7’5 1(‘)0 1:."5 150 1"15 2(’)0 255
Time (h)
Fig. 6. Evolution of R, as a function of time for LSCF-
BSCF cathode (CJ) and BSCF commercial cathode (O)

during ageing with a current of 200 mA cm at 700 °C.

A possible explanation of the composite
performance loss could be due to some electrode
morphological changes, as identified from SEM
analysis (Fig. 7).

In fact, if the XRD analysis does not detected any
structural modification after testing, from image
analysis (Fig. 7a and 7b) a reduction of porosity
(from 42 % to 35 %) was observed. The change of
this parameter can affect polarization resistance,
especially in the EIS low frequency arc, which
describes oxygen surface exchange.

SEM images analysis highlighted also the
formation on new nano-particles (~ 50 nm) on the

cathode surface. However, EDX analysis is not able
to confirm chemical composition of these particles
because of the substrate interference during the
measurement. The presence of nanoparticles on the
surface was observed also for BSCF electrodes
[26,27,57]; in this case the interference with cathode
performance seems to be limited and the presence of
this segregate phase not affect the electrocatalytic
activity.

I .
SU3500 20.0kV 6.9mm x5.00k SE

10.0pm

SU3500 20.0kV 6.9mm x15.0k SE 3.00pm

Fig. 7. SEM images of composite cathode surface
before (a) and after (b, ¢) electrochemical test. In Figure
(c) the circle identifies the formation of nanoparticles on
the electrode surface

CONCLUSIONS

To our knowledge LSCF-BSCF composite
electrodes are not yet studied in literature. The aim
of this study was to obtain a mutual stabilisation
between the two high-performing but unstable
starting perovskites, without significantly losses on
electrode performance. The electrode preparation is
very easy by combining two commercial powders
through a simple milling process.
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The structural analysis performed on the powder
and on the electrode, as sintered and after testing,
showed that the two starting phases were no longer
present after the sintering stage at 1100 °C. In other
words, the starting composite was affected by a total
structural transformation, which involved not only
the interface but the whole cathode volume, resulting
in a different electrode structure. The obtained new
electrode globally demonstrated a high activity
toward the ORR. In the range 500 — 800 °C an
activation energy of 1 eV (96 kJ mol?) was
calculated, quite low if compared to the values
obtained for other MIEC materials. Moreover, the
results of the ageing test performed under current
load of 200 mA cm gave evidence of an impedance
degradation much lower that the degradation
measured for BSCF under the same ageing
conditions.

In conclusion, it is demonstrated that the
composite LSCF-BSCF cathode is an interesting
system, worth to be investigated for its possible
application in IT-SOFCs.
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OXAPAKTEPU3UPAHE HA Lao.sSro4C0o.2Fe0803-5- Bao5Sre5C00.8Fe0.203-s KOMIIO3UT KATO
KATOJAEH MATEPUAJI 3A SOFC

M.-I1. Kapnanese®?, JI. Knemaruc'”, M. Busnanu?, C. Ilpecto?, M. Ianuna’, JIx. Kepucona?, A. bap6yun'?

Kameopa no apasicoancio, xumuuecko u exonozuuno unicenepcmso (DICCA), Ynusepcumem Ienya,
P.le.F.Kennedy 1, 1-16129 I'enya, Hmanus
2Uncmumym no xumus u mexnono2uu 3a enepeus, Hayuonanen cveem 3a nayunu uscieosanus (CNR-ICMATE),
Via De Marini 6, 16149 ['enya, Umanus

[Moctenuna Ha 14 aBrycr, 20171.; [Ipuera 3a nedat Ha 24 centemBpu 2017 r.
(Pesrome)

Cwmec ot LagsSro4Cog2FepsOs.s and BagsSrosCoogFeo 203.5,€ u3cieqBana KaTo MEPCIEKTUBEH KATOJEH MaTepHa 3a
TOPUBHHU KIICTKA C TBHPIAOOKCHAHU (OPUBHH KIETKH, paboremn mpu MexaunHa temmeparypa(lT-SOFCs). [Ipara
MEPOBCKUTA IPUTEKABAT BUCOKA KATAJIMTHYHA aKTUBHOCT 3a penykuus Ha kucinopoia (ORR), BbIpekn uye HIAKOM
npoOieMH, CBBP3aHHU C TAXHATA XUMHYECKa M CTPYKTYpHA CTaOMIIHOCT, BCe omie TPpsiOBa 1a ObAaT MPEOJOJICHH C Orie]
nomoOpsiBaHe Ha CTAaOWIIHOCTTAa Ha XapaKTEePUCTHKUTE Ha KieTkaTa. [locTHraHeTo Ha CTAOWJICH W BHCOKOC()EKTHBEH
KOMIIO3UTEH MaTepual € 1IeNTa Ha TOBa u3cieaBaHe. 110 IpHHIMI XUMUYECKOTO paBHOBecue npu uHtepdeiica LSCF-
BSCF Mose na 6bae HOCTHUIHATO Ype3 UHTepaudy3us Ha HOHM 10 BpeMe Ha Mpoleca Ha CHHTEPOBaHe, KOeTO BOIH 110
XUMHYECKa cTabmii3anus Ha Matepruana. KOMIIO3HTHUAT KaTol, oTioxeH BbpXy CeogSMo 2025 CISKTPOIIHT, CIIS] TOBA
Oeiie W3clelBaH 4Ype3 eNIeKTpOXHMMH4YHA uMmIenaHcHa crekrpockomus (EIS) kato ¢yHkims Ha Temmeparyparta,
CBPBXIOTEHIMAJa W BpeMeTo. PesynraTure moka3zaxa HMHTEPECHO EJIEKTPOXMMHYHO MOBEICHHE Ha eJeKTpoJa II0o
OTHOIIEHHE Ha KHUCJIOpoAHaTa peaykuus. XRD aHaiu3bT € U3BbpLICH 32 OTKPUBAHE HA CTPYKTYPHA MOJAM(UKALHNS 10
BpeMe paboTa 1 € yCTaHOBEHO, Ue CJie/l CHHTEPOBAHE JiBaTa U3X0/IHHU IIEPOBCKUTH Bede He MPUCHCTBAT; (hOpMHUpa Ce HOBA
¢asa ¢ pomboeapuuHa crpykTypa LagsSrosFeOs (LSF). ITogoGpeHara yCTORYUBOCT Ha KOMIIO3UTHHSI KaTOJl € OTKPHUTa
Hpu pasriexjaanute pabotHu ycaosus (200 mAcm?, 700°C) B cpasuenue ¢ umctus BSCF enexrpoa. Pesynrature
MIOTBBPIMXa TO3HM HOB €JIEKTPOJ KaTO MEPCIEeKTUBHA CHCTEMA 3a M0-HaTaThIIHO u3cienasane karo | T-SOFC karon.

Karouosu nymu: SOFC katox, aeirocpouna cradmrHoct, LSCF-BSCF
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The issues of contamination of membrane-electrode assemblies (MEASs) of water electrolysers based on proton exchange
membrane (PEM) currently pose a subject for investigation. The analysis of structure and chemical composition of the
MEA after its long-term testing shows, that the ions and/or the clusters of several contaminating elements (Ti, Pt, Ir, Fe,
Ni, Cr, Si), originated from the constructional materials of MEA, electrolysis stack and external piping, are accumulated
in the membrane and electrocatalytic layers. Quantitatively, the most predominant contaminating element is Ti (up to 12
wt. %). The cathode area (cathode active layer and membrane band adjacent to them) is extremely exposed to the
contaminant’s deposit.

Keywords: water electrolysis, proton exchange membrane, membrane-electrode assembly, electrocatalytic layer,

contamination, impurity

INTRODUCTION

Pure aluminum and its low doped The aspects
of stability of performances of PEM water
electrolysers have been actively studied [1-8] over
the last years. In particular, investigations have been
performed to study the dissolution, migration and
aggregation of the catalytic nanoparticles inside the
active layer [4-6], the thermo-oxidative degradation
of PEM [7-8] and other factors which negatively
affected on the performances and operating life of
the electrolyser.

This study covers issues of MEA contamination
by various impurities (Ti, Pt, Ir, Fe, Ni, Cr, Si)
originated from the constructional materials of
MEA, electrolysis stack and external piping. The
control MEA was exposed to stability tests, and after
that, its structure and chemical composition was
studied using an energy-dispersive  X-ray
spectroscopy (EDX), transmission and scanning
electron microscopy (TEM and SEM) in order to
define contaminating impurities.

EXPERIMENTAL
The MEA fabrication and testing

The MEA with 25 cm? active surface area was
assembled using Nafion® 117 membrane (EL
DuPont de Nemours Co., USA) and current
collectors/gas diffusion electrodes fabricated from
porous sheets based on titanium alloy (TPP-7 grade,
0.95 mm thickness and 37% porosity).

Prior to the MEA assembling, the
electrocatalytic layers were fabricated by spraying of
the catalytic ink onto the current collectors. The Ir
black (1.5 mg/cm2) was synthesized as described in
[9] and applied on the anode; 40 wt. % of Pt on
Vulcan XC-72 (1.0 mg/cm2 of total loading) was
synthesized according to [10] and used on the
cathode. 5 and 15 wt. % of D521 Nafion® polymer
dispersion (El. DuPont de Nemours Co., USA) were
added to the anodic and cathodic electrocatalytic ink,
respectively.

After preparation, the MEA was clamped in a
lab-made thermally controlled electrolysis cell
(figure 1). Both the cell holder and the flow-field
plates were manufactured from titanium alloy (VT1-
0 grade). External separators of hydrogen and
oxygen were made of chemical glass; silicone tubes
were used as a connecting piping. The anode was
supplied with the bidistilled water additionally
treated by the ion-exchange filter.

The control MEA underwent the stability test at
60°C and atmospheric pressure of gases. The
electrolysis system operated in average for 6 hours
every day. Then, prior to switching off for the night
or weekend, the control measurement of current-
voltage performances was implemented. The
calculation of the operational time of MEA
considered only its alive time (the idle time was not
taken into account). Water changes were performed

* To whom all correspondence should be sent.
E-mail: sergey.grigoriev@outlook.com
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several times during the stability tests in the cases
when water resistance exceeded the value of 18
MOhm*cm.
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Fig. 1. Schematic diagram of the electrolysis cell. 1 —cell
holder; 2 — fittings for reactant/products supply/removal;
3 —fittings for heating/cooling; 4 — sealants; 5 — flow-field
plates; 6 — membrane; 7 — current collectors/gas diffusion
electrodes with electrocatalytic layers

The electrolysis system operated under the
above conditions within 4000 hours with daily
measurements of current-voltage performances.
Then, the system was shut down, the cell was
disassembled, and the MEA structure and the
chemical composition were examined.

Analysis of the MEA structure and chemical
composition

s
2 microns

(a)

The structure and chemical composition of the
MEA after its long-term testing were investigated
using the TEM, SEM and EDX. The MEA was
locked using epoxy resin and cross-sliced using a
ultramicrotom knife to produce thin (ca. 100-nm)
strips.

The TEM and SEM micrographs of MEA cross-
slices were obtained using the JEM 1200 EX
TEMSCAN (JEOL) and Tescan Vega Il LSU
microscope (Oxford Instruments), respectively. The
elemental analysis was performed using the Inca
EDS micro-analysis system (Oxford Instruments).

RESULTS AND DISCUSSIONS

In the course of the stability test, the electrolysis
cell voltage monotonously increased with an average
rate ca. 35 uV/hour. After 4000 of running hours of
electrolysis system, the experiment was stopped, and
the control MEA underwent the above structural and
chemical analysis.

The typical TEM micrographs of various areas
of MEA cross-slices are shown in figure 2. Numeric
symbols in micrographs correspond to positions of
performing the EDX resulted in figure 3. The SEM
micrographs of MEA cathodic area with the marked
positions of execution of the element analysis is
shown in figure 4 (lower part). The linear scanning
EDX-spectrum of Ti concentration distribution
across the MEA thickness in cathodic area is shown
in figure 4 (upper part). The chemical composition
of the near-cathode membrane area marked by circle
in figure 4 is shown in Table 1.

2 microns

©

Fig. 2. TEM micrographs of MEA cross-section: (a) cathodic region of MEA, (b) membrane region equidistant from
anode and cathode, (c) anodic region of MEA. Numbers in the micrographs correspond to positions of EDX measurements

resulted in figure 3.
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Fig. 3. Results of EDX analyses of electrocatalytic layers and membrane cross-sections. Numbers in spectra correspond
to positions of EDX measurements specified in the micrographs provided on figure 2.

Figure 2 shows, that numerous agglomerates of
contaminating particles are clearly seen in the near-
cathode membrane area (figure 2(a)), whereas the
individual impurity particles could only be seen in
the membrane area located at the equal distance from
the anode and the cathode (figure 2(b)), and no
significant impurity inclusions are observed in the
near-anode membrane zone (figure 2(c)). The size of
the clusters formed by impurities and the density of
their distribution decreases with increase of the
distance from the cathode. Thus, the analysis of the

micrographs concludes that the cathode is the
nucleation zone for impurity clusters in a membrane.

The assumption is that, mainly, the impurity
ions transfer in a membrane (and active layers) in the
course of water electrolysis is caused by the water
flow initiated by the flow of protons and directed
from the anode to the cathode. At the same time, as
the impurity ions approach to the cathode, their
reduction expedites the deposition of particles. The
reduction process is most likely caused by
interaction of ions with hydrogen and with already
partially reduced impurity ions.

Table 1. Results of the element analysis of near-cathode membrane region marked by circle in figure 4

Element Content, wt. % Source(s)

C 36.32 Membrane material

O 7.85

F 22.34

S 0.79

Ti 11.96 Current collectors, flow-field plates, cell holder

Cr 3.42

Fe 5.15

Ni 3.02

Si 0.96 Current collectors, flow-field plates, cell holder, glass tank-separator and
silicon tubes

Pt 7.34 Cathodic active layer

Ir 0.85 Anodic active layer

Totals 100.00

The analysis of EDX spectra (figure 3) allowed
to determine the main elements of the membrane and
catalytic layers contamination: Ti, Fe, Pt, Ni, Si, Cr,
Ir. The Cu peak on figure 3 is explained by the fact
that the copper grid has been used as a specimen
support for the studied MEA samples. Apparently,
the sources of Pt and Ir are cathodic and anodic
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electrocatalytic layers, respectively. Ti, Fe, Si, Cr
and Ni are the components of titanium alloys
(material of current collectors, flow-field plate and
cell holder). In particular, according to the technical
specifications, titanium alloy of TPP-7 grade
(material of porous current collectors) contains up to
1.1 wt. % of Fe (Table 2).
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Table 2. Chemical composition of titanium alloys used as construction elements of MEA and electrolysis cell according
to GOST 19807-91, TS 14-1-1895-76 and TS 1715-449-05785388-99. Contents of elements are given in wt. %.

Element Ti Fe Si H (@] N Cl C Others
(Ni, Cr,
etc)
E‘ VT1-0 97.00 0.25 0.10 0.01 0.20 0.04 - 0.07 0.30
S 3
3 E
© 3
O g TPP-7 97.95 1.10 - - - 0.50 0.45 - -
similar mechanism could be considered for

Technical titanium alloy of VT1-0 grade
(material of flow-field plates and cell holder)
according to the technical requirements contains Fe
(0.25 wt. %), Si (0.10 wt. %) and others (Table 2).
The EDX spectra show no traces of Ca, Mg, Na, K
etc, which confirms that the purity of the water-
reagent is high. The presence of Si can be explained
by its outwashing with water from the glass tank-
separator and the silicon tubes of the other piping
elements (made of VT1-0 titanium alloy) of the
electrolysis cell.

The results of the element analysis of a typical
area of the near-cathode membrane region are shown
in table 1. The first 4 elements (C, O, F and S)
compose the membrane material and are not
contaminants. However, the next elements are
contaminating impurities. In particular, according to
table 1, one of the main contaminants of the
membrane and the cathode active layer is Ti and the
other components of titanium alloys (Fe, Ni, Cr, Si).
For instance, figure 4 shows, that the maximum Ti
content in near-cathode contaminating band of
membrane (2-3 um from the boundary between the
membrane and the cathodic active layer) is ca. 12 wit.
%. Definitely, Ti, Fe, Ni, Cr and Si originate from
the current collectors, flow-field plates and the cell
holder. According to the diagram of potential — pH
equilibrium (Pourbaix diagram) for titanium—water
system [11], for the anode current collector and
flow-field plate (working in 1.5-2.0 V potential
range), the electrochemical corrosion of titanium
with formation of hydroxides and TiO; oxide, and
repassivation of titanium as a result of anode
polarization, is thermo-dynamically possible.
Therefore, the anode current collector and the flow-
field plate may corrode during the electrolysis cell
operation, and Ti?" ions are passed into water and
then oxidized to Ti®*. Subsequently, the
electroosmotic water flow with the dissolved
titanium ions moves through a membrane from the
anode to the cathode, and ions of titanium are
reduced in a membrane with formation of clusters. A

explanation of contamination by other components
of titanium alloys. It is necessary to mention that the
contaminating elements can form not only
nanoparticles and clusters of metals (Ti, Fe, etc) ina
membrane, but also their chemical compounds. In
particular, it must not be excluded, that rather than
the metallic iron, its oxides of the lowest valence
and/or the mixed oxides are formed in the membrane
matrix (being the acidic media).

wt%

T T T T T T
o 10 = a0

Fig. 4. Spectrum of Ti concentration profile across the
MEA thickness in cathodic region, and the SEM

Contamination by Pt and Ir is associated with
degradation processes in electrocatalytic layers [4,
5]. Metallic particles are exposed to oxidation in the
course of electrolysis, are dissolved in water as
cationic species, which then are transferred with
circulating water flow. At some distance from the
cathode, they start to react with dissolved hydrogen
that cross-permeates from the cathode (or with
already reduced species) and are chemically reduced
into metallic particles.

Rearrangement of chemical elements, entering
into the construction materials of components of
MEA, electrolysis cell and auxiliary systems, results
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in at least several negative effects. In particular, the
loss of Pt and Ir in electrocatalytic layers leads to a
decrease in their activity as well as to a decrease in
their internal electronic and proton conductivity (due
to the loss in coherence of particles). On the other
hand, incorporation of nanoparticles of inorganic
substances into the ion-exchange membrane leads to
essential modifications of the system of pores and
channels, as well as to deterioration of transport
properties of membrane [4]. In particular, with
increase in concentration of impurity metallic
particles in a membrane its proton conductivity falls
[11] and the probability of local overheating and a
membrane burn-through (due to ohmic heating of
percolating metal clusters) increases [2, 5].
According to [1], the cations can occupy the ion-
exchange sites of the Nafion® polymer electrolyte in
the catalyst layers and membrane, which results in
the increase of the anode and cathode overpotentials.
The assumption is that in the course of stability test
the increase of electrolysis cell voltage was related
to the combination of the abovementioned factors.
The use of the ion-exchange filters and/or regular
change of water in electrolysis system can be
recommended in order to decrease the MEA
contamination.

CONCLUSIONS

The results of microstructural and chemical
analyses indicated that in the course of operation of
PEM water electrolyser, the membrane and
electrocatalytic layers are contaminated by the
impurity elements originated from the MEA and cell
components  (electrocatalytic  layers, current
collectors, flow-field plates, cell holder) and external
cell piping. As a result of corrosion of these
components, the ions of titanium, iron, silicon,
nickel, chrome, platinum and iridium are dissolved
in water-reagent circulating through them and are
reduced in membrane and active layers. These
phenomena lead to a number of adverse effects
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(decrease of electrocatalytic layer activity and
conductivity, deterioration of transport properties of
membrane, etc), increasing the wvoltage of
electrolysis cell. A use of ion-exchange filters and/or
regular change of water in electrolysis system is
recommended in order to reduce contamination of
the membrane and electrocatalytic layers.

Acknowledgement: This work was executed within
the framework of government task of the Ministry of
Education and Science of the Russian Federation in
the field of scientific activities (project No.
16.7113.2017/6.7).
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3AMBPCSABAHE B [TPOLIECA HA PABOTA HA MEMBPAHHO-EJIEKTPOAHUTE ITAKETU
BBB BOJIHU EJIEKTPOJIM3bOPU, BASUPAHU HA TTIPOTOHHO-OBMEHHA MEMBPAHA
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[octenmna Ha 31 aBryct, 2017t.; [Ipuera 3a neyar Ha 8 nekemBpu 2017 T.
(Pesrome)

[TpoGnemure Ha 3aMBpPCSIBaHETO HAa MeMOpaHHO-eIeKkTpoaauTe nakeTn (MEAS) Ha BOJIHH eNEKTPOIH3b0pH, Oa3UpaHy Ha
POTOHHO-00MeHHa MeMOpana (PEM), monacrosiiiieM npencTasisiBaT 00EKT Ha U3cieiBaHe. AHaIM3bT HA CTPYKTypaTa
n XuUMH4YHHS cbcTaB Ha MEA ciex ABIroTo My TecTBaHE INMOKa3Ba, Y€ WOHWUTE M / WM KI'BCTEPUTE HA HIKOJIKO
sambpesBamin enementd (Ti, Pt, Ir, Fe, Ni, Cr, Si) mpousxoxzmaT OT KOHCTpYKTMBHHTe Marepuaniu Ha MEA,
CJNIEKTPOJIMTHHUA CTEK W BBHIIHUTE TPBHOM W Ce HATpPyNBaT B MeMOpaHaTa M eJIeKTPOKaTaIUTHYHUTE CIIOEBE.
KonuuectBeHo, Haii-ipeodaanaBamuaT 3ambpeurei ¢ Ti (1o 12 tern.%). KatogHara 30Ha (KaTOAHUST aKTHBEH CJIOH U
MeMOpaHHATa JICHTa B HEMOCPEACTBEHA OJIM30CT [0 TAX) € M3KIIOYHUTEHO H3JI0KeHA Ha OTIIAaraHe Ha 3aMbPCHTEIIS.

KiaouoBu AYMMU: BOJHa CJICKTPOJIN3a, HpOTOHHO-O6MeHHa MeM6paHa, M€M6paHHO'€J'I€KTpOI[eH ITaKeT,
CJIICKTPOKATAIIMTUYICH CHOﬁ, 3aMBbpPCABAHE, IPUMECH
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Feasibility of inkjet printing technology for fabrication and modification of SOFC electrodes and electrolytes was
studied. Drop on demand inkjet printing offers fast, scalable and cost efficient processing path by reproducibly dispensing
droplets in the range of nL to pL volumes at high rates (kHz) and high velocity (1-10 m/s). Electromagnetic print heads
were utilized to dispense droplets of various inks (doped ceria, Ni oxide) on demand. Printing parameters including
pressure, nozzle opening time were studied in order to optimize the inks jetting and delivery. Reduction of SOFC anode
polarization losses was pursued via infiltration nano-engineering of the electrode’s scaffolds. Two - step fabrication using
inkjet printing was implemented. In the first step porous electrode scaffolds (Gd:CeO,-NiO) were created by printing
suspension inks. During the second step inkjet printing infiltration was utilized for controllable loading of Gd:CeO, nano-
decorations on the scaffolds. Anode symmetrical cells were characterized by Electrochemical Impedance Spectroscopy
in order to reveal the relation between the surface nano-structure and the electrochemical performance. Electrochemical
impedance spectroscopy measurements confirmed a significant reduction and convergence of the area specific resistance
(ASR) values for infiltrated anodes with different NiO/Gd:CeO; volume ratios. This work demonstrated the feasibility of

achieving significant improvements in SOFC electrodes performances via simple industrially scalable procedure.

Keywords: inkjet printing, infiltration, nano decoration, doped ceria

INTRODUCTION

A combination of geopolitical, economic and
environmental concerns regarding the depletion of
fossil fuels reserves and global warming have been
driving forces behind considerably renewed interest
in fuel cell technologies. Fuel cells (FCs) offer direct
electrochemical conversion of the energy into
electricity and heat without efficiency limitations
inherent to heat engines governed by the Carnot
cycle. Demonstrated high electrical efficiencies can
substantially exceed those typical for coal-fired
power plants [1]. FCs can be scaled across a wide
range of sizes - from systems with outputs as small
as 1 W to facilities operating in MW range. Nickel is
commonly used as anode material due to its high
catalytic activity for fuel oxidation, high electrical
conductivity and mechanical/ chemical
compatibility with traditional ion conductive
electrolytes [2]. The commercial anodes are based
on cermet compositions like NiO-YSZ (yttrium
stabilized zirconia) or NiO-Gd:CeO, (GDC)
consisting of three different phases - metallic Ni, ion
conductive ceramic and percolating pores acting as
fuel and reactants diffusion pathways. The mixture
of Ni and ion conductive phase in the cermet
provides an extension of three-phase boundary
(TPB) and alleviates the thermal stresses caused by

* To whom all correspondence should be sent.
E-mail: rit21@cam.ac.uk.
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the difference of the thermal expansion coefficients
(TECs) between NiO and electrolyte materials
(TEngsz~lO.4-ll.0 pme’l, TECgpc~12.7 pme'
1 TECnio ~14.2 ppmK™) which is beneficial for
withstanding stresses caused by rapid thermal
cycling. The cermet materials also offer chemical
and thermal stability in oxidizing and reducing
atmospheres as well as good oxygen ionic
conductivity over a wide range of conditions [3, 4].
Depending on the design Solid Oxide Fuel cells
(SOFCs) can operate at various temperatures within
the region of 500-1000°C [5,6]. Adversely, at
elevated temperatures the Ni phases in the cermet
have a tendency to coarsen and agglomerate,
reducing the TBP due to poor adhesion of metal to
the ceramic material. Such deterioration at high
operational temperatures as well as the high overall
cost of  production  effectively  inhibit
commercialization of SOFC technology. Commonly
sought solution is to lower the operating temperature
to intermediate temperature (IT) range of 600-
800°C. Such low operating temperatures can
suppress the TPB deterioration and significantly
expand the choice of materials e.g. enable the use of
less expensive stainless steel as interconnects and
manifolds. However, because of the lower

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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temperature the overall performance of a SOFC
system would decrease due to exponential increase
in electrode polarization losses. It has been shown
that infiltration of the SOFC electrodes (both anode
and cathode) with ionic conductive phase is an
effective method to develop nano-engineered
electrode materials with high performance and
stability at IT [7].

This study reports on the application of Inkjet
Printing (1JP) for the fabrication and infiltration of
NiO/Gd-CeO; (GDC) anodes with different ratio of
the constituent phases. The IJP technique is simple
and cost-effective non-contact “wet” technique for
fabrication of ceramic coatings onto variety of
surfaces which allows utilization of very thin fragile
porous support (ceramic or metal). It can
reproducibly dispense droplets in the range of nL
volumes at high rates (kHz). Drop-on-demand
(DOD) ceramic inkjet printing offers excellent
thickness and uniformity control and introduces the
possibility of printing 2D and 3D patterns as well as
continuous coatings. Inkjet systems offers wide scale
of application - from experimentation platforms
working with customized inks, up to mass
manufacturing systems that can print rapidly and
competitively on industrial scale. The technology is
cost effective and environmentally friendly through
waste minimization of the expensive precursors. The
influence of the major printing parameters and
required optimization steps were explored for both
suspension and sol-gel inks. The production of
anodes and electrolyte coatings with a modified
Domino print head was reported previously by
Tomov et al. [8] using suspension inks. Wang et al.
[9,10] deposited GDC electrolytes on NiO-8YSZ
cermet anodes using sol-gel-based precursor
solutions. Sukeshini et al. [11] employed a DMP-
2831 printer for the deposition of 8YSZ electrolyte
layers, LSM-YSZ and LSM cathode layers on to
NiO-8YSZ supports, reporting a maximum power
density of 450 mW/cm? at 850°C in hydrogen.

EXPERIMENTAL
Inks preparation

Electrolyte and electrode depositions as well as
ionic phase (GDC) infiltrations were performed by
an electromagnetically (EM) driven print head with
100 um ruby nozzle orifice and X-Y planar
positioning system. EM technology was chosen
because it offers simplicity and reliability of use, as
well as wider range of ink/suspension compatibility.
The preparation of stable suspension and sol-gel inks
is of critical importance for achieving repeatable
jetting without clogging the nozzles. For the
suspension inks commercial NiO, and GDC powders
were mixed with alpha-Terpineol and binders, and

ball milled with 3YSZ beads in 3YSZ bowls in a
planetary mill. The mass load of the ceramic
powders was limited by the rheological working
window of the nozzles, which defined the regime of
stable repeatable jetting. Hence, the viscosity of the
suspension inks had to be adjusted by adding lower
viscosity solvent — Methanol (MeOH). GDC
precursor solution (1.5 M total metal concentration)
was prepared by dissolving cerium (ll1l) acetate
hydrate (Sigma-Aldrich) and gadolinium (I1)
acetate hydrate (Sigma-Aldrich) in two steps in
propionic acid (Sigma-Aldrich) under reflux for 4
hours at 120 °C. The solution was then cooled to
room temperature and filtered through 0.3 pm
polypropylene membrane syringe filter (Whatman)
to eliminate possible contamination with dust
particles. The precursor was further diluted to reduce
the viscosity to a suitable level as determined by the
print-head requirements. A number of different
solvent/ precursor mixtures were tested to evaluate
the stability of the ink, which was determined by
observing precipitation levels after shelf storage for
24 hours. From the various solvents tested 1-
propanol was selected as a diluting agent producing
the most stable printable inks. The dilution at volume
ratio 1:1 (precursor :solvent) was found suitable to
produce stable jetting without observing any
splashing effects. Jetting of all types of inks was
optimized by drop visualization procedure with the
aim to avoid formation of satellite drops at practical
Weber and Reynolds numbers. The inks were
filtered through 3 um glass micro-fibre filters before
being loaded into the nozzle compartments. The
nozzles were observed to execute reproducible drop
on demand tasks without clogging the internal
fluidic pathways of the assembly.

Symmetrical cells fabrications

GDC powder, Hydroxypropyl cellulose and
Ethanol were mixed and milled for 4 hours.
Following evaporation of the solvent, the powder
was uniaxially pressed into pellets with 12.5 mm
diameter under 3 tonnes pressure. The pellets were
sintered at a heating rate of 3°C min? to 900 °C and
held for an hour. Anodes (NiO/GDC) with different
constituents volume ratios (60:40 and 80:20 vol%
ratio) suspension inks were printed on both sides of
the GDC pellets and fired at 900 °C in air forming
porous NiO/GDC anode scaffolds. An infiltration of
the GDC sol ink was carried out by inkjet printing of
~8 nL drops as determined by drop visualisation in a
reciprocal pattern on each side of the cell. Each
infiltration step (per side) contained 368 drops
(~3.2 uL of ink). A horizontal drop spacing of
0.6 mm was used to achieve an overlap of 25%
between the drops surface replicas. Each printed

109



R.l. Tomov et al.: Application of inkjet * technology for SOFCs anode fabrication and modification

layer was allowed to drain and the absolute position
of the print head was offset by 0.3 mm in the X and
Y directions to avoid drop stacking. An intermediate
heat treatment was applied after every second
deposition, increasing the temperature from ~20 °C
to 300 °C within 10 minutes. Such treatment led to
the removal of the solvent from within the scaffold
aiding further infiltration steps. Various infiltration-
loading levels of GDC nanoparticles into the anode
scaffold were achieved by varying the number of
printing steps. Finally, as treated pellets were
sintered at 1400 °C for 4 hours in order to achieve
fully dense electrolytes. As sintered symmetrical cell
were ~0.5 mm thick and ~11 mm in diameter.

Characterization

Electrochemical impedance spectra (EIS) of the
symmetrical cells were measured with the
electrochemical interface and a frequency response
analyser (Solartron 1260) under the open-circuit
voltage (OCV) condition. Symmetrical cells were
heated at 5 °C/min ramping rate to temperatures
from 500 to 600 °C, and tested under Ar/4% H; in a
frequency range of 1 MHz to 0.1Hz with AC
amplitude of 10 mV. Silver mesh was painted to the
electrodes in order to ensureconductivity along the
surface of the electrodes.

RESULTS AND DISCUSSION
Drop visualisation

Drop visualisation was used to study the drop
generation process for each combination of printing
parameters (pressure and opening time) and, in
conjunction with image analysis, to determine the
corresponding drop velocity and drop volume. The
greatest advantage of the drop visualisation system
is that it allows rapid examination of whether the
rheological condition of the ink is suitable for
printing. Ideally, any ink should be tailored in such
a way that each triggering event results in a single
drop, without satellite drops, before reaching the
substrate. Figure 1 shows jetting behaviour of GDC
sol ink at optimized conditions where the initial drop
breaks into a series of small drops after it detaches
from nozzle, but the smaller drops then soon catch
up with the main drop and form back to a single drop.
Within the stable jetting regime, it was found that the
drop volume was approximately 8 nL. The
maximum velocity achieved in this case was ~ 2.2
m/s.

Infiltration effect
Multiple infiltrations were conducted by
repeated inkjet-printing/low temperature
calcinations. As seen in the high resolution SEM
images shown in Figure 3, the NiO/GDC scaffolds
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Fig.1. Montage of images from the drop visualisation
showing optimized jetting of the GDC sol ink.

Anodes fabrication

Figure 2 presents tops surface SEM images of
two blank (non-infiltrated) NiO/GDC anodes after
high temperature sintering. The anode with 80:20
NiO/GDC ratio showed clear micro-cracking of the
surface due to the difference in the TECs of the
constituent phases. This was expected to lead to
deterioration of both electronic and ionic conductive
paths in the anode.

5.8kY  x10,000 1pm

Fig. 2. SEM surface images of blank composite
GDC:NiO anodes — (a) 60:40 NiO:GDC vol% ratio, and
(b) 80:20 NiO:GDC vol% ratio

were composed of well-connected NiO and GDC
grains with sizes ranging between 1 and 3 um. After
the infiltration, the scaffolds were uniformly
decorated with GDC nanoparticles forming nano-
scale sub-structures. All infiltrated samples showed
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similar sub-structures with GDC nanoparticle size
varying in the range of 50-200 nm. Remarkably, the
infiltrated nano sub-structure was retained after the
high temperature sintering at 1400 °C. Similar
observation was reported by Lee et al. [12] for Ni-
GDC infiltration. The exact nature of this effect is
not clear as according to Rupp et al. [13] self-limited
grain growth for nano GDC characterized by grain
boundary diffusion was observed for temperatures
below 1100°C. One could speculate that the
retention of the nano sub-structure could be related
to the strong bonding between the GDC nano
particles and the micro-strain defects in the anode
scaffold.

A quantitative confirmation of the effect of
infiltration on the electrochemical performance was
investigated by EIS. Comparison of the Nyquist
plots of the reference blank anodes and infiltrated
anodes (8 infiltrations) at 550 °C is shown in Figure

4. The EIS spectra for all measured symmetrical
cells were similar in shape, showing single arc
associated with the activation polarization resistance
(Rp) at the anode without clear separation between
low and high frequency arcs.The total (R; and
Ohmic (R,) polarization resistances were estimated
from the low and high frequency intercepts of the
Nyquist plots with the real axis. R, was calculated
from the difference between these two values
divided by two - R, = (Rt — Ro)/2 in order to account
for the symmetrical nature of the cells. The
activation polarizations of samples with no
infiltration corresponded to the ones derived from
geometric model considerations published in the
literature with 60:40 NiO/GDC scaffold showing
significantly lower ASR than the 80:20 GDC
scaffold (see Table 1). Despite the higher Ni content
in the reduced anodes R, of 80:20 anodes was found
to be double the value of 60:40 anodes.

Table 1: .Impedance of samples with NiO:GDC of 60:40 and 80:20 with 0 and 8 infiltrations at 550°C

Rp, Q cm? Ro, Q
Number of 60:40 80:20 60:40 80:20
infiltrations
0 1.62 4.49 8.30 16.94
8 1.23 1.48 5.68 5.98

100nm

Fig. 3. NiO:GDC 60:40 scaffold nano-decorated with 8 infiltrations of GDC sol ink at increasing magnification

These deviations can be explained by the anode
microstructure, which shows clear evidence of
cracking for the 80:20 anode resulting from the
TECs differences during high temperature sintering.
Such cracking of the scaffold effectively resulted in
local breakage of the ionic and electronic current
paths and increase of R, and R,. Sharp decrease in R,
and R, after the infiltration procedure was observed
for both anode compositions converging in R, values
reaching 1.23 and 1.48 Q cm? and R, values reaching
5.68 and 5.98 Qcm? at 550°C. The promotion
factors F, and F, were chosen as figures of merit
defined as:

Fp = ASRref / ASRinf
Fo = Ro-ref / Ro-inf

where ASRrs was the area specific resistance of the
reference anode (ASR=R; x anode surface area) and
the Rorer was Ohmic resistance values of the
reference (non-infiltrated) anode while ASRins and
Ro-inf Were the ASR and Ohmic resistance values of
the infiltrated anodes. The inset in Figure 4 shows
the frequency dependence of the impedance
imaginary part for different NiO/GDC ratios. It was
obvious that the infiltration procedure led to
reduction of high frequency losses commonly
associated with the charge transfer reaction. The
observed effect can be related to the increase of TPB
via infiltration of GDC. As seen in Figure 5 the
activation polarization resistance promotion factor
Fp was substantially higher for 80:20 scaffold
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compositions reaching maximum of 4.95 at higher
temperature (600°C). Note that F, for 60:40 scaffold
reached lower value of 2.27. The promotion factor
for the Ohmic resistance F, was also shown to be
systematically higher for the 80:20 anode ranging
between 2.65 and 2.75 within the measured
temperature range. Comparing the data in Table 1 we
can conclude that the infiltration procedure led to
near equalisation the R, and R, values of the two
anode composition investigated.

-15

-10 infiltrations
—60:40-8
infiltrations 0

Z,, (Q)

| 10 15 20
Z.(Q)

Fig. 4. EIS spectra of anodes with 0 infiltrations
(reference) and 8 infiltrations at 550°C

The insert shows the frequency dependence of
the impedance imaginary part for different
NiO/GDC ratios. This result indicated that both
scaffolds reached similar lever of performance via
infiltration and nano-decoration  with ionic
conductive GDC nanoparticles. The effect was due
to the higher degree of TPB extension on Ni rich
composition scaffold and cracks “healing” effect of
the infiltrated GDC. The nano-decoration provided
improved percolation more expressed at higher
temperature where GDC was contributing to both
ionic and electronic scaffold conductivity.

6 3

P

5

Fp

480 500 520 540 560 580 600 620
T(°C)

Fig. 5. Promotion factors F, and Fo vs. testing temperature
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CONCLUSION

It was demonstrated that the anode
microstructure can be successfully nano-engineered
by inkjet printing infiltration. The IJP infiltration
enabled high precision permeation of the GDC sol
ink allowing formation of GDC percolative nano-
decoration on the anode scaffolds. As modified
anode scaffolds showed significant enhancement of
their  electrochemical performance with the
activation polarization improvement factor for 8
infiltration/heating cycles reaching Fy = 4.95 which
led to equalization of the performances for both
anode compositions.
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[TPUJIOXEHUE HA MACTWUJIEHO-CTPYMHOTO MIPUHTUPAHE ITPU U3TOTBSHE U
MOINDPUKALIMA HA AHOAN 3A TBBPAOTEJIHMA 'OPUBHU KJIETKU

P.W. Tomos!", A. ®axkee!, TT.B. Muruen-Yunsamc!, M. Kpays?, P.B. Kymap?, B.A. I'nopanku’?
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Ioctenmmna Ha 25 centemspw, 201 7t.; [Ipuera Ha 17 oktomBpu 2017 .
(Pe3rome)

U3cnenpana Oe MPUIOKHUMOCTTA Ha MACTHIICHO-CTPYHHOTO TNPUHTHpPAaHE MPH H3TOTBSIHE M MOMU(UKALUS Ha
TBBPIOTEJHH FOPUBHH KIECTKH. MacTHIEHO-CTPYHHOTO NPUHTUPaHe BbB HeroBus Bapuant “Karka mpu moucksane”
npemiara Obp3, IECHO MaA0UPyeM B HKOHOMHUYECKU e(DEKTUBEH MBT 3a MPOU3BOACTBO OCUTYPSBAWKU PEIPOAYKTUBHO
reHepUpaHe Ha KalKH ¢ 00eM MEXIy HAHO-JUThP OO NMUKO-TUTHP ¢ Bucoka dectora (KHZ) m ckopoct (1-10 m/s).
EnekpoMarHuTHY MeYaTHH IT1aBU Os5Xa U3IOIBAHY 38 TCHEPAIUsI HA KallKU OT Pa3IMyHK MacTHjIa (JIOMUPaH IIEPUEB OKHLC,
HHKEJIOB OKHC) IPH IOKMCKBaHe. [IpUHTHpaIny [apaMeTpH Karo HasraHe W BpPEME 3a OTBapsiHE Ha [Iro3ara Osxa
M3CIIENBAHM C LeJ ONTHMH3ALKs Ha TEHepalusTa W OOoCTaBKara Ha Kankd. [lpecmenBaHo G¢ HaMassBaHETO Ha
HOJSIPU3ALHOHHATE 3aTyOu B aHOa HA TBBPAOTENHATA KIETKA Ype3 HAHO HH)KCHEPCTBO Ha CKeJleTa Ha enekrpona. bemre
OPHIOKEH METO/ Ha IPUHTHPAHE B JBE CTHIKH. [IbpBOHauanHo 6e ch3maneH mopuct enekrpoaeH ckener oT Gd:CeO,-
NiO. BB crieBaliys €Tamn HaHO JEKOPALUs Ha eJICKTPOIHMS CKeJIeT Oe MOCTHIHATA ¢ KOHTPOJIMPAHO NPUHTHPAHE Ha
Gd:CeO,. Taka wu3pabOTEHHTE CHMETPHYHH aHONHU KICTKH Osixa m3cmenBaHu ¢ Emekrpoxumuyna MmmenancHa
CHeKTpoCKOIHis C IeJ pa3KpHBaHE HA BPB3KaTa MEXIY MOBBPXHOCTHATA HAHO CTPYKTYypa M CICKTPOXHMMHUYHATA
akTUBHOCT. JlaHHUTE OT M3MepBaHusTa ¢ Enextpoxumuunara Mmmenancaa CeKTpOCKOMHS MOTBBPANXA 3HAUYUTEITHO
HaMasiBaHe U cOMMKaBaHe HA CTOMHOCTUTE HA apearHoTO CHElU(UYHO CHIIPOTHBICHHE HA MHQHUITPUPAHHUTE AHOIH
XapakTepusupanu ¢ pasnuuHo obemuo cwrotHomeHne Ha NiO/Gd:CeO,. Hacrosimoro wu3cnenBaHe IEMOHCTPHPa
BBH3MOXKHOCTTA 33 MOCTUTAHE HA 3HAYMTEIHO MOJO0OpEHHe HAa AaKTUBHOCTTA HAa TBBPJAOTEIHHTE TOPUBHU KICTKH Ype3
M3M0JI3BaHe Ha MPOCTA HHAYCTPHAIHO MalabupyeMa mpoueaypa.

KaiouoBu qymu: MacTHIICHO-CTPYIHHOTO IPUHTHPaHe, MHQUITpAIHs, HAHO AeKOpalus, JOIMUPaH LEPUEB OKHC
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Silver nanosized particles were prepared via original process. The obtained silver particles size varied between 10 to 50
nm with a shape that was mainly spherical. The UV-visible spectroscopy investigation showed Plasmon resonance peak
at between 440 and 470 nm for silver nanoparticles. Transmission electron microscopy study showed hexagonal and cubic
crystal structures of silver particles.In order to verify the catalytic activity of the obtained silver nanoparticles they were
incorporated in the active layer of the air gas-diffusion electrodes. The active layer of the gas diffusion electrode was
prepared via four methods. The catalyst activity of these electrodes was studied in three-electrode half-cell with Ag/AgCl
reference electrode using 4M NaCl solution as electrolyte. The results obtained showed stable operation of all electrodes
up to 50 mA/cm?, and for some — even up to 100 mA/cm?.

Key words: Ag nanosized particles, Ag catalyst, air gas-diffusion electrodes

INTRODUCTION

During the recent years there is increased
scientific interest toward the synthesis of nano
materials and their applications. In the scientific
literature there are many different applications of
metal nanoparticles in areas such as electronics,
optics and medicine. Recently, they are also used as
catalysts [1], electrode materials for lithium ion
batteries [2] as well as in the development of solar
cells [3]. There are different methods for the
production of silver nanoparticles [4], among them
electrochemical methods [5], photocatalytic
techniques [6] and chemical methods, particularly
those using external energy fields, the most common
being ultrasound [7] or microwaves [8].

Depending on the synthesis method and the
working  conditions, the  resulting  silver
nanoparticles may have different sizes and shapes
(spheres, cubes, tetrahedra, fibers, etc.).

Silver is known as one of the best catalysts for
the electrochemical reduction of oxygen in an
alkaline electrolyte [9-11]. Furthermore, silver
appears to present a great catalytic activity for the
heterogeneous decomposition of H.0.. H,0; is
generated during the operation of air electrode. Part
of it decomposes to H.O and 2 O: in the pore
volume of the electrode. This oxygen oxidizes
chemically the carbon surface and it is the main
reason for disruption of hydrophobic properties of
carbon catalysts. This phenomenon leads to

* To whom all correspondence should be sent.
E-mail: r.boukoureshtlieva@iees.bas.bg
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increased difficulties of the oxygen’s transportation
toward the electrochemically active centers of the
catalyst and deterioration of the electrode properties
in general. Therefore a highly active catalyst for the
heterogeneous decomposition of H,O, (silver for
instance) is required in the air electrodes. Another
part of H,O2 may migrate through the electrolyte and
its presence there even in small quantities, increases
the self-discharge of the metal electrode (Zn, Fe). All
these processes are very important for the operation
of the air electrode and even for some metal-air
system as a whole. Therefore, silver is used in air
gas- diffusion electrodes either purely or cast on
different carbon materials [12, 13]. Different studies
[9, 14-17] report about the use of silver catalysts cast
on materials with a high specific surface area, most
commonly activated carbon, in alkaline electrolyte-
operating gas-diffusion electrodes.

The purpose of this work is to investigate the
catalytic activity of ultrasonic silver nanoparticles in
air electrodes operating in a neutral electrolyte.
Various methods of depositing silver nanoparticles
on active carbon during the preparation of the
catalytic layer of air electrodes are used. The
polarization characteristics of the air electrodes have
been investigated for 20 days. In order to confirm the
catalytic ability of the silver particles obtained by
ultrasound, the results are compared with those of an
air electrode with activated carbon catalyst.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL
Silver nanoparticles synthesis methods

Silver nitrate (AgNOs, Sigma-Aldrich), ethyl
alcohol (96% C,HsOH, Valerus Co., Bulgaria) as a
reducing agent and 25% agueous ammonia solution
(NH4OH, Valerus Co., Bulgaria) were used to
synthesize silver nanoparticles. A 6 mM silver
nitrate solution was prepared using distilled water as
solvent. The solution was mechanically stirred for
about 10 minutes to complete dissolution of the
silver nitrate by means of the magnetic stirrer with
adjustable speed (Boeco MMS-3000). Without
stopping the stirring, 0.8 ml of ethyl alcohol and 0.8
ml of ammonia solution were added one after the
other to the solution. The total volume of the sample
was 100 ml. The resulting mixture was placed in an
ultrasonic bath model UST 2.8-100 (Siel Ltd.,
Gabrovo Bulgaria) with a power of 120 W for a
period of about
5 minutes until a color change from colorless to deep
yellow was detected. The temperature of the water in
the ultrasonic bath was kept constant
(50° C). The resulting samples were analyzed by a
UV-Vis (T60 Uv-Visible spectrophotometer) and a
transmission electron microscope (JEOL JEM 2100,
80-200 kV).

Gas-diffusion electrodes

The investigated gas-diffusion electrodes
consist of a gas-supplying layer (100 mg/cm?) and a
catalytic layer (20 mg/cm? and 30 mg/cm?). For the
preparation of the gas-suplying layer, a hydrophobic
material (carbon black P1042 and
polytetrafluorethylene (PTFE)) was made using the
procedure described in [18] and carbon paper. The
used carbon paper is a commercial product known
under the trade name (Freudenberg H2315) with
carbon based microspores layer on one side. The
thickness of the product was approximately 255um,
where the MPL (microspores layer) was only 50 to
55 wm. The through-plane ohmic resistance was 8
mQ.cm (by data from the provider) which made it
suitable for gas diffusion media in secondary
batteries.

Catalytic layers of active carbon (Norit NK-600
m2/gspecific surface area) only are prepared as well
as ones made using four different ways of applying
silver nano particles on active carbon, namely:

- impregnation of active carbon with silver
nanoparticle solution, 4% Ag;

- impregnation of active carbon with a
solution of silver nanoparticles (4% Ag) and
subsequent thermal treatment at 300 °C

- adsorption of silver nanoparticles on the
active layer of the gas diffusion electrode, 5% Ag;

- adsorption of silver nanoparticles on one-
sided hydrophobic carbon paper, 5% Ag.

Air electrodes of the same design and working
area of 10 cm? were prepared from the samples. The
electrochemical studies were performed by
measurement of polarization curves under half-
element conditions with an inert counter-electrode in
4 M NaCl at room temperature and working gas - air
(for 20 days). Ag/AgCl was used as reference
electrode.

RESULTS AND DISCUSSIONS

Characterization of Ag nanoparticles

On Fig. 1 a peak from UV-Vis spectrum is

observed at a wavelength of about 420 nm,

indicating the presence of spherical silver particles

in the solution.

Further studies were carried out with a

transmission electron microscope.
0.18 r

0.16

0.14 -

Abs

1 1 1

300 400 500 600 700

nm
Fig. 1. UV-Vis spectrum of a colloidal solution containing
silver nanoparticles

Fig. 2 (a) shows a general view of TEM sample
at a magnification of 40, 000 times where separate
evenly distributed particles are observed. There are
also agglomerates. Increase 200,000 times (Fig. 2
(b)) the magnification of agglomerate it is seen that
the dimensions of the individual particles are
between 10 and 20 nm. The electron diffraction
obtained via TEM is shown on Fig. 2. (c). The
diffraction gives a description of the crystal structure
of the silver nanoparticles. In this study it was found
that it is hexagonal.
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Fig. 2. TEM and diffraction images of silver nanoparticles synthesized using 6 mM aqueous solution of silver nitrate,
ethanol and ammonia in an ultrasonic bath.

The XRD pattern of mixture of Norit NK — Ag
nanoparticles is shown on Fig. 3. The broad peaks
type “halo” at about 25.5 and 42.8 20 are due to the
amorphous carbon (Norit NK). The sharp peaks are
related to the Ag particles. The low intensity of these
peaks is due to the small amount (4%) of Ag
nanoparticles. The comparison with PDF 04-0783
card proves the cubic structure of our nanoparticles.
The particles with hexagonal structure are probably
lower in compare with these with cubic structure,
and by this reason, the XRD shows only these
particles with cubic structure in the sample.

6000
Ag Ag on Activated carbon Norit NK

5000 Ag - PDF 04-0783

4000

cps

3000

Intensity
g

1000 -

10 20 30 40 50 60 70 80 90 100 110 120
20, degrees
Fig. 3. XRD pattern of Norit NK — Ag nanoparticles
mixture compared with cubic Ag standard

Application in gas-diffusion electrodes as catalyst

Fig. 4 shows the polarization characteristics of
air electrodes with three types of catalysts: active
carbon (Norit NK), the same active carbonactivated
by silver nanoparticle solution and the last thermally
treated after that at 300 °C.The electrodes have the
same gas-supplying layers and equal active layer
thickness made as a mixture of the respective
catalyst and hydrophobic material at a ratio of 2:1.
The amount of activating silver in the active layer of
the electrodes is the same - 0.56 mg/cm?. It is seen
from the graphs that the introduction of a small
amount of silver (4%) into the activated carbon
improves the polarization characteristics of the
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electrodes. The gas-diffusion electrode with catalyst
obtained by impregnating the active carbon with
silver nanoparticle solution and subsequently
thermally treated has better electrochemical
characteristics thanother two electrodes especially at
high current densities of over 50 mA /cm?.

500 —

electrolyte 4 M NaCl

thermal treated Ag active carbon

-500 |

‘

Potential vs. Ag/AgCIl, mV

-1000 |-
active carbon

Ag active carbon

1500 L1 L L L 1
] 50 100 150 200
Current density, mA/cm’

Fig. 4. Polarization curves of air electrodes with different
catalysts, electrolyte 4 M NaCl

Ten polarization measurements were carried
out on each of the electrodes under investigation
during a period of 16 days. For this period the
electrodes retain their working ability at a current
density of 50 mA/cm? as shown on
Fig. 5. This is more clearly seen in the electrode with
a catalytic layer obtained by thermal treatment of the
active carbon, impregnated with silver nanoparticle
solution.

Fig. 6 shows polarization curves of air
electrodes which have the same silver content (5%)
in the catalytic layers. They differ in the gas-
supplying layer and the way the silver nanoparticles
have been applied. In one case, the silver
nanoparticles are applied directly on the carbon
paper, while in the other - on the active layer (Norit
NK) of the gas-diffusion electrode.
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Fig. 5. Electrochemical behavior of the air electrodes at a

current density of 50 mA/cm?

The electrochemical reaction in the porous gas-
diffusion layer is taking place on the active centers
of the catalyst, located on the surface of the
electrolyte-filled pores. The inclusion of silver
nanoparticles by adsorption on active carbon results
in a more uniform distribution of the catalyst over a
large effective surface and an increase in its catalytic
ability. It can be seen that when silver nanoparticles
are deposited by adsorption on carbon paper, the
polarization of the electrode is higher.
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Fig. 6. Polarization characteristics of air electrodes with
silver catalyst and various gas-supplying layers

One of the major transport processes in the air
electrodes is the transfer of oxygen through the
electrode's gas-supplying layer. Hindrances in this
process are to a large degree determined by the
properties of the porous structure of the gas-
supplying layer. The difference in the polarizing
dependencies of the two electrodes is due not only to
the different ways of adsorption of silver
nanoparticles, but also to the differences in the type
of gas-supplying layers.

The transport hindrances of the oxygen through
the various gas-supplying layers and the influence of
the porous structure of a deposited catalyst are also
reflected in the duration of the air gas-diffusion
electrode operation. It is seen on Fig. 7 that during a
period of 20 days, with 10 polarization
characteristics carried out, the electrode with silver

nanoparticles applied on active carbon remains
stable at a current density of 50 mA/cm?.

T T T
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electrolyte 4 M NaCl

Ag adsorbed on GDE active layer

-600 |- .

Potential vs. Ag/AgCl, mV

-800 |- -

-1000 1 1 1 1 1 1 1 1 1
0

Days
Fig. 7. Electrochemical behavior of air electrodes at 50
mA/cm?2

The electrode  with adsorbed  silver
nanoparticles directly on carbon paper loses its
hydrophobicity immediately after the tenth
measurement. Disturbance of the hydrophobic
properties leads to "electrolytic breakthrough" —
passing of electrolyte through the electrode and
leakage through its gas-supplying layer. This is most
likely due to the large macro pores of the active
layer, providing quick and easy electrolyte access to
the carbon paper gas-diffusion layer.

CONCLUSION

The silver nanoparticles obtained by a new
method are suitable for use as catalysts in gas-
diffusion electrodes for Oxygen Reduction Reaction.

The good polarization characteristics of the
electrodes, the small amount of activating silver used
and the relatively easy preparation of the catalystsare
a prerequisite for their future widespread application
in different types of metal-air systems.
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HAHOPA3MEPHU Ag YACTHUIIN KATO KATAJIM3ATOP B TA30U®Y3MOHHN
EJIEKTPOJIA 3APEJIYKLIMS HA KUCJIOPO/]

B. b. Mnanenoa®?, 1. JI. Munymesa®, M. . Kbpuresa?, W. JI. Xunxos?, T. E. Craukynos’, I'. P. bopucos!,
P. U. Bykypenyiiesal

YUnemumym no enexmpoxumus u enepeutinu cucmemu, Bvieapcka akademus na naykume, yn. Axao. I'. Bonues., 61.10,
1113 Cogus, bvreapus
2 Kameopa ,, Muoicenepua xumus”, Xumuxomexunonozuuen u Memanypeuden ynusepcumem, 6yn. Kuumenm Oxpuocku Ne
8, 1756 Coghus , Pvreapus

ITocrpnuina Ha 11 centemBpu, 2017 r.; mpueta Ha 29 HoemBpH, 2017 T.
(Pestome)

W3non3BaH € OpUTHHAJIEH METOA 3a MojydaBaHe Ha cpeOBbPHHM HAHOpPA3MEPHH 4YacTHLM. YacTHUIMTE ca IJIABHO CBC
chepuyna dopma, kato pasmepute UM Bapupat mMexay 10 u 50 nm. Hampasenata UV-Vis CeKTpOCKONHUs MMOKa3Ba
a3MeH pezoHaHceH nuk mexnay 440 m 470 nm, koero e MHAMKalMsi 3a Hajlu4due Ha CpeObPHM HAHOYACTHIIM.
W3cnenBaHeTo upe3 TPAaHCMUCHOHEH €JIEKTPOHEH MMKPOCKON ITOKa3Ba, Y€ MMAT XEeKCAaroHalHa M KyOWdYHa KpHUCTallHa
CTPYKTypa.3a J1a ce MOTBBPAN KATATUTHIHATA aKTHBHOCT Ha IOJIyYeHHUTE CpeObPHH HAHOYACTHIM, T€ Ca BKIIOYCHHU B
AKTHBHUS CIIOM Ha Ta301U(y3MOHHM €IEKTPOAN. AKTHUBHUSAT CJIIOW Ha ra30Ju(y3HOHHUTE €NEKTPOAN € MPUTOTBEH MO
yeTHpH HaunHa. KaTanuTHyHAaTa akTHBHOCT Ha TE3W EJIEKTPOIM € M3CIie/[BaHa B YCJOBHUATA Ha IIOJIyeJIEMEHT B
exexktporut 4M NaCl u cpaBauteneH enekrpon Ag/AgCl. [Toryaenure pe3ynrartu moka3zaxa ctadbrmiHa paboTa Ha BCHIKH
enekTpoau 10 50 mA ¢cm?, a Ha HaKo# oT TaX 10 100 mA cm?,

KatouoBu nymmn: Ag HaHOpa3MEpHHU YacTHIH, Ag KaTaIu3aTop, Bb3IyIIEH ra301u(y3HoHEH eJIeKTPO
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The well-known proton conductive electrolyte yttrium-doped barium cerate BaCegssY0.1502.925 (BCY15) was used
as an anode ceramic matrix for synthesis of Ni-based cermet anode with application in proton conducting solid oxide
fuel cell (pSOFC). A cost-effective and energy-efficient wet-chemical reduction approach was presented by using of
nickel chloride hexahydrate as precursor, ethylene glycol as anhydrous medium, hydrazine hydrate as reducing agent
and alkaline solution as pH regulator. The characterization of the Ni-cermet was performed by Powder X-ray
diffraction, N2-physisorption and SEM techniques. The electrochemical properties of anode cermet were determined by
impedance spectroscopy after high-temperature sintering followed by reduction in hydrogen atmosphere.It was found
that the preparation of BCY15/Ni cermet in ethylene glycol medium leads to (i) Structure preservation of the proton
conducing ceramic matrix in the anode composite;(ii) Increase the specific surface area as result of metal Ni phase
formation, a precondition for existence of numerous active sites for fuel electrochemical oxidation; (iii) Obtaining of
homogeneous, nano-scaled, uniform distributed and non-agglomerated metal nickel particles.The cermet elaborated by
ethylene glycol assisted route possesses a capacity to be promising anode in BCY-based pSOFC devices because of the
anode ceramic matrixstructure preservation and demonstrated electrochemical performance.

Keywords: BCY15/Ni anode cermet; Ethylene glycol; Hydrazine; PXRD; SEM; Electrochemical impedance

spectroscopy.

INTRODUCTION

The anodes for protonic solid oxide fuel cells
(pSOFC) are often applied as composites
(mixtures) of the electron conducting electrode
material and the proton conducting electrolyte. One
of the most commonly used anode for hydrogen
oxidation is a porous cermet structure consisting of
two interpenetrating and interconnecting networks
of Ni-metal and electrolyte particles. Yttrium-
doped barium cerate BaCei1xYxOzs (BCY) with
ABOgsperovskite-type structure is known as a
widely applicable solid proton conductive
electrolyte [1-5].

Generally, the anode cermet is fabricated by
incorporation of NiOin theBCY electrolyte,
applying standard ceramic technology, namely
mixing, cold pressing and sintering, followed by
reduction of the anode before operation of the cell.
The low kinetics and high temperature, typical for
this approach results in obtaining of solids with low
homogeneity, presence of undesired secondary
phases and uncontrolled (and typically large)
particle size of low surface area [6]. Another

* To whom all correspondence should be sent.
E-mail: margo@ic.bas.bg

complication is the eventual formation of parasitic
phases at the electrode/electrolyte interfaces that
can limit the ionic migration, thereby increasing the
electrode polarization [7].

It was reported that the formation of small-
sized Ni particles in the Ni/YSZ cermet promotes
the development of fine continuous Ni network and
results in improvements in electrical conductivity
and porosity [8]. The existence of small Ni°
particles will provide for generation of numerous
catalytic sites for the hydrogen adsorption
provoking the enhancement of the anode activity.
Thereby, the usage of synthesis modes for
preparation of nano-sized metal nickel particles is
one of the solutions for better efficiency of the
anode cermet [9].

The preparation of fine nickel powders has
been investigated intensively by the reduction of
nickel salts in aqueous solution due to the good
solubility of nickel salts in water, the low reaction
temperature and the simple procedure [10]. A
successful synthesis route represents the wet-

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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reduction mode, using hydrazine (N-H.) where the
morphology of nickel powders, such as the shape
and the size of particles, the size distribution and
the degree of agglomeration, can be easily
controlled by the reaction parameter, the solvent
composition, the nucleation agent, the surfactant,
etc. [11-14]. Hydrazine is attractive reducing agent
for the preparation of fine nickel powder due to its
strong reduction properties in low temperature
range and high pH values. The temperature and pH
dependence of hydrazine reducing ability makes the
synthesis easily controllable [15, 16].

Hydrazine has a standard reduction potential
of —1.16V in an alkaline solution, represented by
the oxidation reaction (N2Hs+ 40H— = N2+ 4H20 +
4e—-) [15, 17]. Nickel, which has a standard
reduction potential of —0.25V, is consequently able
to be reduced by N.H: (2Ni**+ 4e— = 2Ni) [15].
Therefore, a chemical reduction of the Ni?* ion with
N2H4in basic environment at high pH (favorable to
form pure Ni nanoparticles) [14, 15]can be simply
shown in the following equation: 2Ni?*+ NaHs+
40H — 2Ni + N+ 4H;O. The reduction is
accompanied by gaseous nitrogen evolution,
followed by growth of Ni° particles. The degree of
reduction can be determined from the nitrogen
volume according to the above mentioned reaction.
Solution pH influences the synthesis of the nickel
nanoparticles. The discharge of the nickel nano-
powders is enhanced when the redox potential
increases because of the increasing pH of the
solution, by adding a strong base at a certain
temperature and constant nickel ion concentration.
In addition, it has been shown that black nickel
powder, cannot be produced if the pH is less than
9.5 [14, 15].

In our previous paper [18] the metal Ni was
incorporated in the anode ceramic matrix of
yttrium-doped barium cerate,
BaCeo,ngo,1502,925(BCY15) by wet-chemical
approach as an alternative to the traditional ceramic
method for pSOFC Ni-based cermet anode
preparation. The possibility of metal Ni
incorporation in BCY15 by wet-chemical reduction
with hydrazine route in an aqueous medium was
examined. It was found that Ni-anode cermet
demonstrated electrochemical performance similar
to that of commercial NiO-based anode cermets in
respect to the electronic conductivity of the Ni net.
It was established that the preparation of Ni-cermet
anode precursor in an aqueous medium results in
partial reorganization of the initial BCY15 structure
due to the hydrophilic properties of the used
ceramic matrix.
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Another approach for synthesis of nickel nano-
particles is the reduction with hydrazine in an
anhydrous environment [19]. In this regard, in the
so-called polyol process (polyol is an alcohol
containing functional OH groups), the ethylene
glycol (EG) as monomeric polyol serves as both
reducer and solvent.EG with a relatively high
boiling point (198°C) is a good dispersive medium
for starting reactants and as a good capping agent
with two OH groups, it can hold free metal ions
tightly in the solution [20, 21]. No metal Ni
particles can be formed in EG medium without
adding sufficient amount of hydrazine indicating
that Ni2*ions are reduced by hydrazine instead of
EG.

It can be expected that if the incorporation of
Ni in pSOFC anode ceramic matrix is performed in
EG medium a preservation of the anode ceramic
matrix in the BCY15/Ni cermet may be achieved.

EXPERIMENTAL
Sample preparation

BCY15/Ni-EG sample with a composition of
NiO/BCY15 = 44.4/55.6 (volume ratio) was
synthesized in non-aqueous surroundings by means
of Ethylene glycol anhydrous, 99.8% acquired by
SIGMA-ALDRICH.More detailed description of
the preparation procedure was presented in Ref. 18.
Briefly, this technique consists in obtaining of
BCY15/Ni cermet precursor powder by chemical
reduction of NiCl, with hydrazine. The role of EG
is to prevent a high affinity of BCY15 to water.

To get reference sample for the
characterization of BCY15/Ni-EG, unsupported
nickel denoted as Ni-EG, was also prepared in the
same manner, however in the absence of the anode
ceramic matrix.

Sample characterization

Powder X-ray diffraction (PXRD) data were
collected on an APD 15 Philips 2134 diffractometer
employing CuKo radiation (A = 0.15418 nm),
operated at U = 40 kV and | = 30 mA. The
crystalline phases were identified using Joint
Committee on Powder Diffraction Standards
(JCPDS) files.

The morphological studies were performed
using Electron microscope JEOL 6390 equipped
with INCA Oxford an energy dispersive X-ray
spectroscopy (EDS).

The texture characteristics were determined by
low-temperature (77.4K) nitrogen adsorption in a
Quantachrome Instruments NOVA 1200e (USA)
apparatus. The nitrogen adsorption—desorption
isotherms were analyzed to evaluate the specific
surface area, determined on the basis of the BET
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equation. The samples were outgassed for 16 h in
vacuum at 80°C before the measurements.

For in situ analysis of the Ni network
performance an impedance approach for direct
measurements of the Ni cermet electronic
conductivity in the classical Ni-YSZ was applied
[22]. The electrochemical impedance measurements
were performed on IVIUM - CompactStat €10030
in the temperature interval 100-750°C and
frequency range 1 MHz—0.01Hz with a density of 5
points/decade and amplitude of the AC signal 1 mA
in reduction atmosphere. The testing is performed
on single “bare” anodes sandwiched between two
Ni contact nets. The direct analysis starts in the
beginning of the reduction stage at 750°C. In this
way, the electronic conductivity is directly
measured giving accurate information regarding the
nickel network formation in the bulk anode
structure.

RESULTS AND DISCUSSIONS

The PXRD patterns of BCY15 (Fig. 1a) show
the presence of a single phase that can be attributed
to orthorhombic pervoskite, isostructural with
BaCeO; (JCPDS file 00-022-0074) and yttrium
doped analogue, BaCeogY010295(JCPDS file 01-
081-1386). The recoded well-formed reflections
BaCeQ; are in agreement with the calculated mean
crystallite size of 150 A. No diffraction peaks due
to Y03 phase are registered indicating that yttrium
ions are incorporated into the perovskite lattice
[18].

As it can be seen from the diffractogram of
BCY15/Ni-EG (Fig. 1b), the typical reflections of
the metal Ni with cubic lattice symmetry (fcc)
according to standard of metal Ni (JCPDS file 00-
004-0085) and reference patterns of sample Ni-EG
(Fig. 1c) are observed. Furthermore, the respective
20angles of the characteristic peaks of BCY15 in
the BCY15/Ni-EG sample have no changes
compared to the original BCY15 perovskite,
indicating that no excrescent reactions taken place
during the BCY15/Ni-EGpreparation and good
chemical compatibility between the BCY15 and
metal Ni.

The calculated metal Ni lattice parameter (a)
and the metal Ni cell volume (Vcer) of BCY15/Ni-
EG are presented in Table 1, displaying values
similar to those of standard metal Ni (JCPDS file
00-004-0850). A difference in the intensity of the
metal Ni reflections going from BCY15/Ni-EG to
unsupported reference Ni-EG sample is detected,
showing a different degree of crystallinity.

Intensity (count)

Ni x BaGO3
- B3C903

—_
NEDOONED
TTrrrrTrererrri

Intensity (count)

Intensity (count)

20 30 4 50 60 70 80 90 100

20 {degree)
Fig. 1. PXRD patterns of BCY15 (a), BCY15/Ni-EG (b)
and Ni-EG (c) solids

The positive role of the BCY15 presence in the
anode composite on the metal nickel dispersion is
clearly demonstrated by the values of the bulk
mean Ni° crystallite sizes (L) estimated from the
full-width at half-maximum value of the most
intensive peak of the Ni® phase (111) situated at 20
~ 44.5°, The data collected in Table 1 discloses the
smaller size of metal Ni crystallites in BCY15/Ni-
EG (130 A) in comparison with those of
unsupported reference sample Ni-EG (220 A). On
another hand, the smaller mean Ni° crystallite size
of BCY15/Ni-EG than that one in analogue sample,
prepared in water (157 A) [18] illustrates the
dispersive role of EG medium.

Well-organized reflections of orthorhombic
BaCeOs; phase are also recorded with the as-
prepared BCY15/Ni-EG(Fig. 1b) as opposed to the
sample prepared in water [18]. PXRD analysis
unveils only a few low in intensity reflections
ofBaCO; phase with orthorhombic lattice symmetry
(JCPDS file 00-045-1471). The observed
phenomenon evidences for the preservation of the
ceramic matrix BCY15 structure during synthesis
of the Ni-based anode sample in EG environmen.
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Table 1. Lattice parameters of metal Ni and NiO obtained after treatment of BCY15/Ni-EG in different atmospheres

BCY15/Ni-EG Reference JCPDS files
Parameter as-prepared® sintered® post- aNi° NiO
impedance?  (00-004-0850)  (00-047-1049)
a (&) 3.5056(15)  4.1788(17)  3.5269(9) 3.5238 41771
Veanl (A%) 43.083(56) 72.97(11)  43.87(34) 43.76 72.88
L(A) 130.0(92) 153.027)  248.1(19) - -

N2-physisorption analysis reveals that BCY15
anode matrix is a typical macroporous material
such is confirmed from type of its isotherm (Fig.
2a), Il Type characteristic of aggregated powders as
clays, cements, etc. [23].
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Fig. 2. Adsorption—desorption isotherms of BCY15
(a) and BCY15/Ni-EG (b) solids

The observed very narrow hysteresis loop
displays presence of some mesopores on the surface
which are termed as Type Ilb exhibiting Type H3
hysteresis. Type H3 hysteresis loop is a distinctive
of aggregates of platy particles or adsorbents
containing slit-shapes pores [23].

The character of the isotherm type is preserved
after incorporation of Ni?* ions subsequent by
reduction to the metal Ni state (Fig. 2b). The clearly
detected hysteresis (H3 type) for BCY15/Ni-EG
confirms generation of new mesopore system from
metal nickel phase on BCY15. This finding
corresponds to increase in the BET surface area
from 3 m?/g for BCY15 to 11 m?/g. The three and a
half times increase in BET surface area is a
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precondition for existence of numerous surface
active sites where the electrochemical fuel
oxidation is carried out.

The microstructure observations by SEM
indicate that anode matrix BCY15 possesses
relatively homogeneous porous structure. The
powder surfaces consist of randomly distributed
particles similar in kind and shape (Fig. 3a).The
deposition of metal nickel on BCY15 surface does
not altered the morphology of the ceramic matrix
(Fig. 3b).

X30,000 0.5pm

X2,000 10pm

Fig. 3. SEM micrographs of BCY15 (a) and BCY15/Ni-
EG (b) solids

The image of BCY15/Ni-EG show -easily
recognizablemono-dispersed spherical Ni° particles
(Fig. 3b). The surface is composed of identical in
shape fine-grained particles signifying that the
synthesis in EG medium induces obtaining of
precursor with smaller particle size than in water. It
may be remarked also that  single
independentfragments of BCY15 anode matrix are
not recorded on the surface of BCY15/Ni-EG as in
the case of the analogue sample prepared in water
[18]. This result prompts higher sample
homogeneity and uniform distribution of the metal
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nickel particles on the perovskite phase in
BCY15/Ni-EG.

The surface elemental analysis performed by
Energy Dispersive Spectroscopy (EDS) is presented

in Table 2. The marked areas in both images
documented the presences of all the elements from
the sample composition. The Ba/Ce ratio evidences
the preservation of BCY15 structure.

Table 2. The surface elemental analysis of the studied solids

Element (wt. %) 0 Ni Ba Ce Y Ba/Ce
BCY15 16.54 - 42.34 36.95 4.17 1.145
BCY15/Ni-EG 10.99 62.44 13.38 11.84 1.35 1.130

The characterization data suggest that the
preparation of supported on BCY15 Ni-based
cermet anode by EG assisted synthesis approach
leads to the preservation of the proton conducing
ceramic matrix in the anode composite. The metal
Ni phase provides the required catalytic activity and
electronic conductivity for the oxidation of
hydrogen fuel. It is of significant importance the
existence of BCY15 phase in the cermet because it
plays an essential electrocatalytic role in the
creation of additional reaction sites where the anode
reactions may occur, providing a conductivity
network for H* ions and extends the triple-phase
boundary (TPB) length, thereby resulting in
improved electrode performance in addition to the
inhibiting of the coarsening and grain growth of the
metal Ni particles [1, 7, 24].

For analysis of the Ni network quality in the
structure of a real anode, the standard ceramic
technology was used for the preparation of pressed
tablets from BCY15/Ni-EG (cold pressing. 3t/5
min), followed by their sintering in air at 1200°C
for 5 h. The volumetric shrinkage of the tablet
didn’t exceed 6%. Because the NiO phase is
reduced to the metal Ni in a separate step, the
sintering of cermet at lower temperatures than
1200°C can induce poor performance due to poor
connectivity in the electrolyte.

PXRD patterns of sintered BCY15/Ni-EG
(Fig. 4a) exhibits thin and intensive reflections of
well-crystallized NiO phase with lattice parameters
(a and V) close to the standard NiO (JCPDS file
00-047-1049) (Table 1). Well-defined diffraction
lines of BaCeQj3 phase are also detected, signifying
presence/preservation of the perovskite structure.
Furthermore, an appearance of very low in intensity
diffraction lines characteristics fororthorhombic
Y,BaNiOs oxide phase is documented (JCPDS file
00-047-0090). Likewise, a poorly crystallized
BaNiO,3¢ phase with hexagonal crystal symmetry
(JCPDS file 00-047-0089) was identified in
sintered sample, prepared in water [18]. Similar
results was reported for sintered BZY20/NiO
proton conducting ceramic which contains second-
impurity phases as BaNiOy (2<x<3) and Y;BaNiOs,
that host unincorporated Ni?* ions into BZY [25].

A comparison of the NiO mean particle size
shows larger values in BCY15/Ni-EG (153 A) than
that one in analogue sample, prepared in water (124
A) [18] which corresponds with the better
crystallization of NiO phase in BCY15/Ni-EG.
Nevertheless, it may be noted that the sintering
prompts formation of nano-metric NiO particles
(Table 1) dispersed over the BCY 15 matrix.

The next stage for BCY15/Ni-EG cermet
formation represents a step-wise standard reduction
procedure, performed at 750°C with a
H2/N2gaseous mixture. The first reduction step was
accomplished with gaseous mixture of N (flow rate
of 35 nml/min-.cm) and gradually increasing
portions of H, (flow rate of 10 nml/min-cm2). This
treatment results in reduction of NiO surface until
to formation of the Ni net. The second reduction
step concerns treatment only with H; gas (flow rate
of 35 nml/min-cm2) for 60 min.
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Fig. 4. PXRD patterns of BCY15/Ni-EG after sintering

(a) and after impedance measurements (b)

The impedance measurements shows thatprior
to the reduction (0 min) the resistance of
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BCY15/Ni-EG is changed in large interval from
180 to 215 Q(Fig. 5a) in comparison with the
cermet prepared in water that demonstrates a fairly
low resistance of 31.5 Q [18].

The reduction of BCY15/Ni-EG (Fig. 5b)
starts at 11 min after the beginning of the process
and displays similar resistivity to the cermet,
synthesized in water medium, which reduction
starts at 8 minute [18]. Thereduction progression of
BCY15/Ni-EG proceeds slowly and after 37
minutes from the beginning of the reduction, the
resistance of Ni net drops down to 52 mQ. The
resistivity value remains unchanged until the end of
the reduction cycle of 137 minutes. Inversely, the
reduction of cermet prepared in water advances
more rapidly thus the resistance of Ni net decreases
down to 70 mQ for about 20 minutes and remains
unchanged until the end of the reduction cycle of
123 minutes [18].
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Fig. 5. Impedance diagrams measured during the
reduction of BCY15/Ni-EG cermet before the beginning
of the reduction (a) and after 11, 14, 37 and 137 minutes
of reduction (b)

A comparative analysis allows to be noted that
BCY15/Ni-EG exhibits improved electrochemical
performance than the analogue cermet synthesized
in water because at the end of reduction cycle, the
resistivity of BCY15/Ni-EG reaches lower value
than the prepared in water cermet.

A possible explanation of the demonstrated
electrochemical behavior may be found in the
results obtained from PXRD experiments of the
sintered and post-impedance (reduced) cermets.
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Sintering of the cermet prepared in water leads
to the obtaining of rather complex material
consisting of NiO and BCY15 perovskite as
prevailing  phases, and  BaNiO,3  and
Yo0.10Ce0900195 as impurity phases [18]. After
reduction/impedance, reflections of metal Ni along
with these corresponding to BaCeQOgs, BaNiO2.3 and
Yo010Ce0900195s phases were registered. The
existence of hexagonal BaNiO.3s phase indicates
that the incorporated Ni ions into BaNiO:3s cannot
be reduced to the metal state at temperature of
750°C. This explains a shorter time of about 20
minutes needed for reduction only of the Ni?* ions
included in the NiO phase.

The relatively slow reduction of sintered
BCY15/Ni-EG (37 minutes) may be ascribed to the
reduction of Ni?* ions from dominant NiO phase
assisted by the reduction of Ni?* ones that exist
within the Y;BaNiOs second-phase (Fig. 4a).

PXRD patterns of post-impedance BCY 15/Ni-
EG cermet (Fig. 4b) displays only reflections of
well-organized cubic metal Ni along with BCY15
perovskite structure.Apparently, the Ni?* ions
incorporated in  Y:BaNiOs second-phase are
completely reduced to the metal Ni suggesting high
purity and absence of parasitic phases which may
affect the cermet conductivity.The results obtained
demonstrate the advantage of the EG assisted
synthesis method.

The calculated metal Ni lattice parameter
values of post-impedance BCY15/Ni-EG cermet
are comparable to these of the standard metal Ni
(Table 1). The estimation of the mean metal Ni
crystallite sizes (L) from the full-width at half-
maximum values of the (111) diffraction lines at 26
~ 44.5° reveals that the reduction/impedance causes
growth of the initial metal Ni crystallites being also
in nano-metric scale.

The slightly longer reduction time for
BCY15/Ni-EG cermet induces formation of
relatively larger metal Ni particles (248 A) in
comparison with these one of the cermet prepared
in water (231 A) [18].

CONCLUSIONS

The synthesis of Ni cermet in non-aqueous
medium preserves the proton conducing ceramic
structure in the anode composite thus suppresses
the thermally induced coarsening of metal Ni
particles thereby ensures their dispersion; increases
the specific surface area as a result of the metal Ni
phase creation enhancing the number of active
sites, which is a precondition for improved
electrochemical performance of the anode cermet.

The wet-chemical reduction mode using
hydrazine is a cost-effective and energy-efficient
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promising route for metal Ni incorporation in the
BCY15 anode ceramic matrix providing
homogeneity and uniform distribution of the nano-
scaled metal Ni particles.

It may be concluded from this study that the
cermet elaborated by ethylene glycol assisted
approach possesses a capacity suitable to be used as
anode in BCY-based pSOFC devices because of the
anode ceramic matrixstructure preservation and
improved electrochemical performancein
comparison with Ni-cermet prepared in water
medium.

Acknowledgment: The research leading to these
results has received funding from Bulgarian NSF
under grant No E02/3/2014.
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BBBEXIAHE HA NiB AHOJHATA KEPAMUYHA MATPUIIA HA TIPOTOH
[IPOBO/ISILIY TBBPIOOKCUAHN FTOPUBHU KJIETKU: YACT II. MOKPA XUMUYHA
PEJYKLINSA B BE3BOJIHA CPEJIA

M. B. I'a6poscka®*, JI. A. Hukonosa!, E. A. Mnanenosa?, JI. E. Bnanuxosa?,
C. K. Pakoscku?, 3. b. CtoitHOB?

Uncmumym no xamanusz, Bvreapcka axademus na naykume, yi. Axao. I. Bonues, 6a. 11, 1113 Cogpus, Bvreapus
2Akao. Eszenu Byoescku Hncmumym no enekmpoxumus u enepeutinu cucmemu, bvizapcka akademust na naykume, yi.
Axao. I'. bonues, 6n. 10, 1113 Coghus, bvreapus

[Toctenuna Ha 26 maii, 2017 r.; npueta Ha 25centemspu, 2017 .
(Pestome)

JloOpe W3BECTHHAT MPOTOH IMPOBOJSILI €JIEKTPOJIUT UTpHUl-moTUpaH OapueB nepar, BaCeossY0.1502025 (BCY15) e
M3MO3BAH KAaTO aHOJHA KepaMHYHA MATPHUIA 3a CHHTEe3 Ha Ni KepaMHUYCH aHOJ C MPUIOKEHHE B MPOTOH MPOBOISIIH
TBBPJOOKCHIHU TOPHBHH KJIeTKH. IIpencraBeH € peHTaOWICH U CHEpPruiiHO-e()eKTUBEH METOX Ha MOKpa XHMHYHA
PEIoyKUKs MPU HU3IOJI3BaHE HA HUKENIOB XJOPHJ XEKCaxXHIpaT KaTo MPEeKypcop, eTHIICH MIIMKOJ KaTto 0e3BOoiHA cpena,
XUAPa3UH XUIpPAT KaTo peaylupal] areHT W alKaJleH pa3TBop karo perymatop Ha pH. Oxapakrtepusupanero Ha Ni
KEpMET € HM3BBPIICHO 4Ype3 NpaxoBa IU(PaKiHs HA PEHTTCHOBH JIbYM, HHUCKOTEMIICpAaTypHa cOpOLMS Ha a30T U
CKaHWpamia eNeKTPOHHa MUKPOCKONMHUs. ENeKTpOXMMHYHUTE CBOWMCTBa ca M3CICIBaHM 4Ype3 HMIICAAHCHA
CIIEKTPOCKOTIHS CIIe]] BHCOKOTEMITEPATypPHO CHHTEPOBAHE M PEAYKIUSA C BOJAOPOA. YCTAHOBEHO €, Y€ MOTyYaBaHEeTO Ha
BCY15/Ni kepMeT B mpHChCTBHE Ha €THIICH TIHMKOJ Boau 10 (i) 3amasBaHe CTpyKTypara Ha MPOTOH MPOBOJIIATA
KepaMHUYHATa MaTpuila OT aHogHaTa kommnosunus;(il) YBenuuaBaHe Ha crenu(puYIHATA TOBBPXHOCT B PE3yATaT OT
obpa3yBaHe Ha MeTallHaTa HHKENOBa (pasa, KOETO € MPENOCTaBKa 3a HAJHYHE HA TONSIM Opoii aKTWBHHU IIEHTPOBE 3a
CIEKTPOXMMHUYHOTO OKHCIeHHe Ha ropuBoTo; (iii) IlomydaBaHe Ha XOMOTEHHH, HAHO-pa3MEPHH, PaBHOMEPHO
pasmpesieicHd W He arjioMepUpaHd METalHW HHUKEJIOBH dacTui.KepMeThT, MoiyueH B cpela Ha €THIICH TIHKON
NPUTEKaBa KauecTBa, KOMTO IO MPaBAT noaxomsuy karo anoq B BCY 15 npoToH npoBoIsy TBEPIOOKCHIHN TOPHBHH
KJICTKH TTOpaJy ChXpaHsIBaHe CTPYKTypaTa Ha aHOJHATA KepaMUYHa MaTPHLA U HETOBOTO EIESKTPOXUMHYHO MOBEJICHHUE.

Karouosu xymm: BCY 15/Ni aHOonmeH kepMeT, etwiieH raukon, xuapasue, PXRD, CEM, EnekrpoxuMudHa uMmeaHcHa
CIEKTPOCKOITUS
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One step solid-state synthesis of lanthanum cobalt oxide perovskites as catalysts for
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Lanthanum cobalt oxide perovskites exhibit good catalytic activity and stability towards oxygen evolution reaction in
alkaline media. This makes them especially attractive as electrodes for water electrolysis since they may substitute the
more expensive ones used so far, such as iridium and ruthenium oxides. Although various preparation methods are well
documented in literature, the fabrication of lanthanum cobalt oxides is often laborious, involving intermediate grinding
and annealing steps. Different from that, we show that lanthanum cobalt oxide perovskites can be readily and thoroughly
obtained by solid-state synthesis from lanthanum and cobalt oxide precursors, without making use of intermediate
processing steps. The resulted powders are essentially within a polycrystalline single phase with well-defined structural
and morphological properties. In order to assess the activity towards the oxygen evolution reaction, electrodes obtained
from the resulted powders are investigated in a three electrode electrochemical cell in 1IN KOH.

Keywords: water electrolysis, perovskite, solid-state synthesis

INTRODUCTION

Although the initial discovery of water
electrolysis has been demonstrated in acidic aqueous
solutions, nowadays trend towards mass production
of hydrogen involves alkaline media, such as
potassium hydroxide [1]. When compared to acidic
media, the advantage of water electrolysis in alkaline
solutions is the increased hydrogen production
efficiency and corrosion resilience, together with a
prolonged life time performance since the alkaline
water electrolysis may be operated at much lower
over-potentials and current densities [2]. Apart from
that, the possibility to substitute platinum-based
catalysts for less expensive materials (e.g., nickel
and cobalt oxide) with enhanced catalytic activity
and stability towards hydrogen and oxygen
evolution reactions makes it especially attractive
from an applicative point of view, since the
manufacturing of large scale operating hydrogen
production stations often demands laborious and
expensive processing routes for the catalytic
material [3,4].

Among various platinum-free catalysts, the
most promising ones are the oxides of the 3d-band
transition metals, with an activity trend towards
oxygen evolution reaction varying such as: Ni > Co
> Fe > Mn [2-5]. Although mixtures and alloys of
these transition metals and their oxides exhibit
valuable potency towards oxygen evolution reaction,
it is the perovskite-like crystalline structure of these
elementals with lanthanum in the form of LaTMO;

* To whom all correspondence should be sent.
E-mail: stanica.enache@icsi.ro; **mirela.dragan@icsi.ro

(i.e., TM - Ni, Co, Fe and Mn) that has attracted a lot
of interest lately, mainly due to their enhanced ionic
conductivity and stability in alkaline media [6]. In
literature, these systems documented as ABO;
perovskite structures, in which A ions can be rare
earth, alkaline earth and alkali that fit into
dodecahedral sites of the crystalline lattice, whereas
the B ions can be 3-, 4- and 5d-transition metal ions
which occupy octahedral sites [3]. The perovskite
lattice can accommodate multiple substitutions on
both A and B sites, making it possible to fine tune
the overall physical properties, such as ionic
conductivity and dielectric constant, as well as
chemical stability and activity towards oxygen
evolution reaction. One special case is LaCoQOs,
whose microstructure, catalytic activity, electronic
and ionic conductivity depend strongly on the
synthesis route. To that, oxygen deficiency plays an
important role [3,7].

As a direct synthesis route, LaCoOs perovskites
can be prepared by solid-state reaction of pure
lanthanum and cobalt oxides, carbonates and
oxalates at temperatures as high as 1200°C [8]. The
procedure often involves intermediate processing
steps such as calcination to remove residual solvents
and organic contaminants and intermittent grinding
to homogenize the mixtures. The resulted powders
are inhomogeneous and coarse, with non-uniform
particle size distribution. In order to overcome that,
wet chemical methods such as sol-gel [9], co-

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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precipitation [10] and hydrothermal methods [11]
have been employed to synthesise LaCoO3; powders
with desired stoichiometry, particle size and even
shape. However, several disadvantages have been
noted with these techniques such as the evaporation
of solvents resulting in phase segregation and the
alteration of stoichiometry due to incomplete
precipitation, expensive chemicals and time-
consuming processes. Alternatively, the combustion
of a precursor solution containing metal ions,
oxidant and a fuel leads to fine crystalline powders,
with homogeneous particle size distribution (i.e.,
around 10 - 15nm) [12]. Although the combustion
method is suitable to obtain catalytic LaCoOs
powders with high specific area (i.e., as high as
80m?/g), it turns out that it demands an elaborate
preparation procedure, involving corrections for the
oxidant-to-fuel ratio and for the pH of solution.
Moreover, the inherent contamination with carbon
upon the auto-ignition process requires a post-
processing annealing step at 1250°C, which leads to
grain coarsening and sintering, eventually [9, 12].

In this work, we show that LaCoO3; powders can
be directly and thoroughly obtained by one step solid
state synthesis in air from lanthanum and cobalt
oxides upon heat treatment at most 8 hours and
temperatures not higher than 1000°C, without
making use of intermediate processing steps. The
resulted powders are essentially within a single
crystalline phase (i.e., with hexagonal R-3c crystal
symmetry) that consists of micro-meter sized grains
which may also exhibit a slight difference in oxygen
deficiency [12]. This is important since oxygen
deficiency is often associated with anincreased ionic
and electrical conductivity, as well as an enhanced
catalytic activity towards oxygen evolution reaction.
In order to assess the activity towards the oxygen
evolution reaction, electrodes obtained from the
resulted powders are investigated in athree electrode
electrochemical cell in 1IN KOH.

EXPERIMENTAL

LaCoOj3; powders are obtained by conventional
solid-state reaction. For that, equimolar quantities of
La;,03 and Co304 (i.e., from Aldrich, with >99.8%
purity) were mixed and ground thoroughly in agate
mortar using alcohol as lubricant (i.e., isopropanol,
with >96% purity from Chimopar SA). The powder
was then let to dry out and placed in alumina (i.e.,
Al,0s3) crucibles, moved to furnace and fired in air at
different temperatures between 600°C and 1000°C
for 8 h, with a heating / cooling rate of 2°C/min.

Differential scanning calorimetry (DSC) and
thermo-gravimetric (TG) measurements are carried
out on precursors and their equimolar mixture. For
that, we make use of a modular Thermogravimetric
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Analyzer STA 449 F5 Jupiter® from NETZSCH-
Gerdtebau GmbH that allows to measure the heat
flow and the mass loss simultaneously, upon heat
treatment and under specific conditions (i.e. in air).
The instrument is equipped with Proteus® software
to carry out the measurement and for data evaluation.
The DSC/TG curves are recorded up to 1000°C, with
a temperature heating rate of 10°C/min. From that,
the precursor stability and perovskite formation
temperature are determined upon heating,
respectively.

Crystalline structure of thermally treated
powders is evaluated by X-ray diffraction using a
MiniFlex 600 Rigaku with fixed Ni filtered Cu
anode and rotating silicon strip detector. 20 scans are
performed between 26 =5° and 90°, with a speed of
1°/min and resolution of 0.01°/step. The XRD peaks
are indexed by using the Inorganic Crystal Structure
Database (ICSD). Lattice constants and quantitative
values for the identified phases are obtained from fit
to the corresponding XRD spectra by using the
PDXL powder diffraction analysis package from
Rigaku.

Morphology of as-prepared powders is studied
by using a Zeiss Evo 50 XVP scanning electron
microscope (SEM) with LaB6 cathode enabling 2
nm resolution. For that, the powder is dispersed in
distilled water by using an ultrasonic bath and drop-
cast on a conducting double faced carbon tape.
Additionally, x-ray dispersive electron spectroscopy
(EDS) is used to determine stoichiometry.

The electrochemical assessment of perovskite
LaCoQs catalysts is carried out in a three electrode
configuration in 1N KOH aqueous solution at room
temperature, with Pt wire as counter electrode and
3M Ag/AgCI electrode as reference (i.e., +0.196 V
vs. REH). The working electrode is made out of
compacted mixtures of LaCoOs powders with Teflon
on Ni foam used as support. To measure the I-V
curve, currents up to 100 mA are applied between
the working and counter electrodes, whereas the
corresponding potential drop between the working
and the reference one is measured by using a multi-
meter.

RESULTS AND DISCUSSIONS
Precursor analysis

The thermal analysis results indicate that Cos04
is stable up to 1000°C. The La>Os precursor exhibits
mass loss upon heating; i.e., up to 1.38 wt.% at
temperatures as high as 350°C. This is associated to
the decomposition process of La(OH); to LaOOH as
an intermediate phase. From that, La,O; forms
readily at about 720°C. These features are in
agreement with previous studies [13]. At
temperature as high as 750°C, the equimolar mixture
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of precursors exhibits the onset of perovskite phase
formation.

In order to have a clear view on solid-state
synthesis process of perovskite LaCoOs from
lanthanum and cobalt oxide, the structural and
morphological properties of precursors are
investigated by x-ray diffraction (XRD) and
scanning electron microscopy (SEM). The results
are shown in Fig. 1, together with the corresponding
XRD spectrum measured on powder mixture.

La(OH), La,0, Co,0,
T T
mixture
3
© "
~—
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(2}
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£
) o,
1 L s
25 30 35 40 45
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Fig. 1. X-ray diffraction characterization of the
lanthanum and cobalt oxide precursors and their
equimolar mixture. The main Bragg reflections of the
La(OH)s, La,03 and Co304 phases are indicated.

In Fig. 1, the XRD data measured on C0304
powders indicate that the precursor is single-phase,
with cubic crystal symmetry (space group Fd-3m)
[14]. The lattice constant value obtained from fit to
data is a = 0.8083 nm. Different from that, the
lanthanum oxide precursor exhibits the features of a
mixed phase, which consists of hexagonal La(OH)s
(space group P63/m) [15] and tetragonal La,O3
(space group P-3m1) [16]. The corresponding lattice
constant values are a = b = 0.6529 nm and ¢ =
0.3859 nm for La(OH); and a = b = 0.3937 nm and
¢ = 0.6132 nm for Lax0s.

The co-existence of La(OH)sz and La;Os phases
within the lanthanum oxide precursor is in essence
related to a high affinity of the hexagonal La,Os
phase to partially decompose and form La(OH)s at
the grain boundary interface, upon exposure to air.
From TGA data, the residual hydroxide phase is
found to be ~1.38 wt.%. However, in order to restore
stoichiometry, lanthanum oxide powders are often
subjected to a calcination step at temperatures above
600°C. This also assures that water and organic
contaminants are removed so as mixed powders of
lanthanum and cobalt oxides with desired
stoichiometry can be prepared. In our case, we do not
make use of that, since the stoichiometry deficiency
may always be compensated by adding the molar
equivalent of 1.38 wt% Co030..

Fig. 2. SEM micrographs of lanthanum oxide in a) and
cobalt oxide in b) powders used in this work.

In Fig. 2, we show the SEM micrographs of the
lanthanum and cobalt oxide powders used in this
work. They exhibit different degrees of clustering,
owing to their intrinsic morphology. For instance,
lanthanum oxide has chalky aspect, which is most
probably due to lanthanum hydroxide presence at the
grain boundary interface. Different from that, cobalt
oxide powders consist of nano-meter sized grains
which are self-organized in bulky conglomerates due
to their high surface energy.

Solid-state synthesis of perovskite LaCoOs

For the solid-state synthesis, the alumina
crucibles containing the equimolar mixture of
precursors are heat-treated at temperatures between
600°C and 1000°C for 8 h, with a heating rate of 2
°C/min. After each treatment step, the structural
properties are investigated by x-ray diffraction in
order to monitor formation and evolution of the
perovskite LaCoOs phase at the expense of precursor
consumption. The XRD data indicate that the
lanthanum hydroxide phase is vanished upon heat-
treatment at 600°C. This feature indicates that the
perovskite LaCoOs phase forms readily from La,Os
and Co30a.

In Fig. 3, we show the XRD spectra measured on
powders thermally treated at the selected
temperatures. Together with that, the diffraction
peaks corresponding to La,0s, Cos0. and LaCoOs
are indicated. The XRD data show that the
perovskite LaCoQOj3; phase forms upon heat treatment
at 750°C and grows gradually with increasing
temperature, up to 1000°C. This is accompanied by
a gradual decrease of the peak intensities of the
precursor phases (i.e., La20s; and Co30.). Upon heat
treatment at 1000°C, the resulted powder is
essentially within a single phase, which corresponds
to perovskite LaCoOs with trigonal crystal
symmetry space group R-c3 [17]. The lattice
constant values obtained from fitto dataarea=b =
5.444 nm and ¢ = 13.102 nm.

As a general rule, XRD spectra measured on
mixed powders present all Bragg reflections of the
constitutive phases. The relative intensity values of
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their main peaks mediated by their corresponding
areas is a quantitative measure of the degree of
mixture in these powders. One can use that to de-
convolute the XRD spectra in order to obtain
valuable information on the amount of each phase
present in powder mixtures. For instance, we use that
to analyze the XRD spectra in Fig. 3 to determine the
amount of LaCoOs formed upon solid-state
synthesis at the given temperatures. The results are
shown in Fig. 4. Note that solid-state synthesis of
LaCoO;3 is a thermally activated process whose
kinetics depends strongly on the synthesis
temperature. This is essential since the grain
coarsening during the synthesis process may be
controlled by dwelling at lower temperatures in
order to obtain powders with smaller particle size.

La,0, LaCoO, Co,0,

M »_.1000°C
—~
- . ] Z A 900°C
-
%)
[ 0
9 A AJ\ A A 800°C
£
LA A A A 750°C ]
25 30 35 40 45

20 ()
Fig. 3. Temperature dependent x-ray diffraction spectra
measured on equimolar mixtures calcined at the
indicated temperatures. The peaks corresponding to
precursors (i.e., La,O3 and Co304) and reaction product
(i.e., LaCoO:s) are indicated.
100

750 800 900 1000
T(°C)
Fig. 4. Temperature dependent phase evolution (i.e., in

wt.%) of the perovskite LaCoOs phase upon solid state
synthesis, determined from fit to the XRD data in Fig. 3.

In Fig. 5, the perovskite LaCoOs powders
obtained by solid-state synthesis at 1000°C consist
of pre-sintered conglomerates of grains with well
defined shape and size. From an application point
of view, it is, however, essential to obtain well-
dispersed powders with high specific surface area
and narrow grain size distribution.
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Fig. 5. SEM micrograph of LaCoOj3 powders obtained by
solid-state synthesis at 1000°C

An estimate for the specific surface area (i.e., in
m?/g) of spherical particles is 6 / (d-p), with d the
particle size (i.e., in um) and p the density (i.e., 7.27
g/cm®, for perovskite LaCoOgs). This leads to a
relatively low specific surface area, whose average
value is as high as 0.82 m?/g for 1 pm sized LaCoOs
grains. One should note that, however, the specific
surface area may be increased by up to one order of
magnitude by optimizing both the solid-state
synthesis temperature and the dwell time, in a way
that the grain coarsening is hampered by slow
reaction kinetics at lower temperatures.

I-V characterization

In order to assess the electrochemical activity of
perovskite LaCoOs; powders towards oxygen
evolution reaction, hot pressed electrodes are made
by using Teflon as binder on nickel foam supports.
The compacted electrode is then moved to an
electrochemical cell containing 1IN KOH aqueous
solution. The I-V characteristic is determined by
applying constant currents up to 100 mA, whereas
the potential is measured with respect to a reference
electrode (i.e., Ag/AgCl, +0.196 mV vs. RHE). The
results are shown in Fig. 6, together with those
obtained for Coz04 electrodes prepared in a similar
way.

In Fig. 6, the I-V curves exhibit very similar
features, in the sense that they fall on top of each
other, although the potential values for the LaCoOs
electrode are lower than those for the Co3O4 one, at
all applied currents. The onset potential values for
the oxygen evolution reaction at 1 mA applied
current are 1.348V vs. RHE for LaCoQOj3 and 1.355V
vs. RHE for C030..

These features indicate that LaCoOs has a higher
catalytic activity towards oxygen evolution reaction
in alkaline media. At currents above 20 mA, the
potential dependence on the applied current is linear,
corresponding to the ohmic regime.
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Fig. 6. I-V characteristic of LaCoO3; electrodes in 1N
KOH aqueous solution. For comparison, the 1-V
characteristic measured on Co3O4 in similar conditions is
shown.

For Co304, the equivalent resistance value is
5.3Q, whereas the corresponding value for LaCoO3
is 4.7Q. These high resistance values are due to the
relatively poor intrinsic conductivity of the oxides,
mediated by high inter-grain resistances due to
presence of insulating Teflon, which acts as binder.
In order to minimize that, one may either reduce the
binder amount without compromising electrode
integrity or add metallic species, to provide a low
resistive path for electron conduction and exchange
at the catalytic material grain boundary.

CONCLUSIONS

In this work, we show that perovskite LaCoOs
powders can be readily obtained from lanthanum and
cobalt oxide precursors by solid-state synthesis in
air, without making use of intermediate steps. In the
synthesis process, the LaCoOs phase nucleates at
750°C and grows gradually with increasing
temperature, at the expense of reactants
consumption. At 1000°C, the reaction is essentially
complete. Although the resulted powders are within
a single crystalline phase, the constitutive grains
have wide particle-size distribution whose average
value corresponds to a specific surface area of 0.82
m?/g. In order to prevent grain coarsening, powders
with smaller and narrower particle size distribution
may be obtained at dwelling at lower synthesis
temperatures.

Teflonized LaCoOs electrodes exhibit catalytic
activity towards the oxygen evolution reaction in
alkaline media. The onset of oxygen evolution is as
high as 1.348V vs. RHE in 1IN KON aqueous
solution, when a constant current of 1mA is applied.
At higher currents (i.e., above 20 mA), the I-V
characteristic is linear and corresponds to a ohmic

regime, whose equivalent resistance value of 4.5 Q
is high. This is related to a poor intrinsic
conductivity of the perovskite, mediated by a high
inter-grain resistance due to Teflon presence, which
acts as binder. One may, however, enhance that
either by reducing binder load or by adding metallic
species in order to provide high conductivity paths
for electron transfer at the grain boundary of the
catalytic material.
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EJJHOCTBIIKOB CUHTE3 HA ITEPOBCKUT- LaCoO3 B TBhPZ1IO CbCTOSAHUE KATO
KATAJIU3ATOP 3A OTAEJISIHE HA KMCJIOPO/I B AJIKAJIHA CPEJIA

C. Enaxe®, M. Jlparau'™, A. Coape', JI. Mon-E6pacy’, A. 3ayner!, M. Bapnam?, K. ITerpos?

! Hayuonanen uncmumym 3a kpuozennu u usomonuu mexnono2uu, ICSI-Pumnuxy Bvaua, 240050, Pywvnus
2 Uucmumym no enexmpoxumus u emepauiiny cucmemu ,, Axao. Eszenu Bydescku “, Bvneapeka axademus Ha HayKume,
yia. Akao. I'. bonues, 621.10, 1113 Coghus, bvaeapusa

TocTenmna Ha 27 okToMBpH, 2017r.; nprera Ha 5 okToMBpHu 2017T.
(Pesrome)

[lepoBCKUTHTE OT JTAHTAHOB KOOANTOB OKCHA MMAaT M00pa KaTaTUTHIHA aKTHBHOCT M CTaOMIIHOCT MPH PEaKIus Ha
OT[IEIITHE Ha KUCIIOPO B aJIKallHa cpefa. ToBa I mpaBu 0COOCHO aTpaKTHBHHU KaTo €JEKTPOIH 3a ICKTPOJIH3a Ha BOAA,
THI KaTO MOTAT J]a 3aMEHSAT MTO-CKBINTE SNIEKTPOAN, H3IIOI3BAHH J0CETa, KaTO UPUANK M OKCUIN Ha pyTeHuH. Brnpekn,
Ye pa3InIHUTE METOIHU 32 CHHTE3 ca JoOpe OMMCAHU B JINTEpaTypara, IPON3BOICTBOTO HA JIAHTAHO-KOOAITOBH OKCHAN
4ecTO € TPYIHO, BKIFOUBAIIO MEKIMHHN ETAlld HAa CMIJIAaHE M OTTPsBaHEe. 3a pa3jiuKa OT TO3U CIOCo0, HHE IMOKa3BaMe,
Ye MEepPBOCKUTH OT JIAHTAHOB KOOAJITOB OKCHJ MOTAaT JIECHO Ja CE€ MOJIyd4aT upe3 CHHTE3 B TBBPAO CHCTOSIHHE OT
MPEKypPCOPH Ha JIAHTAHOB M KOOAITOB OKCHJI, 0€3 MEXAMHHHM eTany Ha 00paboTka. [1o chinecTBo, MOJTyuYeHHUTE MTPaxoBe
ca B eIMHUYHA TOJIMKpUCTaNHA (a3za ¢ 1odpe neduHupaHu CTPYKTypHH M MOP(OJIOTUYHH CBOMCTBA. 3a Jia Ce OLCHH
aKTHBHOCTTa TI0 OTHOIIEHHE Ha peaklusTa Ha OTAENSHE Ha KHUCIOPOJ, EJIEKTPOAWTE CHUHTE3UpPAaHU OT MOJyUeHUTE
MIpaxoBe, ce U3CIEABAT B TPH €IEKTPOaHA efeKTpoxuMmuyuHa kietka B 1 N KOH.

KiaouoBu AYMHU: BOJHA CJICKTPOJIN3a, NIEPOBCKUT, CUHTE3 B TBHPAO ChbCTOSIHUC
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An investigation of LaCoOs catalysts for Oxygen Evolution Reaction (OER) in alkaline media is presented. The material
has been obtained by an original one step method. The effect of various parameters such as the catalyst and PTFE loading,
catalyst layer thickness and fabrication technique on the electrode performance are described. The catalytic activity of the
OER in 0.1 M KOH was determined from Tafel plots, obtained from galvanostatic current-voltage measurements as well
as by the Rotating Disk Electrode (RDE) method. Long term tests have been conducted showing a good stability of the

catalysts for the OER in 0.1 M KOH
Keywords: Alkaline, Electrolysis, Oxide

INTRODUCTION

In Polymer Electrolyte Conduction (PEM.OH")
OH- Cation electrolysis significant overpotential is
found to occur at the anode where the oxygen
evolution reaction (OER) takes place. For this
reason, the oxygen evolution reaction (OER) has
been intensively studied for many decades in order
to elucidate the reaction mechanism and minimize
the energy loss during water electrolysis. Improving
the OER kinetics would indeed favor a widespread
market penetration of (PEM.OH") electrolysers.
There are several chemical aspects of the steps of the
reaction mechanisms that have been used to
rationalize and explain the trends in catalytic activity
of OER catalysts in an alkaline electrolyte (alkaline
and PEM), such as acid—base properties [1], redox
potentials of the catalyst [2], binding energies of the
metal component to hydroxyl ions [3], binding
energies of the metal component of the catalyst to
oxygen [4], to the number of d-electrons [5] and the
geometrical factors [6]. The catalyst that generally
shows the best trade-off between catalytic activity
and stability, both in acidic and alkaline media, is
IrO,. However, since iridium is quite expensive and
limited as a typical secondary  metal
resource, research efforts have been directed
towards the development of OER catalysts with a
reduced amount of Ir or based on other transition
metal oxides. This is particularly the case for
(PEM.OH") electrolysers since base metals such as
cobalt, nickel and perovskite oxides were proven to
be quite stable and active in alkaline media.

* To whom all correspondence should be sent.
E-mail daniela.ebrasu@icsi.ro

Perovskite oxides (ABOs) with alkaline or rare-
earth cations in the A-site and first-row transition-
metal cations in the B-site have shown the potential
of being efficient oxygen electrodes in alkaline
solutions[7-9]. Bockris and coworkers [5, 10, 11]
correlated the activity of perovskite oxygen-
evolving electrodes in alkaline solutions with the
enthalpy of formation for the corresponding metal
hydroxides and the bond strength of M-OH
estimated by a modified version of one of the
Ruetschi and Delahay’s methods [3]. Note that the
type of A-ion in the perovskite ABO3 compounds
had little effect on the oxygen evolution activity of
their catalysts, the correlation was based on the B-
ion of the catalyst [10]. However, lanthanum-based
perovskites containing different transition metal
active sites (LaBOs, B = Ni, Ni, Fe, Co, Mn) are
synthesized by a general colloidal method, yielding
phase pure catalysts of homogeneous morphology
and surface area (8—14 m?/g)[12-14].

The present study represents a continuing effort
in the search for more active OER in alkaline media
electrode materials. We report herein a study on the
electrochemical properties of LaCoOs as a catalyst
synthesized using the solid state reaction route and
used as an electrode in the form of a coating on a
nickel foam support. The effect of various
parameters such as the catalyst and PTFE loading,
catalyst layer thickness and fabrication technique on
the electrode performance are studied, in comparison
with a commercial IrO, catalyst. The catalytic
activity towards the OER of catalysts was

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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determined from Tafel plots obtained from
galvanostatic current-voltage measurements. The
electrocatalytic activity toward the ORR in 0.1 M
KOH was studied by the Rotating Disk Electrode
(RDE) method at room temperature.

EXPERIMENTAL

Material synthesis
The LaCoOs; (LCO) perovskite powder was
synthesized using the solid state reaction route from
stoichiometric amounts of La,O3 and Co3z04 powder
as precursors. Following dry mixing of the
precursors, thermal treatment in air was applied in
order to obtain the targeted single phase material.
This synthesis method is presented in detail in the
work of S. Enache, M. Dragan, A. Soare, D. lon-

Ebrasu, A. Zaulet, M. Varlam, K. Petrov, "One step
solid-state synthesis of lanthanum cobalt oxide
perovskites as catalysts for oxygen evolution in
alkaline media”.

The electrodes were prepared on rounded
shapes of Ni foam with 93% porosity acquired from
Goodfellow, having different catalyst and PTFE
loading (Table 1). Moreover, in order to improve the
electrode conductivity, silver was added in different
ratios. The electrodes were prepared by an in house
method: the catalyst was mixed with PTFE and
silver and added on to the Ni foam support that was
then placed in a matrix. The electrode surface is 1
cm?. The catalyst/Ni foam was pressed at 300 kgf,
for 1 minute at 300° C.

Table 1. LCO catalyst, PTFE and silver loading

Catalyst (mg) Silver PTFE Support Sample name
(mg) (M)

150mg IrO; - 20 Ni foam 150IrO2/20PTFE/Nifoam
150 LaCoOs - 20 Ni foam 150LCO/20PTFE/Nifoam
100 LaCoOs - 16,6 Ni foam 100LCO/16.6PTFE/Nifoam
75 LaCoOs3 - 10 Ni foam 75LCO/10PTFE/Nifoam
65 LaCoOs 10 10 Ni foam 65LCO/10Ag/10PTFE/Nifoam
60 LaCoOs3 15 10 Ni foam 60LCO/15Ag/10PTFE/Nifoam
50 LaCoOs 25 15 Ni foam 50LCO/25Ag/10PTFE/Nifoam

Electrochemical measurements

Electrochemical tests include both stationary
and non-stationary methods.The galvanostatic
experiments were conducted using a three
conventional three-kept for electrode Pyrex glass
cell using a programable power source HMP4040
with four channels. The measurements were carried
out at room temperature, using Hydrofelx Hydrogen
Reference Electrode (RHE) as reference electrode, 1
M KOH and a Pt plate as the counter electrode. A
potassium hydroxide 1M solution was prepared
using Milli-Q ultrapure water. The samples were
then mounted in a glass tube sealed with an
encapsulant paste from Dupont.

In order to measure catalyst stability, the
150LCO/20PTFE/Nifoam sample was kept at 5 mA
for 888 hours and at 50 mA for 720 hours
respectively. After each long term measurement, the
current-voltage curves were recorded.

Electrocatalytic activities with respect to the
ORR were studied by the Rotating Disk Electrode
(RDE) method. An OrigaFlex 5 A potentiostat/
galvanostat controlled by commercial software was
used in the experiments. Electrochemical
measurements were carried out in a conventional
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three-electrode Pyrex glass cell. The working
electrode was an OrigaTrod glassy carbon rotating
disk electrode (RDE) with a geometric area of 0.196
cm? embedded in polytetrafluoroethylene (PTFE). A
catalyst ink including 5 mg of catalyst, 20 ul of a
Fumion® FAA-3-Solut-10 solution and 240 pl of
isopropanol was sonicated and mixed overnight. An
aliquot of 10 ul was deposited on the glassy-carbon
disk. Prior to deposition, the RDE was polished to a
mirror finish with 1.0 xm alumina and 0.05 um
diamond paste (PK-3 Electrode Polishing Kit) in
sequence. After each polishing step, the RDE
electrodes were ultrasonically cleaned in Milli-Q
water. Finally, the glassy carbon (GC) electrode was
ultrasonically cleaned in Milli-Q water in sequence
and dried under argon flow. A Hydrofelx Hydrogen
Reference Electrode (RHE) was used as a reference
and a platinum plate as the counter-electrode. The
experiments are carried out at room temperature in a
0.1 M KOH electrolyte which was purged with high
purity O, for 30 minutes. All potentials in this paper
are reported vs. a RHE reference electrode

RESULTS AND DISCUSSIONS
Galvanostatic measurements
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To determine the effect of catalyst loading and
the impact of silver inclusion, the electrode voltage
dependence was plotted at 50 mA. Figure 1 (a)
shows the increase in the electrode voltage as a
function of the decrease in catalyst load. From
Figure 1 (b) we can deduce a different trend of the
electrode voltage when silver is added to the LCO
powder. The voltage decreases with the increase in
silver quantity, but this value (1.70 V) is higher than
the one corresponding to the sample containing 75
mg of LCO (1.68 V), without a precious metal. This
behavior can be explained by the incomplete
coverage of the electrode when the catalysts loading
is lower than 75 mg, followed by the enhanced
contribution of the Ni foam to the overall
performance of the electrode.

Presented in Figure 2 are the galvanostatic
current-voltage curves recorded for different
LCO/PTFE loading in comparison with the IrO;
commercial catalyst, in the range 0+~100 mA.

Figure 3 shows the Tafel plots (log j) versus V
and the slopes calculated from the curves presented
in Figure 2. The slopes for the LCO samples are in
the domain of 93 mV/decade (75 mg LCO) to 133
mV/decade (150 mg LCO). This is because the
overpotential will rise slower if the current density is
increasing when using this material as a catalyst in
the OER. Since the overpotential is the energy loss
during the OER, the smaller slope indicates a better
catalysis performance. The value of the slope for a
75LCO/10PTFE/Ni foam sample is close to the one
corresponding to the commercial IrO, catalyst (87
mV/decade), which indicates that this probe can be
considered to have the best electrode structure and
composition for a OER in alkaline media related to
the perovskite catalyst presented in this work. These
considerations confirm that the OER proceeds along
four paths since this reaction involves four electrons
and is in accordance with the results presented in the
next paragraph [15-18].
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catalysts loading calculated at 50 mA (without silver); (b)
with silver mixed with LCO powder.
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Fig. 2. Galvanostatic current-voltage curves recorded for
different LCO/PTFE loading in comparison with an IrO;
commercial catalyst, in the range 0+~100 mA.
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Fig. 3. Tafel plots recorded for different LCO/PTFE
loading in comparison with an IrO, commercial catalyst,
in the range 3+10 mA.

In order to increase the LaCoO; oxide based
electrode, different quantities of silver were added
by substituting part of the LCO catalyst. Figure 4
(galvanostatic current-voltage curves recorded for
different LCO/PTFE/Ag loadings on Ni foam) and
Figure 5 (Tafel plots) respectively, indicate that
there is no noticeable improvement in  electrode
conduction after silver introduction. Therefore, we
conclude that doing this does not make sense, since
it will increase the cost of electrode production.
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However, further experiments may be carried out by
keeping constant the 75 mg of LCO and adding
controlled quantities of silver.
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Fig. 4. Galvanostatic current-voltage curves recorded for
different LCO/PTFE/Ag loadings on Ni foam
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Fig. 5. Tafel plots recorded for different LCO/PTFE/Ag
loadings on Ni foam

RDE Measurements

The catalytic performance of LCO with respect
to the oxygen reduction reaction(ORR) was
evaluated in a 0.1 M KOH solution using the RDE
cycling voltammetry method. All the RDE
voltammetric experiments were carried out under
bench top conditions at an ambient temperature (24
+ 1 °C) in an oxygen saturated atmosphere.

The effect of sweep rate variation from 5 to 500
mV/s is shown in Figure 6. Voltammograms were
plotted from 0.5V to -0.55V, 0.5t0 -0.5 V vs. RHE
and the solution was purged with oxygen for 15
minutes after each voltammogram. The results show
that the anodic and cathodic peaks increase with the
increasing sweep rate and the ORR peak becomes
sharper. This behavior proves that the LCO catalyst
has a good stability with respect to the ORR.
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Fig. 6. Cycling voltammograms showing the effect of
sweep rate for the LCO catalyst.

Stability measurements of the samples were
carried out using one step pulse chronoamperometry
in 0.1 M KOH exposed to atmospheric oxygen at -
0.15 V over a test period of two hours and a 200 rpm
rotation speed. In Figure 7 we observe a relatively
stable performance of the catalysts with respect to
the oxygen reduction reaction (ORR)/

20
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Fig. 7. Chronoamperometric stability measurements for
the ORR recorded at-0.15V vs. RHE and rotation at 500
rpm in 0.1 M KOH saturated with oxygen

The kinetics of the catalytic oxygen-reduction
reaction of LCO was studied by linear sweep
voltammetry (LSV) measurements using the RDE
electrode. We carried out LSV measurements at
different rotation speeds from 400 to 1400 rpm on
RDE in 0.1 M KOH saturated with O2. As shown in
Figure 8, it can be seen that the onset potential moves
to more negative values, the current is increasing and
all the current-potential curves are smooth with the
increase in rotation rate.
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Fig. 8. LSV curves for LCO at different rotation speeds
between 400 to 1400 rpm on RDE in 0.1 M KOH
saturated with Oo.

Figure 9 shows the fitted Koutecky-Levich
plots (Current density? (MAYcm?g,) Vvs. W
Y2)(rad/s2)) of the LCO catalyst calculated from
LSV currents under variable rotation rates in the
potential range -0.15 to -0.24 V. The plots show a
good linearity for all potentials and a slope of
between 1.4 and 1.8. Moreover, the calculated
nnumber of moles of electrons transferred in
the half reaction is close to 4 corresponding to a
ORR in alkaline media proceeding by direct four-
electron reduction (ec. 1) [14]:

0, + 2H,0 + 4e - 40H™ QD

The stability of the LCO catalyst was measured
for the 150LCO/20PTFE/Ni foam sample. From
Figures 10 and 11 it can be seen that the electrode is
stable over more than 700 hours, both at a low
current (5 mA) as well as at a higher current (50
mA).
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Fig. 9. Fitted Koutecky—Levich plots of the LCO catalyst
calculated from LSV currents under different rates of
rotation in the potential range -0.15 to -0.24 V.

The results presented above confirm the
catalytic activity and stability of LCO for the OER
and the fact that the best sample is the one with 75
mg of LCO and 10 mg of PTFE.
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Fig. 10. Long term measurements of
150LCO/20PTFE/Nifoam at 5 mA for 888 hours.
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Fig. 11. Long term measurements of
150LCO/20PTFE/Nifoam at 50 mA for 720 hours.

CONCLUSIONS

We have shown in this paper that the catalyst
LaCoOs; perovskite synthesized using the solid state
reaction route manifests good catalytic activity and
stability for the OER. Silver added to the LCO
powder together with PTFE doesn’t noticeably
improve the electrode conductivity therefore we can
conclude that the addition of silver does not make
sense, since this will increase the cost of electrode
production. However, further experiments may be
carried out by keeping constant the 75 mg of LCO
and adding controlled quantities of silver.

The RDE cycling voltammetry measurements
prove that the LCO catalyst has a good stability with
respect to the ORR. Chronoamperometry shows the
performance of the LCO perovskite catalyst to be
relatively stable with respect to the oxygen reduction
reaction (ORR).

However, the number of electrons transferred in
the half reaction is close to 4 corresponding to the
ORR in alkaline media that proceeds by direct four-
electron reduction and hence the mechanism of the
ORR is complementary to the LaCoOs; catalysts
presented in this paper and corresponds to a direct
reduction of O, to OH".
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EJIEKTPOXMMHNYHO OXAPAKTEPU3MPAHE HA METAJIHU OKCUI KATO
KATAJIM3ATOPHU 3A OTAEJISIHE HA KUCJIOPO/L B AJIKAJIHA CPEIN

JI. Viou-E6pacy*, A. 3ayner!, C. Enaxe’, M. [Iparan?, JI. Cxutst, E. Kapkana!, M. Bapnam®, K. ITerpos'?

Hayuonanen uncmumym 3a xpuozennu u usomonnu mexuonozuu, ICSI-Pumnuxy Bviua, Pymvrus
2 Uncmumym no enexmpoxumus u enepeuiinu cucmemu ,, Axao. Eézenu Bydescku “, Bvazapcka akademus na naykume,
ya. I'. Bonues, 6n. 10, 1113 Cogus

IToctenmia Ha 9 okromBpwH, 2017r.; [Tpuera 3a meuat Ha 25 okToMBpu 2017 1.

(Pesrome)

W3cnenBanu ca karann3atopu Ha 6a3a LaCoOs 3a peakium Ha OT/IENISTHE Ha KUCIIOPOJ B aJIKajlHa cpena. MarepuansT e
MOJTy4eH 110 OpHUTHMHAIEH MeTox (eIHOCTBNKOB). M3cnmenBaHo € BB3AEHCTBHETO Ha pa3iMYHU IapaMEeTpH KaTo
Te(IOHU3NpaHe Ha KaTanu3aTopa, AeOennHara Ha KaTaIUTHYHUS CIOW M TeXHHWKaTa Ha M3paboTKa Ha eJeKTpoja.
KartanutuuHata akTHBHOCT NpH peakuusTs Ha otaensHe Ha kuciopon B 0.1 M KOH ce onpenens or Tadenosute
HaKJIOHH, MOIY4YE€HU OT MOJIIPU3ALMOHHHUTE KPUBU HA TaJBAHOCTATUYHUTE U3MEPBAHUS, KAKTO U OT U3MEPBAHUATA C
poTHpal JUCKOB eNeKTpo. IIpoBeseHH ca ABJITOCPOYHM TECTOBE 3a IBJITOTpaifHa CTAOMITHOCT HA KaTaln3aTopuTe 3a

otnemnsiHe Ha kucaopoa B 0.1 M KOH.

KiaouoBn AYMH: TICPOBCKUT- LaCOOS, MCETaJIHU OKCUIH, OTACIIAHC HAa KUCIOPOI
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Solid oxide fuel Cells (SOFC) are intrinsically reversible which makes them attractive for the development of reversible
devices (rSOC). The main hurdles that have to be overcome are the higher degradation in electrolyzer (EL) mode and the
slow and difficult switching form mode to mode. This work aims at the development and experimental validation of a
concept for rSOC based on a new dual membrane fuel cell (dmFC) design which can overcome the existing problems of
the classical SOFC. The kernel of the system is additional chamber - central membrane (CM) for water
formation/evacuation in FC mode and injection in EI mode. Its optimization in respect of microstructure and geometry in
laboratory conditions is carried out on button cells. The electrochemical performance is evaluated based on volt-ampere
characteristics (VACs) combined with impedance measurements in different working points. The influence of a catalyst
in the water chamber is also examined. The VACs which give integral picture of the cell performance are in excellent
agreement with the impedance studies which ensure deeper and quantitative information about the processes, including
information about the rate limiting step. The results from the optimization of the water chamber show that the combination
of design and material brings to important principle advantages in respect to the classical rSOC — better performance in
electrolyzer mode combined with instantaneous switching.

Key words: Reversible solid oxide cells, dual membrane fuel cell, BCY15, impedance measurements

INTRODUCTION of operation for the H,O electrolysis reaction, which
is behind the commercialization threshold [1]. In this
respect special measures are taken for improvement
of the electrodes performance and stability. This will
reflect also in the reversible operation of solid oxide
cell (rSOC) devices. Although the construction of
SOELs and SOFCs looks similar, there is no
optimized application of reversible high temperature
electrochemical device due to their asymmetry
which causes big differences in the operating
conditions. For instance the high current density
associated with a large amount of water in the fuel
electrode for SOELs compared to SOFCs strongly
increases the polarization resistance, the constraints
on interconnects and the overall degradation rate [1].
Durability, performance and efficiency of rSOC are
also affected by accelerated degradation and
delamination at the electrodes due to the presence of
water, slow and difficult switching form mode to
mode, high humidity of the produced H, and
difficulties in cell pressurization [2-6]. Studies point
out the negative effect of water vapor on
interconnect durability both in a reducing and
oxidizing environment  (related  to Cr
diffusion/evaporation), which renders the presence

The ambitious European targets for CO;
emission reduction require accelerated transition to
clean and efficient energy system, since two thirds
of the greenhouse emissions result from energy
production and use. The problem solving approach
is to increase the energy efficiency and integration
of renewables in the energy mix, based on new
technological solutions. Hydrogen is determined as
the energy vector of the future, since it is a universal
clean energy carrier which can be produced by water
electrolysis with renewable energy, and then
transformed by fuel cells into electricity and heat for
transport and stationary applications. Solid Oxide
Cells (SOC) are intrinsically reversible. They can be
operated in electrolysis mode (EL) to produce
hydrogen from steam, or in fuel cell (FC) mode to
produce electricity. Using two separate devices - an
electrolyser and a fuel cell means both will be used
part time, which increases the investment costs.
However, they can achieve higher efficiency and
flexibility using the same device. The present State
of the Art shows that in electrolyzer mode the
degradation is much higher - about 2-5% after 1000h
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of a coating to protect interconnects mandatory [7,
8]. Thus the ability of rSOC to perform real dynamic
cycling between power storage and power
generation modes (SOEL to SOFC and back) while
keeping an acceptable degradation combined with
fast switching between the two modes and lower
costs, is still an important target.

Recently a new design of SOFC with a separate
chamber for the water production and evacuation
named “dual membrane fuel cell” (dmFC) was
introduced [9]. It was proved in the FP 7 FET project
IDEAL Cell [10-12]. The new architecture
eliminates the problems coming from the water
formation and evacuation from the electrodes [11,
12]. The assembly combines the cathode
compartment (cathode/electrolyte) of a SOFC and
the anode compartment (anode/electrolyte) of
pSOFC sandwiching a porous central membrane
(CM) layer with mixed proton and oxide ion
conductivity, where the water is produced and
evacuated. This leads to numerous advantages (no
dilution of fuel or oxidant, lower electrodes
overpotential, easy pressurization). Since water is
the major source of SOFC and SOEL failure, the
long term viability of this concept should be
significantly enhanced.

The separation of the water in a special
compartment which eliminates its damaging
presence at the electrodes in both modes, combined
with the reduced operating temperature from 800-
950°C to 600-800°C, are strong logical arguments in
favor of the idea for development of advanced
reversible electrochemical device based on the
dmFC design. Additionally a mixed ionic
conductivity in the proton conducting electrolyte
(BCY15) was registered and preliminary
experiments were performed on the so called
“monolithic design” which strongly simplifies the
technology since only one type of electrolyte with
mixed ionic conductivity is used [13-15]. It was also
supposed that the registered new phenomenon —
formation of highly polarizable nanometer film of
“organized” water at the surface of the BCY15 pores
should facilitate the water formation/splitting [16].

The central membrane is the new component
which ensures the advantages of the dmFC. On the
one hand it should have high mixed ionic
conductivity, which is favored by a dense
microstructure. On the other hand it plays a role of a
chemical reactor where water is formed and
evacuated or injected, which requires porous
microstructure. For the optimization of the CM a
new design of an experimental symmetrical half-cell
with CM support and Pt electrodes was investigated
applying a combination of several experimental
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techniques: (i) impedance spectroscopy for
collection of information about the mixed
conductivity by measurements of samples with
different porosity in different atmospheres and
temperatures; (i) SEM for microstructural
characterization; (iii) gases permeability
measurements applying especially developed simple
and fast procedure and equipment [16, 17].

The systematic studies of the central membrane
of monolithic dual membrane fuel cell showed that
25-35% porosity could ensure an optimal
microstructure in respect to conductivity, gas
permeability and mechanical stability [17].

The next optimization parameter is the
thickness of the CM. It has to guarantee smaller
resistance combined with sufficient periphery for
evacuation/injection of water. Since the CM works
as chemical reactor, the density of the reaction triple
phase boundaries in its volume should be sufficient.

This work aims at optimization of the CM in
respect to its thickness by electrochemical testing of
the electrolytes-central membrane assembly
(ECMA\) in full cell configuration. Since the reaction
in the CM involves the most active particles —
protons and oxide ions, the question which arises is
about the need of a catalyst. Its answer is also in the
scope of the study.

EXPERIMENTAL

The electrolytes-central membrane assembly
BCY 154ense/BCY 15p0r0us/ BCY 154ense Was prepared
by the standard ceramic technology following a
procedure of three- step cold pressing: the three
layers were pressed one after the other with pressure
1.72 kN/cm? for several seconds, followed by a final
pressing at 5.16 kN/cm? for 5 minutes. The second
layer which forms the Central Membrane has
graphite pore former which ensures the optimal
porosity [18]. In half of the cells a catalyst - Pt
particles (Aldrich) with grains size 0.14 — 0.45 um
in quantity 1 wt. % in respect to the CM weight was
also added. The samples were sintered at 1300°C for
5 hours. The final dimensions of ECMA were:
diameter 21 mm and thickness 1, 2 mm. For the
fabrication of cells with different thickness of the
CM the total quantity of the raw material was kept
constant, while the BCY15 weight ratio for the two
dense electrolytes and that for the CM was varied.
Samples with CM between 200 and 500 pm were
fabricated. The exact thickness was determined by
SEM (Fig. 1). Since the kernel of the monolithic
dmFC design is the ECMA, Pt electrodes (with
active surface 0.28 cm?) were used which eliminates
eventual influence of the electrodes composition and
deposition technology on the electrolytes behavior
[18].
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B Ly,
Fig. 1. SEM images of ECMA with different thickness of

the Central Membrane: about 250 pm (upper position);
about 500 pm (lower position)

The  electrochemical  testing  included
measurements of the volt-ampere characteristics
(VACs) combined with impedance in different
working points, performed on IVIUM - CompactStat
e10030 in frequency range 1 MHz — 0,01 Hz with
density 5 points/ decade in the temperature interval
600°C - 850°C. The working gas atmospheres were:
air (61,85 ml.min) or oxygen (133 ml.min-1) and
hydrogen (54,32 ml.min%).

A comparative analysis was performed on
samples with different thickness of the CM and
presence or absence of Pt catalyst. More details
about the measured samples are given in Table 1.

RESULTS AND DISCUSSIONS

The linear shape of the volt-ampere curves for
all samples measured at different temperatures in
both FC and EL mode can be attributed to
domination of the transport losses (Fig. 2). Since
non-optimized cells with similar thickness show
influence of the activation losses [19], the bigger cell
thickness cannot be the only reason for the observed
linear dependence. This result suggests for good
catalytic activity of the water formation/splitting
reaction, which is confirmed by the impedance

measurements (Fig. 2c) that show small charge
transfer resistance.

Table 1. Samples tested in FC/EL mode

Sample CM [um] Pt
Sample 1 250 Yes
Sample 2 250 No
Sample 3 500 Yes
Sample 4 500 No

It is well known that proton conductivity is
higher than the oxide ion one and above 700°C it
exhibits significant decrease [20, 21]. The measured
VACs show performance improvement in both FC
and EL mode with the increase of the temperature
(Fig. 2). As it has been experimentally confirmed
[15, 17] at operating temperatures (about 700°C)
BCY15 has similar proton and oxide ion
conductivity which is one of its advantages. Since in
the dmFC both types of conductivity are used, the
decrease in proton conductivity is compensated by
the increase of the oxide ion one, which enhances the
range of working temperatures. For operation in
reverse mode the upper temperature limit is also
important.

The comparison of the volt-ampere curves for
cells with CM thickness 250 and 500 pm in the
presence of Pt catalyst registers  better
electrochemical performance of the cell with the
thinner CM in both FC and EL mode (Fig. 3). For
the samples without catalyst the influence of the
thickness is not so essential (Fig. 4). As it was
already marked the thicker membrane ensures better
evacuation/injection of the water, while the thinner
one improves ECMA conductivity.

Obviously in samples without Pt the transport
losses of water cannot be compensated by the
decrease of the resistance in the thinner membrane.
It is possible that the presence of catalyst outside the
reaction zone of the CM facilitates the transport.
This hypothesis is confirmed by the impedance
measurements which register the water transport in
the low frequency range [11, 15]. As it can be seen
in Fig. 4c, regardless the differences in the
impedance behavior in the high frequency range, the
samples with different thickness of the CM have
similar total resistance. Those observations bring to
a new direction of optimization concerning the cell
architecture. One approach is the “Zebra” design
[22].
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Fig. 3 Electrochemical testing of Samples 1 and 3 (with Pt in
the CM): a) Volt-ampere characteristics in FC mode; b) Volt-
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Fig. 2. Electrochemical testing of Sample 1 at different
temperatures: a) Volt-ampere characteristics in fuel cell
mode; b) Volt-ampere characteristics in electrolyzer
mode; ¢) impedance diagrams in FC and EL mode at OCV
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For optimization of the dmFC reversible
monolithic design it is important to study the effect
of the catalyst. As already mentioned, in FC mode
the central membrane serves as a chemical reactor
where the most active particles - protons and oxide
ions meet. In EL mode the application of BCY15
which has the natural property to split water also
facilitates the process. The first experiments showed
good performance  without catalyst. For
experimental proof of the preliminary hypothesis
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that the catalyst might not strongly influence the
operation of the reverse cell, a comparison between
the electrochemical behavior of ECMA with and
without catalyst was done. Both VACs and
impedance analysis confirmed the positive influence
of the catalyst in FC and EL mode (Fig. 5). The
effect is more pronounced for the cells with thin CM
probably due to activation outside the reaction zone
of the CM.
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Fig. 5. Electrochemical testing of samples with and without Pt in the CM: a) Volt-ampere characteristics of
Samples 3 and 4 (thick CM) in FC mode; b) Volt-ampere characteristics of Samples 1 and 2 (thin CM) in both
FC and EL mode; c) Impedance diagrams of Samples 1 and 2 (thin CM) in FC mode at OCV; d) Impedance
diagrams of Samples 1 and 2 (thin CM) in EL mode at OCV.
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The main goal of this study is to analyze the
operation of the monolithic dmFC in reverse mode,
for which a comparison of the electrochemical
behavior of Samples 1-4 was performed in both FC

and EL mode. The Volt-ampere characteristics
confirm better performance for all cells in
electrolyzer mode (Fig. 6). This result is interesting
and important, since the main disadvantage of the
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classical rSOC is the worst performance in EL mode.
In addition the selection of BCY15 which splits
water also influences positively the operation in EL
mode. This result illustrates the big potential of the
dmFC concept in rSOC which is one of the
directions for increased efficiency of RES
introduction in the energy mix.

An important parameter for reversibility is the
switching time. In the dmFC the reversibility was
found to be in practice instantaneous due to the
presence of water in the common “water chamber”,
adsorbed on the defect surface of the CM pores [16].
Thus the combination of design and material makes
the dmFC concept very promising for reversibility.
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Table 2. Maximum power of the Samples in Fuel Cell

Sample Pmax [MW/cm?]/Air Pmax [MW/cm?]/O>
600°C 700°C 800°C 850°C 700°C 800°C 850°C
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3 8.32 16.7
4 5.6 18.3
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EJIEKTPOXUMMNYHO TECTBAHE HA NTHOBATHBEH JIU3AIH HA
JABONHOMEMBPAHHA I'OPMBHA KJIETKA B ObPATUM PEXUM

3. Croitnos'", JI. Bnagukosal®, b. Bypaun?®, A. Topen?, A. Ueno?, I1. [Tukapno®, M. Cnasosal,
P. Cnoropno®

YUnemumym no enexmpoxumus u enepautinu cucmemu, Bvneapcka akademus na naykume, yi. Axao. I'. Bonues, 6a. 10,
Cogus 1113, Bvreapus
2l[eHmbp no mamepuanu, MINES-IlapocTex, PSL, UMR CNRS 7633 BP 87, @panyus
3YHueepcumem Tenoa, Kameopa ,, Xumus u unoycmpuanua xumus “, 1-16146 I'enoa, Umanus

IMoctenuna Ha 3 ssHyapu 2018 r.; npuera Ha 5 deBpyapu 2018 1.
(Pesrome)

Tebprookcuauute ropuBHu kietkd (SOFC) ca BbTpemHO 00paTHMHU, KOETO T'M TpaBH I[PHUBICKATEIHH 3a
pa3paborBaHeTo Ha oOpatumu TBBbpHookcuaHH KieTkd (rSOC). OCHOBHHTE MpPEMATCTBHA KOWTO TpsOBa aa OBAAT
NPEOJI0JIEHH, Cca TIOBHIIeHATa Ierpajalus B pexkuM Ha enektpoin3bop (EL) n 3a0aBeHOTO M 3aTpy/JHEHO IIPEBKIIOYBAHE
MeXay aABata pexxuma. Hacrosimara pabora mma 3a 1€l pa3paboTBaHe M EKCIIEPUMEHTAIHO MOTBBPXKACHHE Ha
koureniusiTa 3a rSOC Bb3 OCHOBA Ha HOBUS JIM3aiiH Ha 1BOHO MeMOpaHHa ropuBHa kiietka (dmFC), koiiTo npeoaossiBa
npobnemute Ha knacuueckute SOFC. B 1eHThpa Ha pa3paboTkata € BBBEXKIAHETO Ha JOMBJIHUTENHA KaMepa, T.H.
neHrpaiHa memopana (CM), B kosro B pexxuM Ha FC ce ¢opmupa u eBakyupa Boja, a B pexxuM Ha El 151 ce BpbsckBa
otBbH. Ontummsaiusta H2a CM B 1abOpaTopHM YCJIOBHS [0 OTHOILICHHE HAa MHUKPOCTPYKTypara U TEOMETpHSTA €
MpoBeJicHa Ha KJICTKH TUM ,,Komue“. ENeKTpOXMMHYHOTO MM MOBEJCHHE € OIICHEHO Bb3 OCHOBA Ha BOJT-aMIECPHU
xapakrepuctuku (VAC), B kOMOMHAIMS C M3MEPBAHUS HA UMIIEJAHCA B PA3IHYHKU PabOTHU TOYKH. M3cienBaHo € u
BJIMSHMETO Ha KaTaJu3aTopa BbB BOJHATA Kamepa . BonT-aMIepHUTe XapaKTEPUCTUKU, KOWTO JIABaT ISUIOCTHA KApTHHA
HA MOBEJICHUETO HA KIETKHUTE, Ca B ChOTBETCTBUE C HMIICAHCHUTE U3CIEBAHUS, KOETO OCUTYpPSIBa MO-3a(bJI00UCHA
KOJIMYeCTBEHa HH(OPMAIIUS 33 IPOLIECUTE, B T.4. U 32 CKOPOCT-ONPECISIIHS CTa(uii. Pe3ynraTure OT ONTUMH3ALUSITA
Ha CM moka3Bar, 4e KOMOWHAIMATa OT OW3aifH M MaTepHal OCHTypsSiBa BaXHH OCHOBHHM IIPEIUMCTBA CIPSIMO
knacuaeckust rSOC - mo-100po MOBEACHNE B PEKUM Ha eJeKTPOJIH3a, KOMOMHUPAHO ¢ MHOTO OBP30 MPEBKIIIOYBAHE HA
PEXUMMUTE.

KirouoBu aymu: oOpaTuMma TBBPAOOKCHIHA TOPUBHA KIE€TKAa, IBOWHO MeMmOpaHHa TropuBHa kietka, BCY1S5,
AMITEAaHCHA U3MEPBaHUS
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Effect of the concentration of MnO, in the composite electrode and the electrolyte on
the electrochemical properties of a hybrid supercapacitor
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A novel hybrid supercapacitor based on a composite of acetylene black and MnO; as positive electrode and activated
carbon as negative electrode has been developed. The effect of the electrolyte (K2SO4, KOH and KOH+LiOH) and the
concentration of MnO; in the composite electrode is investigated. A supercapacitor using 50 wt.% MnO,/XC composite
electrode and mixed KOH electrolyte demonstrates highest and most stable discharge capacitance (about 1400 cycles),
as well as a highest effectiveness of the charge-discharge process. This result can be related one hand with the better
electroconductivity of KOH solution in comparison to K;SOqelectrolyte and on the other - with the presence of Li* ions,

which favors the faradaic charge-transfer reaction.

Key words: hybrid supercapacitors, manganese dioxide, composite electrode material, alkaline electrolytes

INTRODUCTION

The supercapacitors (SCs) have emerged as one
of the most attractive electrochemical energy storage
systems featuring high power delivery and long-term
cycling stability [1]. The application area of SCs is
constantly growing as the new power sources arise
from consumersin electronics to industrial and
transportation [2].

Carbon-based active materials (AC) are the
most widely used electrode materials in these
systems due to their physical and chemical
properties[3]. The integration of supercapacitors and
batteries in energy storage and delivery systems
gives a possibility to combine the high transient
performance of the supercapacitors with high
steady-state characteristics of the batteries. In order
to improve the energy density while keeping long
cycle life of the supercapacitors, hybrid
electrochemical systems involving hybridization of
a faradaically rechargeable battery-type electrode
with an electrochemical double-layer capacitor-type
electrode (e.g. asymmetric supercapacitors), are
introduced. A prominent advantage of the hybrid cell
is the enlarged operating potential window, which
noticeably enhances the energy and power
performance. In aqueous systems, this is of
particular interest as it may allow the capacitor to be
operated at a potential window wider than the water
decomposition voltage of 1-2 V, if electrode
materials with high overpotentials for hydrogen or
oxygen evolutions are carefully selected [3,4]. One

* To whom all correspondence should be sent.
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particular issue with hybrid supercapacitors is non-
linear charge—discharge, nevertheless promising
results from various research groups indicated that
this can be avoided by an appropriate cell fabrication
[5].

Various hybrid capacitor configurations,
consisting of activated carbon as a positive electrode
and a negative electrode based on metal oxides
(nickel, lead or manganese oxides) [6-8],
conducting polymers [9] are suggested.The
engineering of MnOy with suitable materials of
complementary properties to form a composite, or
into specifically effective nanostructures to assist
charge transport, represents an important direction of
development. Appropriate cell configuration has
been proven to be the necessity for the optimisation
of the capacitive performance of MnOy based
supercapacitors. Based on these literature findings,
the authors believe that manganese oxides represent
a promising and very competitive electrode material
for applications in supercapacitors [10] because of
such superior characteristics as large specific
capacitance, environmental benignity nature, natural
abundance and low cost [11]. It was found that the
textural characteristics, crystal forms and ion
conductivity of MnOsstrongly influence its
electrochemical performances [12,13].

There are a lot of reports on MnO; preparation
technologies, such as a co-preparation method, a
thermal decomposition method, a sol-gel method

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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and other methods [14-16]. Hybrid supercapacitors
with MnOx as the cathode and carbon materials such
as activated carbon [17-20] as the anode have been
fabricated. These hybrid systems exhibited superior
capacitive  behaviour in  comparison  with
thesymmetrical carbon based systems. A better
cycling stability can be achieved,since the reduction
of Mn* to soluble Mn? species, and hydrogen
and/or oxygen evolution occurred when the hybrid
cell was cycled over an operating potential window
of 2,2 V [20].

However, MnQO; suffers from low electronic
conductivity and poor cation diffusivity,which
results in poor utilization and limited rate
performance of traditional MnO, powder
electrodes,obtained by pressing a mixed paste of
MnQO; powder, conductive additive and polymer
binder ontometallic current collectors [10].

The choice of electrolyte also has significant
impacts on the performance of the MnOxelectrodes.
The pH condition is an important determinant of the
operating potential window; and different existing
ions determine the rate of intercalation and the
situation of corrosion. Thus, desirable electrode
performance can be obtained only by choosing the
composition of the electrolyte carefully [10].

It was reported that electrolyte with equal
transference numbers for both cation and anion can
promote capacitive behaviour and anions with
smaller hydration sphere and smaller size leads to
faster diffusion and higher chemisorption rates [21].
Experiments comparing the electrochemical
performance of the MnO, material in several neutral
aqueous electrolytes including NaCl, KCI and LiCl
with the same concentration of 2 moldm™ have been
conducted [21,22]. It was claimed that although Li*
is smaller than Na* and K*, it has a larger hydration
sphere, which makes it disadvantageous. And this
theory was supported by the results from several
other research groups [23,24]. However, a more
recent study on the electrochemical behaviour of the
MnO; electrode in 1 mol dm= KOH and 1 mol dm-
3LiOH [18, 25] declared that the reaction mechanism
of MnO; electrode in LiOH appears to be Li* ion
insertion/extraction in the MnO; solid, followed the
battery reaction of MnO;*+Li*+xe>=LixMnQO-.This
finding may elicit further thoughts upon the
mechanism of the charge storage within MnOx.

In our previous work it has been shown that Li*
ions and H.O from the LiOH-KOH electrolyte are
intercalated into a-Ni(OH); and as a result, the a-
Ni(OH)/AC displays an improved performance in
the mixed LiOH-KOH electrolyte than that in the
individual KOH electrolyte[26].

In this study we demonstrate the
electrochemical properties a novel type hybrid
supercapacitor cell composed by two different
electrode — commercial MnO; (Fluka) (selected on
the basis of our previous research [27]) with
teflonized acetylene black (XC-35).The content of
MnO: in the composite electrode is optimized in the
range from 0 to 100%. Three types agueous
electrolytes were used (0,1M K3SO4, 7M KOH and
mixed electrolyte 7M KOH + 1.45 M LiOH) in order
to study the effect of the electrolyte on the capacitive
properties of MnO,/XC-35 composite electrode. The
structure and morphology changes of the composite
electrode are monitored by X-ray Diffraction
(XRD), Scanning and Transmission Electron
Microscopy (TEM, SEM). The supercapacitor
performance of the composite electrodes is tested by
means  of  galvanostatic  charge/discharge
experiments.

EXPERIMENTAL
Physicochemical characterization of the electrode
materials

The used materials are previously structurally

characterized by X-ray Diffraction (XRD), Scanning
and Transmission Electron Microscopy (TEM,
SEM) [27, 28]. Powder X-ray diffraction patterns
were collected within the range from 5.3 to 80° 20
with aconstant step 0.02° 20 on Bruker D8 Advance
diffractometer with Cu Ka radiation
andLynxEyedetector. The microstructure of the
electrode materialsis is studied by means JEOL
JSM-5510 and JEOLSuperprobe 733 scanning
electron microscope(SEM) and JEOL 2100
Transmission electron microscope (TEM).
The specific surface area is investigated by BET
method using Area Meter, Strolen-Germany. The
measurement is recordedby nitrogen gas adsorption
at —197 °C. The samples are completely degassed by
drying (100°C), thermostating (120°C), and blowing
with nitrogen.

Preparation of supercapacitor cells and
electrochemical testing

The hybrid supercapacitor cell is composed by
a positive electrode — a composite of teflonized
acetylene black (XC-35) and commercial MnO; in
concentration range from 0 to 100 wt.%, and a
negative electrode of activated carbon (Cabot CGP
Super) with addition of PTFE and carbon black
(Cabot SC2). The formed sheet electrodes (surface
area 1,75 cm?) were dried at 140°C for 12 hours and
pressed under pressure of 20 Mpa, soaked in the
electrolyte under vacuum and then mounted in a
coin-type cell with Viledon 700/18F separator and
filled with electrolyte. Three types of alkaline
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solutions were used as electrolytes:0, 1 M K;SO4
solution, 7 M KOH solution and 7 M KOH solutions
with additives of 35 gl?* LiOH (i.e. 1,45M LiOH).
The capacitor cells were subjected to galvanostatic
charge-discharge cycling using an Arbin Instrument
System BU-2000. The test program was carried out
at constant current mode at different current load
(from 30 to 360 mAg™) and room temperature [28].
Some cells are subjected to continuous cycling
charge/discharge at current rate of 60 mAg™ up to
1400 cycles.

RESULTS AND DISCUSSIONS
Physicochemical characterization
The powder diffraction pattern of the active
materials used (Cabot CGP Superand MnO,) are
presented in Fig. 1. It is seen that Cabot CGP Super
and MnO; differ in their phase composition and size
of the crystallites.

MnO,
—— Cabot CGP Super

Intensity [a.u.]

W

0 1‘0 2‘0 3:0 4‘0 50 (;0 7‘0 8‘0
2¢[deg.] CuK

Fig.1. XRD pattern of the Cabot CGP Super and MnO-

[26, 27]

On the powder pattern of the activated carbon
typical amorphous hums are observed in the range
20-25 degrees, which corresponds to (001)
reflections of the graphite and 38-48 degrees
corresponding to (101) diffraction of the graphite.
The pattern of MnOz-sample shows a single phase
MnO; — akhtenskite type structure with crystallites
sizes about 5-6 nm.

The TEM images of the activated carbon and
manganese dioxide illustrate their structural and
morphological characteristics (Fig. 2).

The high specific surface area and high
distribution of the Cabot CGP Super material and all
textural parameters suggest that it is an appropriate
electrode material for carbon electrodes in
supercapacitor systems (Fig. 2a), consisting mainly
of small particles clusters. The micrographs of MnO-
(Fig. 2b) demonstrate crystalline structures with
homogeneous definition of crystalline grains and
nanosized particles.
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Fig. 2. TEM images of Cabot CGP Super(a) and MnO;
(b)

The pore textures of the activated carbons are
studied by takingthe nitrogen adsorption/desorption
isothermsof the samples. The results show that the
Cabot CGP Super possesses a very high surface area
(1825 m?g?Y) and large micropore volume
independently from the smaller total pore volume
[28]. The specific surface area on MnO: is 58.80
m2gL.

Electrochemical performance of the supercapacitor
cells

The electrochemical performance of the
supercapacitor cells developed are studied by
charge/ discharge cycling test under identical
experimental conditions, at different (increasing in
values) constant current loads with minimum 25
cycles at each current rate.

Figure 3 gives the dependences of the specific
dischargecapacityon the current load for the
supercapacitor cells free of manganese dioxide with
different electrolytes (0,1M K,SOs, 7M KOH with
and without addition of LiOH).The analysis of the
cycling behaviors shows that the asymmetric
supercapacitor cells using mixed electrolyte
(KOH+LIOH) demonstrate highest discharge
capacity compared to the other two cells (about 15-
17% higher than the cell without LiOH and about
50% than the supercapacitators with K»SOs).
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Fig. 3. Dependence of the discharge capacityon the
current load (a) and on the cycle number at current load
60 mAg?! (b)for the supercapacitor cells free of
manganese dioxide

The relation in figure 3a shows that the
discharge capacity for the supercapacitor free of
manganese dioxide with mixed electrolyte is very
stable at prolong cycling and after600 cycles it drops
only by about 7 - 10%. The discharge capacity for
the supercapacitors cell using 0,1M K.SOuis very
stable too, but its values are the lowest, while in pure
KOH it is less stable and with lower values than in
the presence of a small amount of LiOH. Obviously
Li* ions from the electrolyte display a positive effect
on the discharge capacitance and the cycling stability
of the supercapacitor performance.

Figure 4a gives the dependences of the
discharge capacitance as a function of discharge
current density and cycle number for supercapacitors
with composite electrodes containing 0 — 100 wt.%
MnO;, while the dependence of the discharge
capacitance on the MnO; content, determined at low
and high current loads, is illustrated on Figure 4b.
Irrespective of the current loads, the discharge
capacitance curve passes through a maximum
between 40 and 60% wt.% MnO,, as the highest
capacitance value being observed at 50 wt.% MnO..
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2004 e o ;
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1804 . 40% MnO,
"o 160 AN \ —e—50% MnO,
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Fig. 4. Discharge capacitance for supercapacitors with
MnO; in various content as a function on the current load
(a) and on the MnO; content at different current loads (b)

The hybrid supercapacitors demonstrate a
higher and a stable discharge capacitance, as well as
a higher effectiveness of charge-discharge process,
in the whole range of current loads. Above 80 wt.%
and below 30 wt% of MnOhe discharge
capacitance of the hybrid capacitors becomes lower
than that of the supercapacitor free of manganese
dioxide. This non-monotonous dependence can be
related with formation of composite electrodes,
where double layer capacitance and Faradaic
pseudocapacitance are expected to be active. Below
30 wt.% of MnO,, it appears that homogeneous
composites XC/MnO, with improved electrical
conductivity are formed due to the high porosity of
XC (58,13% [29]). Above 35 wt.% of MnO,, the
reduction of AC content leads to a decrease of the
electrical conductivity of the electrode, as a result of
which the discharge capacitance decreases [30].

The effect of the alkaline electrolyte on the
hybrid supercapacitor performance is investigated
using XC/MnO- as composite electrode. Figureb
shows the dependenceof the discharge capacity of
the hybrid supercapacitors a function on the current
load in different alkaline electrolytes. The
dependence here is the same as for the
supercapacitor free of manganese dioxide (Fig. 3a)
and the discharge capacitance values are higher. The
increasing here is about 40% at 60 mAg? and at
higher current load (240 mAg?) the effect of Li*
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decreases (24%), but the discharge capacitance in
K2SO4 solution increases significantly to about
20Fg(the value of the discharge capacitance in
KOH+LiOH electrolyte here is 100 Fg™).

—n— KOH/LIOH
—— KOH
—e—K,SO,

Discharge capacity, Fg

T T T T T T T
0 50 100 150 200 250 300 350 400
Current rate, mAg"

Fig. 5. Dependence of the discharge capacity ofhybrid
supercapacitorson the current load at different electrolytes

Figure 6 shows charge/discharge curves of
the 50 wt.% MnO./XC composite electrode
working in different electrolytes. All three
devices exhibit galvanostatic charge— discharge
curves which resemble those of electrochemical
double layer capacitor. However, a closer look
indicates that the slopes of the three systems
slightly differ from linearity as a result of the
pseudo-Faradaic processes for the oxide
electrodes [8]. This trend is more pronounced
for the device using K2SO4 as electrolyte. This
supercapacitor has the lowest capacitance,
despite its enhanced cell potential compared to
cells using KOH as an electrolyte. The reason
for the lower capacity in sulfate solution is
probably due to its lower conductivity compared
to that of 7M KOH.

As can also be seen from Fig. 6, the iR-drop
of the suprecapacitor in the mixed LiOH-KOH
electrolyte is slightly lower than that in the two
others electrolytes: 0.20 V (LiOH-KOH) versus
0.24 V (KOH) and 0.29 V (K2SOg4) respectively.
This results in a high discharge capacitance of
the supercapacitor working with mixed LiOH-
KOH electrolyte.
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Fig. 6. Galvanostatic charge and discharge curves of
hybrid supercapacitor with 50 wt.% MnO; in the
composite electrode

The improved capacitance can be related
with a change in the conductivity of the mixed
LiOH-KOH electrolyte. Furthermore, the higher
discharge capacitance in the mixed LiIOH-KOH
electrolyte can be related also with the reaction
mechanism for energy storage. The appearance
of Li+ ions in the alkaline electrolyte favors, in
addition to the capacitive reactions, the
reactions that take place by a faradaic charge-
transfer mechanism [28]. The redox reaction in
the MnO. electrode can be viewed as the
reversible insertion/extraction of Li* in MnO:
solid, which is different from the case of using
pure KOH electrolyte, and this can explain the
significantly higher capacity increase in hybrid
supercapacitors in mixed electrolyte [25].

As it is seen, the hybrid supercapacitor
based on anode material with 50% manganese
oxide in the composite electrode exhibits the
highest discharge capacity in mixed solutions
and because of this in Fig. 7 are shown its
electrochemical characteristics.The proposed
supercapacitor  exhibits  high  discharge
capacitance (above 200 Fg') and high
efficiency (97- 98%) and stable cycle life (above
1400 cycle).
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Fig. 7. Discharge capacitance as a function of the current load (a) and the cycle number at current load 60
mAg* (b) of hybrid supercapacitors with composite electrode containing 50 wt% MnO,/XC and mixed

electrolyte of 7 M KOH with addition of LiOH

CONCLUSIONS

A novel hybrid supercapacitor based on a
composites of acetylene black (XC-35) and
commercial MnO; as positive electrode and
activated carbon as negative electrode using three
different electrolytes (0,1M K;SOs, 7M KOH and
mixed electrolyte 7M KOH + 1.45 M LiOH) has
been developed. The ratio between MnO.and
acetylene black is varied in a whole concentration
range from 0 to 1,0. The supercapacitors with 50 wit.
% MnO; and mixed electrolyte KOH + LiOH
demonstrate highest and most stable discharge
capacitance, as wellas a highest effectiveness of
charge-discharge process. The better performance of
the composite electrode in the mixed electrolyte is
related with the better electroconductivity of KOH
solution in comparison of K,SO, and the presence of
Li* ions, which favors the faradaic charge-transfer
reaction.
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BJISTHUE HA KOHIEHTPAITMSITA HA MnO; B KOMITO3UTHU EJIEKTPOL 1 HA
EJIEKTPOJIMTA BBPXY EJIEKTPOXUMHWYHUTE CBOUCTBA HA XUBPU/IHU
CYIIEPKOHJAEH3ATOPU

I'. 1. Usanosa'", A. E. CrosHoBa!, M. A. Mnaznenos!, P. I. Paiiues?, JI. I'. KoBauena

YUncmumym no enexmpoxums u emepauiinu cucmemu — Bvneapeka akademus na naykume, yi. Axao. I'. Bonues 10,
1113 Cogpus
2Uncmumym no obwa u neopzanuyna xumusi— bvrzapcka akademus na naykum, ya. Axao. I Bonues 11, 1113 Cogusa

[ocrenmna Ha 28 rommu, 2017 r.; mpuera Ha 7 okToMBpH, 2017 T.
(Pesrome)

PaspaboTeH e HOB XMOPHICH CYIepKOHACH3aTOp Ha 6a3aTta Ha aleTHICHOBH cax i 1 MNO2 KaTo HOJIOXKUTENCH eIeKTPOL
1 aKTUBEH BBIJICH, KATO OTpHUIIATeNeH enekTpoa. U3cneasan e edextst Ha enekrponurta (K2SOs, KOH n KOH+LIOH) u
KOHIeHTpanuATa Ha MNO2 B KOMIIO3UTHUSA e1eKTpoA. CynepKOHICH3aTOPUTE C KOMIIO3UTEH €IEKTPOJ, Chabpixail 50
tern.% MnO; u cmecen enektposnut Ha KOH+LIOH noka3Bar Hait-BUCOK U Haii-cTabuieH paspsiaeH kanauutet (1o 1400
LMKBJIa), KAKTO U Hali-BHCOKa €()EeKTUBHOCT NPH 3apsAHO-pa3psiaHus npouec. To3u pe3ynrar ce IbDKU OT €Ha CTpaHa
Ha 1o-no0para enextpornpooaumoct Ha KOH B cpaBuenue ¢ K;SQOa, a ot apyra crpana - Ha Hanmuuuero Ha Li* fionwm,
kouto OnarompusrcTBatr @apaseeBaTa peaxius.

KirouoBu aymu: XuOpHAHU CYNEPKOHICH3aTOPH, MAaHTaHOB JHMOKCHJ, KOMIIO3UTEH €JIEKTPOJAEH MaTepuall, ajKalleH
ENIEKTPOJIUT
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Electrochemical studies of high temperature superconductuctors (HTSC) began immediately after their discovery and
numerous studies of ionic transport in HTSC solid electrolytes were conducted. The search for approaches to the problems
in HTSCs was largely based on analogies with electrochemical studies of semiconductors, since the majority of HTSC
materials exhibit semiconducting properties at ambient temperatures. The analogy thus stimulated the electrochemical
studies on the degradation of HTSC in water and acid solutions and their relative stability in strong alkaline solutions.
HTSC cuprate ceramics find applications also as an additive in the zinc electrode in nickel-zinc batteries. Such cells are
a potentially cheaper and easier to recycle, replacement for toxic nickel-cadmium batteries. Electrochemical tests showed
that the Ni-Zn battery cells with YBCO and BSCCO superconducting ceramic additives in the zinc electrode exhibited
good cyclic operation ability and capacity stability, as well as a higher specific capacity than the cells with a zinc electrode
with a “classic” carbon conducting additive. The study presented here is focused on the electrochemical characterization
of nanocomposite conductive cuprate ceramics - Bi>Sr.CaCu,Ox (BSCCO -2212), Bi,Sr.CuQy (BSCO - 2201) and
YBa;CuszOx (YBCO - 123) in the following electrolytes: 7M KOH, the electrolyte used in Ni-Zn cells, an alkaline
phosphate (AF) - electrolyte containing KOH and NasP0..12H,0, and a proprietary PSPAA electrolyte. The electrical
conductivity of ceramic/electrolyte system was investigated by Electrochemical Impedance Spectroscopy measurements
performed by a Bio-logic SP-200 potentiostat. The impedance responses for all ceramics are compared and discussed in

terms of equivalent circuits.

Keywords: electrochemical impedance, HTSC ceramics, BSCCO, YBCO.

INTRODUCTION

The expression “high-temperature
superconductivity” HTSC has been used for several
decades [I], but it changed from an abstract term to a
real one only in 1986 after the famous publication of
Bednorz and Muller [2]. All the more revolutionary,
both in the fundamental and in the applied aspects,
became the subsequent discovery of the oxide HTSC
of the YBCO system with a T, higher than liquid
nitrogen temperature, followed by the discovery of
other cuprate systems with even higher characteristic
values, such as BSCCO. Most HTSC oxides have the
structure of perovskite (though some of them have a
spinel-type structure), which pertains to more than
35 structural classes [3], and includes more than a
hundred typical unit cells [4]. For fundamental
studies of superconductivity in oxides, both the
absolute T, values and the variety of properties and
structures are essential.

Electrochemical studies of HTSC began
immediately after their discovery and the numerous
studies of ionic transport in HTSC solid electrolytes
were conducted. Hence, the electrochemistry of

* To whom all correspondence should be sent.
E-mail: aksi_bg@abv.bg

HTSC can be considered as a direction in electro-
chemical science and technology [1].

The search for approaches to the problems in
HTSCs was largely based on analogies with
electrochemical studies of semiconductors [5-9],
since the majority of HTSC materials exhibit
semiconducting properties at ambient temperatures.
Moreover, technological problems arising in the
practical application of materials of these classes
(such as in the electronics field) are similar. The
analogy thus stimulated the electrochemical studies
on the degradation of HTSC in water and acid
solutions [10, 11] and their relative stability in strong
alkaline solutions [1].

HTSC cuprate ceramics, exhibiting
superconductivity at low temperatures (80-100K)
find other applications as well, such as an additive in
the zinc electrode in nickel-zinc batteries [11, 12],
which might replace toxic nickel-cadmium batteries.
The positive effect on capacity and cycling stability
of cuprate ceramic additives has been previously
demonstrated [12, 13]. Studies have revealed that
YBCO samples are remarkably stable, thus leaving

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

153


http://www.issp.bas.bg/

P. A. Lilov et al.: Electrochemical impedance study of HTSC ceramics YBCO and BSCCO in presence of ...

the superconducting properties of the 123-type phase
unchanged after the alkaline treatment. The
possibility of using the superconducting YBCO
ceramics as a conducting additive to the zinc
electrode mass of nickel-zinc alkaline rechargeable
batteries was also studied. The electrochemical tests
showed that the battery cells with a YBCO
superconducting ceramic additive in the zinc
electrode exhibited a better cyclic operation ability
and capacity retention after prolonged cycling, as
well as a higher (by about 30%) specific capacity
than the cells with a zinc electrode with a “classic”
carbon conducting additive to the zinc electrode
mass and thus may contribute to extending the
battery life [12].

Powder superconductive cuprate ceramic
BSCCO 2212 system is produced by solid-state
synthesis and physicochemically characterized. The
chemical stability of BSCCO ceramics in alkaline
medium of the Ni-Zn battery is confirmed by
structural and morphological analysis (XRD, SEM
and EDX) and the superconducting properties of
samples are evaluated before and after prolonged
exposure to 7M KOH. The electrochemical tests are
carried out by Stoyanov et. al. [12] with
conventional sintered type nickel electrodes and
pasted zinc electrode with active electrode mass
based on ZnO with addition of BSCCO powder or
carbon (acetylene black) as conductive additives
show that the zinc electrode with BSCCO ceramic
additive exhibits very good cyclability, remarkable
capacity stability and much higher discharge
capacity at prolonged charge/discharge cycling in
comparison to the zinc electrode with the *“classic”
carbon conductive additive. It is suggested that the
addition of BSCCO ceramics improves not only
conductivity and electrochemical homogeneity of
the electrode mass and reduces the gas evolution but
also stabilizes its porosity structure. The results
obtained prove the possibility of application of
superconducting BSCCO  ceramics as a
multifunctional additive to the active mass of the
zinc electrodes for alkaline nickel-zinc battery
systems [12].

In this work we examine the conductivity of
YBCO and BSCCO HTSC ceramics through
impedance spectroscopy to obtain initial qualitative
data about their electrical characteristics and
behavior exposed to different electrolyte solutions.

EXPERIMENTAL
Through solid state reaction ceramic tablets of
nominal composition: Bi,Sr,CaCu.0Oy (BSCCO
2212) and Bi»Sr,CuOy (BSCO 2201) were obtained.
Powder samples of Bi»Sr.CaCu,Oy are produced by
two-stage conventional solid-state synthesis from
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high-purity (99,99 %) reagents - Bi»Os, CuO, SrCOs3
and CaCOs. After thorough mixing and grinding and
initial heat treatment at 780°C for 24 hours in air the
powder obtained is ground and pressed into pellets
(5-6 MPa). BSCO 2201 was sintered at 830°C for 24
hours, BSCCO 2212 at 830°C for 48 hours in air
atmosphere.

Another sample of nominal composition:
YBa,CusOx (YBCO) was obtained. Powder samples
are produced by solid-state synthesis from high-
purity (99,99 %) oxides - Y,03, CuO and BaCOs.
After thorough mixing and grinding the first stage is
a heat treatment at 900°C for 21 hours. After
grinding, the powder was sintered for a second time
at 940°C under the same conditions, followed by a
slow cooling and an additional annealing at 450°C
for 2 hours. The pellets were then pressed at 5-6 Mpa
and sintered for a third time at 950°C for 23 hours,
and subsequently annealed at 450°C for 23 hours.

The electrochemical system SP-200:
potentiostat/galvanostat was used to perform
potentiostatic electrochemical impedance

spectroscopy (PEIS) measurements applying the
EC-Lab software. The impedance of the conductive
ceramic tablets (YBCO and BSCCO) was measured
using a two probe method. The samples are prepared
with a rectangular shape and their surface area was
calculated. Silver conductive paste was applied on
two parallel and opposite faces, with known surface
area and distance between them. The specific
electrical resistance p was calculated taking the
resistance value measured at the low frequency point
of the impedance curve intersection with the real
axis. PEIS measurements were also taken using
BSCCO and YBCO as the working electrode (WE)
a three electrode electrochemical cell. The working
surface area of the electrodes was 0.4679 ¢cm?, 0.88
cm? and 0.257 cm? for BSCO 2201, BSCCO 2212
and YBCO, respectively. The counter-electrode
(CE) was a platinum plate. The potential was
measured relative to a saturated calomel electrode
(RE). The applied potential is referenced to the open
circuit potential of the working electrode. The
applied sine-wave potential amplitude is 10 mV, in
some cases a higher potential of 20 or 30 mV was
required in order to noise free data. In all
experiments the frequency was swept form 1 MHz
down to 0.1 Hz. Three supporting electrolytes were
used: 7M KOH, the electrolyte used in Ni-Zn cells,
an alkaline phosphate (AF) electrolyte containing
KOH and NasP0O4.12H,O [14], and a proprietary
PSPAA electrolyte containing anti-corrosion agents.
Impedance spectra were taken at room temperature
in order to examine electrical and electrochemical
behavior near the working conditions of Ni-Zn cells.
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RESULTS AND DISCUSSIONS

The impedance of the BSCCO conductive
ceramic tablets was measured using a two probe
method. Fig. 1 shows the Nyquist plot of impedance
of bulk BSCCO ceramics. From the real part of the
impedance at the lowest frequency specific electrical
resistance p was calculated to be 0.124 Q.cm for
BSCO 2201 and 5052.3 Q.cm for BSCCO 2212.
PEIS measurements were taken using BSCCO and
YBCO as the working electrode (WE) in a three
electrode electrochemical cell. The impedance
spectra of BSCO 2201 and 2212 in the three different
electrolytes are presented in Fig. 2, 3 and 4 for KOH,
AF and PSPAA respectively.
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Fig. 4. Nyquist plot of the impedance for the ceramics in
PSPAA electrolyte.

The raw data was normalized per unit surface
area. Using the EC-Lab software we fitted the
obtained curves to an equivalent circuit electrode
model presented in Fig. 5a for BSCCO 2212 and
YBCO and Fig 5b for BSCO 2201. Figures 2, 3 and
4 show the curves of the fits related to the obtained
measurement data. The reasoning behind these
models is supposition of surface modification
observed in BSCCO ceramics on exposure to
electrolyte [12].

Ly

Fig. 5a. Proposed equivalent circuit model for BSCCO
2212 and YBCO ceramics.

5y
77
AT—4 (2 —

R1 — Q3
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&

Fig. 5b. Proposed equivalent circuit model for BSCO
2201 in AF.
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Table 1. Area-normalized parameter values obtained by curve-fitting

BSCO

BSCCO

2201 2912 YBCO (Units)
IL\g\(r)gril. Electrolytes
KOH AF PSPAA KOH KOH AF PSPAA

R1 1.70031 0.66838 1.75573 -171.952 8.468 18.200 21.739 Q.cm?
Q1 6.73E-04 - 5.54E-04  1.03E-04 1.87E-4 1.53E-03 1.32E-03 F.s@cm™2
al 0.5728 - 0.5125 0.1523 0.3162 0.5031 0.4772 -
R2 3.80597 16.9092 178.345 251.944 58.8016 25.664 82.856 Q.cm?
Q2 - 4.34E-04 - - - - - F.s@Yem2
a2 - 0.7165 - - - - - -
Q3 1.47E-02 1.34E-02 1.31E-03 2.86E-03 3.00E-03 5.03E-03 2.03E-03 F.s@®Ucm?2
a3 0.5784 0.41 0.7162 0.5235 0.4467 0.4553 0.698 -
R3 180.928 - 1505.85 22242.88 135.284 85.915 209.789 Q.cm?

Degradation products may be less conductive
and it is likely that they create a porous layer
blocking the electrode surface. Here R1 represents
the electrolyte resistance between RE and WE, R2 is
the polarization resistance, R3 is the resistance of the
electrolyte confined in the pores. Q1 and Q3 are the
outer surface and pore double layer capacitances.
Capacitances are substituted with constant phase
elements (CPE) due to surface inhomogeneity,
roughness and varying degrees of surface
modification. Equivalent circuit parameter values
are presented in Table 1. In the case of BSCO 2201
in the alkaline phosphate electrolyte another circuit
model was used, presented in Fig. 5b, where R1 and
R2 have the same meaning, while Q2 is equivalent
to Q1. However, the behavior of BSCCO 2212 in the
PSPAA and alkaline phosphate electrolytes could
not be modeled by these equivalent circuits. The real
part of the impedance at the lowest frequency is
presented further below.

The parameter “a” describes the variation of the
constant phase elements’ impedance from purely
capacitive (a=1) to purely resistive (a=0).

It must be noted that for BSCCO 2212 in KOH
R1 is extrapolated by the software to a negative
value due to lack of information about higher
frequency behavior. At the highest frequency of 1
MHz the real part of the complex impedance is
measured to be 24.64 Q.cm? The real part of the
impedance of BSCCO 2212 at the lowest frequency
is 492.03 Q.cm? for the AF electrolyte and 258.89
Q.cm? for PSPAA (fig.3, fig. 4).
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BSCO 2201 exhibits the lowest values for R2 in
both KOH and AF, with R2 being lowest in KOH. In
the case of YBCO the opposite is true — R2 is smaller
in AF than in KOH. In PSPAA R2 is substantially
higher for both BSCCO 2201 and YBCO. While
both - BSCCO ceramics impedance varies
substantially depending on the electrolyte solution
content, YBCO displays less variation. The PSPAA
electrolyte has an effect of increasing the
polarization resistance for BSCO 2201 and YBCO
and decreasing it in BSCCO 2212.

CONCLUSIONS

In this work we examined the conductivity of
BSCCO and YBCO conductive ceramics through
impedance spectroscopy to obtain initial qualitative
data about their electrochemical characteristics and
behavior exposed to various electrolyte solutions as
a basis for their potential application as a conductive
additive in Ni-Zn batteries. An equivalent circuit
model was proposed and cell parameters were
obtained through curve fitting. BSCO 2201 and
YBCO exhibit lower overall resistance, BSCO 2201
and BSCCO 2212's behavior strongly depends on
electrolyte composition. Results suggest that among
the three examined ceramics BSCO 2201 is the best
candidate for a conductive additive for the zinc
anode in Ni-Zn batteries.

Acknowledgements: The authors would like to thank
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EJIEKPOXVUMUWYHU UMITEJHACHU U3CJIEJABAHUA HA BUCOKO TEMIIEPATYPHU
CBPBXITPOBOAMMU KEPAMUKHN OT BUJIA YBCO N BSCCO B ITPUCBCTBUE HA
EJIEKTPOJINTHU

I1. A. JIunos!, A. 1O. Baces!, JI. 3. Crosios? . I'. Mapunos!, A. K. CtostHoa-IBanosal™

Y Unemumym no gusuxa na mevpoomo mano, Bvieapcka axademus na naykume, 6yn. " Lapuzepadcko woce" 72, Codus
1784, bvacapus
2 Uncmumym no enexmpoxumus u eneputinu cucmemu "Axademux Eszenu Byoescku", Bvneapcka axademus na
naykume, yn. "Akao. I'eopeu bonueg", 6a. 10, Coghusa 1113, Bvaeapus.

Ioctenuna va 27 1w, 20167 r.; mpuera Ha 4 okromspy, 2017 r.
(Pesrome)

EnexTpoxuMUYHHTE H3CIIeIBaHNs Ha BUCOKOTeMIIepaTypHH cBpbxipoBoanuin (BTCII) 3anouBaT HEOCPEACTBEHO CIIE]
TSXHOTO OTKpPHBAHE, KaTO OT TOraBa ca MPOBEJIEHNU MHOTOOPOWHM M3CIIEABAHUS BEPXY HOHHMS TPAHCIIOPT B TAX, C LEJ
npuwiIokeHneTo uMm 3a enekrpoau. Iloaxomure 3a um3cnensane Ha BTCII ce Ga3upar OCHOBHO Ha aHaJlOTMU C
SNIEKTPOXUMHUYHHUTE H3CJIEBAaHUS Ha MOJYNPOBOJHHUILMUTE IOpPaJH TOBA, Y€ IIOBEYETO OT TAX IPOSIBIBSIBAT
MOJTYTPOBOJHUKOBH CBOICTBA MpH CTaifHa Temieparypa. Tasum aHajIOTHs € CTUMyNMpana MpOydBaHHWS HAa TSIXHATa
JIETpafanys B KACEIN M HEYTPalHH BOIHU CPEIHW M CPaBHUTEIHATa UM CTAOMIIHOCT B CHIIHO alKaJHH pa3TBOpu. B
nocienHo Bpeme BTCII HamupaT MpuinokeHHE M KaTo J0OaBKa B ChCTaBa HA IIMHKOBHSA €JIEKTPOJ B HUKENI-IIMHKOBU
Oatepun. Te3m Oarepuu ca TEPECTEeKTHBEH KaHOWJAT 3a 3aMsfHAa Ha TOKCHYHHUTE HHKENI-KaJMHEBH OaTepuu.
EnektpoxuMudHA TecToBe mokaseart, ue Ni-Zn kimetku ¢ mo6asku ot YBCO u BSCCO cBpBXIPOBOIAIIN KEPAMHUKH B
MacaTa Ha HUHKOBHA CJICKTPO/, MMOKa3BaT MOBUILICH CHCHI/I(I)I/I‘-ICH KananuTeT U 1o-rojisiMa CTa6l/lHHOCT Ha Kanangurera,
IIpY roJIsiM Opoil LIMKIIM Ha 3apexaaHe U paspexaane HacTosmoro uscnensane ce GoKycHpa BbpPXY eJIEKTPOXUMHUYHOTO
XapaKTepU3UpaHe Ha HAHOKOMITO3WUTHH TPOBOMISINM KyNpaTHH Kepamuku oT Buaa BiSr.CaCu.Ox (BSCCO - 2212),
Bi>SroCuOy (BSCO - 2201) u YBaxCuzOx(YBCO - 123) B cneguute enekrponutau pastopu: 7M KOH - enekrposut
m3non3Ban B Ni-Zn Gatepuure, ankanen docoaren (AF) enextponutr - ceabpxkam; KOH u NasPO4.12H,0 wu
cnenmanmsupan PSPAA enextpomut. IlpoBosmMocTTa Ha cHucTeMara KepaMHKa/EJIEKTPOJIHMT € H3CIIeABaHa 4Ype3
M3IMI0JI3BaHe Ha SJIEKTPOXMMHUYHA MMITCIaHCHA CIIEKTPOCKOIHSI, IPOBEACHH C OTCHIMOCTATHYHA cucTeMa Bio-logic SP-
200. MmnenaHcHUTE XapaKTEPUCTHKH Ha KEPAaMUKHTE B PAa3IMIHUTE EJIEKTPOJIMTH Ca CpPaBHEHH H OOCHICHH
MIOCPEACTBOM IPEUIOKCHH EKBHUBAJICHTH EICKTPOXUMHYHM CXeMH. lIpemnoskeH € Mojen, OmMcBal] €IeMEHTHTE Ha
SJICKTPUYHATA BEPUTA M Ca MOIXYYCHH CTOMHOCTHTE Ha MapaMeTpPHUTe, MOCPEACTBOM apPOKCHMHUPAHE Ha CIEKTPAITHUTE
KpuBH. V3MepeHnTe eNeKTPHIECKH ChIIPOTHBICHHUS Ha KYIIPATHUTE CBPBXIIPOBOANME KepaMukH oT Buga BSCO 2201 u
YBCO mnoxkasBar otHOcHTENIHO HUCKKA cTrorHOCTH. IloBenmenmero Ha BSCO 2201 m BSCCO 2212 cwiaHO 3aBHCH OT
CbCTaBa Ha €JEKTPONUTA. Pe3ynrarure mokassar, ue oT Tpure u3ciensanu kepamuku, BSCO 2201 e c¢ Hail HuCKO
CBIIPOTUBJICHUC U € Haﬁ'HOﬂXOZlHLHa 3a IpoBOaAMMa ,Z[O6aBKa KBbM IIMHKOBH aHOJA B HUKCII-ITUHKOBUTC 6aTepI/m.

Karouosu nymu: enekrpoxumuder nmnenanc, HTSC kepamuxu, BSCCO, YBCO
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Lithium sulfur battery is a promising electrochemical system offers high energy density of 2500 Wh kg*, which is almost
five folds higher than those of state-of-art Li-ion batteries. However, commercialization of Li/S batteries still cannot be
realized due to many problematic issues, such as poor electronic conductivity of sulfur, solubility of lithium polysulfides
in organic electrolytes and the use of highly reactive metal lithium as anode. In this paper we discuss key parameters, in
particular carbon/sulfur ratio, carbon porosity, sulfur loading and electrolyte volume, which impact the battery
performance. We found that increasing the carbon content in the sulfur cathode from 20 to 40% resulted in 30% capacity
improving of the Li/S battery. The optimized sulfur loading was found to be 2.2 mg S per cm and electrolyte volume

should not be lower than 75 ul per mg of sulfur.

Keywords: Lithium sulfur battery, sulfur cathode, activated carbon, electrochemical performance

INTRODUCTION

Lithium-ion  batteries since their  first
commercialization of more than 20 years ago have
dominated the market of chemical power sources for
portable electronic devices [1-3]. However, the
limited energy density and the theoretical capacity of
the Li-ion battery and the growing demand and
requirements of the market forces searching for other
solutions.

Metallic lithium with the lowest density and the
highest theoretical capacity (3861 mAh g?) is
considered the best anode material. The elemental
sulfur with a theoretical capacity of 1673 mAh g
appears to be preferred opposite electrode for
lithium. Lithium-sulfur battery can potentially reach
energy density of 2 500 Wh kg*, which is up to five
times higher compared to lithium-ion batteries [4-6].
Low cost, non-toxicity and the natural abundance of
sulfur in the environment is also conducive to the
growing interest of the scientists. Nevertheless, there
are still several major issues facing rechargeable Li-
S batteries that impede their practical application,
which include: low charging efficiency, poor cyclic
stability and high self-discharge rate [7].
Disadvantages of Li-S batteries result from a number
of reasons. Sulfur has a poor electrical conductivity,
and therefore composing the cathode a large amount
of conductive additive has to be added, which
reduces the amount of sulfur itself and reduces the
energy density of the cell. The second major problem
is the solubility of lithium polysulfides formed
during the electrode reaction in organic electrolytes

* To whom all correspondence should be sent.
E-mail: paulina.polrolniczak@claio.poznan.pl
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and their migration towards the anode, wherein
further reaction of lithium leads to the formation of
insoluble and non-conducting Li,S and Li.S,. These
polysulfides are accumulated at the anode causing
the corrosion and polarization, and thus reduce the
amount of the cathode active material [8-10].

In our study the influence of key parameters on
the performance of Li-S batteries has been
investigated. The impact of active material content,
coating thickness and type of carbon additive on the
specific capacity and cycle stability of the Li-S
batteries have been studied. Different electrolyte
composition has been proposed and tested towards
polysulfides dissolution and Li-S batteries
performance.

EXPERIMENTAL

The sulfur/carbon cathode composites were
prepared by manually mixing elemental sulfur and
carbon in different weight ratios in an agate mortar.
The S/C mixture was dispersed in sodium
carboxymethyl cellulose aqueous (Sigma Aldrich)
solution to form a slurry which was subsequently
casted onto Al foil as a current collector. The
resulting cathodes were dried at 60°C under vacuum
for 24 h. The cathodes were assembled in an argon-
filled glove box (MBraunLABstar) in Swagelok-
type cells with metallic lithium as the anode and
Celgard 2400 as the separator. The electrolyte was a
solution of lithium trifluoromethanesulfonate (0.5
M, Sigma Aldrich) and of LiNOsz (0.5 M, Fluka) ina
1:1 mixture of 1,2-dimethoxyethane (DME, Sigma
Aldrich) and 1,3-dioxolane (DOL, Sigma Aldrich).

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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The cells were galvanostatically charged/discharged
at a current density of 0.005, 0.05, 0.1,0.5and 1 C
between 1.7 and 2.7 V vs. Li/Li*. Cyclic
voltammetry experiments were carried out at the
scan rate of 0.05 mV s also between 1.7 and 2.7 V.
All electrochemical measurements were carried out
using multi-channel VMP3 potentiostat/galvanostat
(Bio-Logic).

RESULTS AND DISCUSSIONS

Sulfur has poor electronic conductivity thus it
needs to be blended with a conducting agent, e.g.
carbon black. High sulfur content in the cathode
favors high energy density, however, too low carbon
amount in the cathode will lead to the formation of
electrically isolated islands in the electrode [11]. Itis
crucial to have a balanced carbon to sulfur ratio in
the cathode. The performance of Li-S batteries using
S/C cathode with different S/C ratio is shown in Fig.
1. The Li-S battery with cathode composed of 70%
of elemental sulfur and 20% of carbon black
delivered 450 mAh g in the first cycle at 0.05 C and
the capacity decreases in the next 10
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charge/discharge cycles. As the carbon content was
increased to 40%, the capacity in the first cycle at
0.05 C increases to 580 mAh g. The cyclic stability
was also improved. Higher carbon content (above
50%) leads to obtain electrodes mechanically
unstable.

High capacity and good cycling life of Li-S
batteries depends also on the structure, surface area
and pore size diameter of the carbon added to the
sulfur cathode. Following the first sulfur-carbon
composite proposed by Wang et al.[12], and further
work of Nazar’s group [13], the approach was
adopted by various groups, and new research
avenues were opened, based on the concept of sulfur
confinement inside a porous carbon structure. This
strategy was the most studied one during last four
years, since it was believed to solve both issues
simultaneously, drastically improved high rate
cyclability due to enhanced electronic conductivity
and inhibited polysulfides migration due to
confinement of sulfur and adsorption properties of
carbon [14-16].
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Fig. 1. a) Galvanostatic charge/discharge profiles of first cycle in the voltage window of 1.7-2.7 V at 0.05 C of S/C
cathode with different S/C ratio, b) rate capability of S/C cathode with different S/C ratio

Three different carbons, depending on their
porosity, were utilized as sulfur cathode component:
carbon black, CMK-3 ordered mesoporous carbon
and humic acid-derived mesoporous carbon
(HAMC). CMK-3 and HAMC carbons have been
synthesized according to procedures published
elsewhere [17]. The carbon content in the cathode
was 40% wt. The initial discharge profiles and
cycling performance of S/C cathode with
abovementioned carbons are shown in Fig. 2. The
sulfur cathode with carbon black which is non-
porous material with low surface area delivers
capacity of about 550mAh g in the first discharge
and the capacity significantly decreases with the next
charge/discharge  cycles.  Surprisingly,  sulfur

cathode with CMK-3 carbon, which is ordered
mesoporous carbon with high specific area similar to
HAMC carbon (see Tablel), exhibits lower capacity
of about 600 mAh g in comparison to 880 mAh g*
obtained for cathode with HAMC carbon. Such
difference of electrochemical performance among
S/ICMK-3 and STHAMC cathodes can be ascribed to
the difference of pore size diameter and mesoporous
structure perfection. Apparently, short range order
with a significant amount of structural imperfections
may favor faster mass transfer kinetics. Also
relatively large pore diameter observed for HAMC
(7.6 nm, in contrast with 3.8 nm for CMK-3) can
facilitate sulfur species accommodation and release.
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Fig. 2. a) Galvanostatic charge/discharge profiles of first cycle in the voltage window of 1.7-2.7 V at 0.05 C of S/C
cathode with different carbon, b) cycling stability of S/C cathode with different carbon.

Table 1. Porosity data of different carbon materials used
in sulfur cathode.

Carbon Surface area Pore diameter
[m?/g] [nm]
HAMC 670 7.6
Carbon black 45 Non-porous
CMK-3 740 3.8

The active material loading in electrode
significantly impacts the energy density of an
electrode. To improve energy density, the
loading of sulfur and/or thickness of electrode
can be increased. Sulfur/carbon black
composites electrodes with different sulfur
loadings were prepared using doctor-blade
coating by changing blade thickness. Such
obtained electrodes had increasing coating
thicknesses (8, 16, 24, 28 um), linearly
proportional to the sulfur loadings (0.9, 1.7, 2.2,
2.7 mg S cm™). The initial discharge profiles for
S/C cathode with different sulfur loadings are
displayed in Fig. 3 a). When the sulfur loading
was increased from 0.9 to 2.2 mg cm?, the
capacity per unit mass of sulfur was improved,
from 541 mAh g* to 752 mAh g*. But further
increase of sulfur loading, to 2.7 mg cm
resulted in a sharp capacity fade (394 mAh g™).
The corresponding areal capacities at varied
sulfur loading are calculated to be 0.49 mAh cm’
2(0.9 mg cm?), 1.02 mAh cm™ (1.7 mg cm™),
1.65 mAh cm™ (2.2 mg cm2) and 1.06 mAh cm"
2 (2.7 mg cm), respectively (Fig. 3 b). The
cyclic stability of S/C cathodes with different
sulfur loadings is presented on Fig. 3 ¢. The
main problem with high loaded electrodes is the
mechanical stability of the electrode. Thicker
films from composite of sulfur and carbon are
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brittle and tend to peel off from Al current
collector. The second explanation of capacity
fade in high loaded cathodes is the lithium
polysulfides diffusion issue [18]. High loaded
cathodes are thick and the polysulfides anions
formed during discharge are wunable to
effectively diffuse out of the electrode. As a
result, polysulfides anions stay on the carbon
surface and isolate the remaining sulfur from the
contact with carbon.
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capacity vs. sulfur loading curve, c) cycling performance
of S/C cathode with different sulfur loading.

Electrolyte wvolume is another important
parameter determining energy density and capacity
of lithium-sulfur battery. Larger volume of the
electrolyte better wet the electrode and dissolves
more lithium polysulfides, but the brought-in
drawback is the decrease of the energy density. The
effect of the electrolyte volume on the capacity and
cyclic stability is presented on Fig. 4. It can be seen
that as the electrolyte volume was increased from 25
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to 75 pl/mg S, the capacity increases from 115 to 500
mAh g*. As the electrolyte volume was further
increased to 125 pl/mg S, the increase in capacity
slowed down.
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Fig. 4. a) Galvanostatic charge/discharge profiles of first
cycle in the voltage window of 1.7-2.7 V at 0.05 C of S/C
cathode with different electrolyte volume, b) cycling
stability of S/C cathode with different electrolyte volume.

CONCLUSIONS

The performance of a Li-S battery is affected by
multiple parameters such as electrolyte volume,
carbon/sulfur ratio and sulfur loading, as well as the
choice of carbon source. The development of a fully
functional Li-S battery is a complex challenge to
research and technology, and requires simultaneous
optimization of a number of important parameters.
At present, many problems remain unresolved,

despite intense efforts and the work carried out
around the world.
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OCHOBHU ITAPAMETPHU, OIIPEAEJIAIIN EGEKTUBHOCTTA HA JIMTUEBO-CEPHU
BATEPUUN

I1. [Mynponanuak, M. [Tmmbwuryak, K. Bacuascku, M. BankoBuak

Hnemumym 3a yeemuu memanu, omoen 6 Ilosnan, llenmpanna nabopamopus 3a bamepuu u xnemku, 61-362 Iosnan,
Honwa

Ioctenmna Ha 13 centemBpwy, 2017t.; mpuera Ha 29 HOeMBpH, 2017 .
(Pesrome)

Jlutneso - csipHarta OaTepus € oOemmaBaa eIeKTPOXUMUIHA CHCTEMA, KOSITO Mpeyiara BUCOKAa €HEPruiHa INTbTHOCT OT
2500 Wh kg, koeTo € IIo4TH HeT IBTH II0-BHCOKA OT Ta3M Ha Hail-ChBPEMEHHMTE JIUTHEBO-HOHHM O0aTepui. BIIpekn
TOBa, KOMepcuanu3anusaTa Ha Li/S 6arepun Bce orie He MOKe 1a ce OCBHINECTBU MTOPaIH ChIIECTBYBAIIH IPOOIEMH, KaTo
JIOIIATa eJIEKTPOIIPOBOANMOCT Ha CsipaTa, pa3TBOPUMOCTTA HA JIMTUEBUTE MOJIUCYI(PHUIN B OPraHUYHUTE EIEKTPOIIUTH U
M3MO0JI3BAHETO HA BUCOKO PEaKTHBEH METAJICH JIMTUHM KaTo aHo/. B Ta3u cratus ca TUCKyTHpaHH OCHOBHUTE IapaMeTpH,
HO-CHEHaJHO CHOTHOLIEHHETO BBIJTIEPOJ/CcApa, BBITIEPOJHATa MOPHO3HOCT, ChABPIKAHHUETO Ha cspa M obeMa Ha
€JIEKTPOJINTA, KOMTO OKa3BaT BIMSHHE BBbPXY €(EKTHBHOCTTA Ha OaTepusra. YCTaHOBEHO €, Y€ yBEJIMYaBaHETO Ha
KOJIMYECTBOTO BBIJIEpoa B cepHus katoxa oT 20 no 40% Boau no nonoOpsiBane Ha kamanutera Ha Li/S Garepus ¢ 30%.
ONTMMU3HPAHOTO ChABPKAHUE Ha cApa € 2,2 mg Ha S cm2, KaTo 06eMBT Ha €JIEKTPOJIUTA He TPAOBA Jia ObJIe MO-MallbK
ot 75 pl Ha mg cspa.

KiaouoBu JAYMHM: JIATUEBO - CSIpHA 6aTepI/m, CCPCH KaTO/J, aKTUBCH BBIJICH, CICKTPOXUMHUYHHN XaPaKTCPHUCTUKU.
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Lithium cobaltate used in commercial rechargeable lithium ion batteries possesses good cyclability, high discharge
potential and acceptable energy density. Its synthesis is easy and can be realized on a large industrial scale. However, the
price of cobalt is very high and determines the end user price of the lithium battery. Cobalt and its oxides are very toxic.
Lithium manganese dioxide spinel combines high specific energy density — volumetric and gravimetric, high coulomb
efficiency - close to the theoretical one, long cycle life. It is non-toxic, environmentally friendly and with low cost but
possesses some disadvantages as low starting capacity and low stability at elevated temperatures. Optimising the synthesis
methods and elucidating the factors influencing the electrochemical stability, we have obtained manganese dioxide spinel,
which is very attractive and prospective cathode material for large scale application. Cathode materials based on
manganese dioxide spinel with high coulomb efficiency close to 90%, discharge rates of 4C and cycle life up to 1000

cycles are presented.

Keywords: Lithium ion batteries, Manganese dioxide spinel, Elevated temperatures stability

INTRODUCTION

Commercially available rechargeable lithium
batteries refer to the Li-lon battery, which uses
carbon powder as negative active electrode material
and lithiated metallic oxides as cobaltate and
nickelate for positive active electrode material. For
the moment only LiCoO, (lithium cobaltate) is
present at the market as positive electrode material.
However, the cost of this material is so high that it
would take up too much of the battery cost and
besides, its specific energy density is not the highest,
therefore, it may be replaced by the concurrent
LiNiO,. The price of LiNiO (lithium nikelate) is
less because of the highest specific gravimetric
capacity but it is difficult for synthesis and treatment.
Both materials are not environmentally friendly.

Thus the nearest future is devoted to the
development of positive electrode materials with the
following features:

« High specific energy density — volumetric
and gravimetric;

- Improved coulomb efficiency close to the
theoretical one;

« Cycle life, meeting the requirements;

« Easy for synthesis and treatment;

« Non-toxic and environmentally friendly;

« Low cost.

There is only one group of candidates that can
meet these requirements - cathode materials based

o *To whom all correspondence should be sent.
e E-mail: bbanov@iees.bas.bg

on manganese dioxide working in the 3 and 4 volts
range.

The success of lithium batteries in the last 20
years is due to their big advantages over classical
electrochemical systems as high specific energy
density, stable and flat discharge profile, long
storage life and wide operating temperature range.

Electrode components — general assumptions

The electrochemical parameters of lithium
battery electrodes depend on the active mass (AM)
and applied technology. Twenty years ago our lab
(IEES former CLEPS) successfully developed a dry
technique for electrode preparation [1, 2]. The
electrode typically consists of active electrode
materials (AM) mixed with electronic conductor and
some amount of polymer playing the role of binder.
The ratio between all above-mentioned compounds
in general is as follows: 80% active electrode
material (AM), 10% electronic conductor — graphite
for example and 10% PTFE as a binder. We use
preliminary prepared mixture of acetylene black and
PTFE transformed in the so-called Teflonized
Acetylene Black (TAB-2). The abbreviation TAB-2
denotes the content of PTFE in the dry mixture
(typically 5%). In this way the test electrodes consist
of 85% AM and 15% CB. Reduction in the content
of PTFE is very important especially from a practical
point of view.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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The main factor for the electrochemical
behavior of AEM in use is the stoichiometry and the
purity of the used compounds: cobaltate, nickelate
and manganese dioxide spinel. The particles size
together with porosity and micro and macro pore
distribution plays a decisive role for the
electrochemical features [3, 4, 5]. A summary of the
chemical and physicochemical properties for an
improved active electrode material is given below.

Chemical characteristics

e Chemical formula - LiCo0O,,
LiMn,O; - strict stoichiometry;

« Purity of active electrode material (avoiding
impurities generated during the synthesis process,
which deteriorate the electrochemical performance);

« Correctly selected starting chemical
compounds (including purity grade);

o Appropriate thermal treatment & gas
atmosphere;

« Modification of the basic structure with the
aim to improve some characteristics: thermal
stability, enhanced lithium diffusion coefficient,
cycleability.

LiNiO,,

Physico-chemical properties

« Specific Surface Area SSA (the higher the
SSA, the lower the polarization), higher delivered
capacity, improved reversibility and longer cycle
life;

« Particles size - nanoparticles - balance of
size depending on the specific application (the
smaller the particles size the higher the discharge
rate but delivered capacity is lower);

« Porosity of the particles and pore
distribution - suitable micro- and macro pore ratio;

« Conductive binder ensuring an appropriate
porosity and suitable electronic conductivity.

MANGANESE DIOXIDE SPINEL

During the last 10 years a high-energy demand
has existed at the lithium battery market. Lithium
cobaltate and lithium nickelate have successfully
found a niche in this growing market. Some non-
toxic, environmentally friendly, low cost candidates
with specific energy density close to 450 Wh g* are
under intensive investigation for replacement of the
cathode materials based on Ni and Co. Lithium
manganese spinel LiMn,O4 is very attractive and
prospective cathode material, combining the
advantages to be non-toxic, environmentally
friendly, with low cost and theoretical specific
energy density of 475 Wh g [3, 6-8]. It has been
under investigation since the beginning of the new
century, but displays the big disadvantage of
premature capacity loss especially at elevated
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temperature — over room temperature (RT) [9-11, 13,
15-17].

The same problem exists also in regard to
cathode materials based on lithiated nickel and
cobalt oxides, however, less pronounced.. Various
authors have proposed two different solutions to the
problem, which can be summarized in three
directions:

e Increased lithium content in the initial
structure, the so-called overlithiated manganese
dioxide spinel;

¢ Modification of the manganese dioxides
spinel with foreign ions

The main instability of LiMn,O, is due to the
so-called Mn** disproportion described by the
equation:

2Mn3 = Mn* + Mn?* o)

The increased lithium content in the
overlithiated manganese dioxide spinel of Lii+Mny.
«Os type stabilizes the crystal structure and
suppresses the dissolution of Mn3*. This reflects in
increased stability during cycling at elevated
temperatures. However, the gain in cycleability is
accompanied by diminishing of the delivered
reversible capacity of the material.

The next option is to substitute small amount of
Mn®* ions by another ion. Some authors [9-16]
propose stabilization of the structure by partially
replacing Mn®* ions by Ni or Co ones. We have also
piled up experience in this regard. The obtained
stability of Co doped spinel with chemical formula
LiC00.1Mn1904 is excellent during long term cycling
at room temperature [7, 18-21] but is not satisfactory
at elevated temperatures. This substitution can also
be performed using Mg. The result is improved
cycleability but reduced initial reversible capacity.

OVERLITHIATED MANGANESE
DIOXIDE SPINELS
Manganese dioxide spinels of the type
Li,,,Mn, O, (0.01<x<0.15) with increased Li
content.

Expected results:

« Starting capacity 100 mAh g* (65% Q) -
135mAh g™(90% Q,):

« Cycleability of 300 cycles at RT (up to 50%
from the initial capacity);

o Improved cycleability at
temperatures (55°C).

The overlithiation of manganese dioxide spinel
is the simplest way to increase the stability of the
active electrode material at elevated temperatures.
We have prepared a series of overlithiated

elevated
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manganese dioxide and subjected it to high
temperature tests (Table 1). As it was already
mentioned, this approach offers reduced reversible
capacity in the beginning but the cycle life is
improved significantly. The capacity fade at room
temperature (RT) decreased from 0.4% to 0.032%
per cycle — more than ten times. On the other hand
the starting delivered capacity was reduced from 135
mAh g? to 101 mAh gt The capacity fade at
elevated temperatures (55°C) starts form 1.3% (three
times higher than at RT) per cycle and drops to
0.067%, which is very close to the value displayed
at RT for the spinel with chemical formula
Li111Mn1g904. The graphical presentation of the
capacity changes at long term cycling for the
investigated overlithiated samples is given in Fig. 1.

Taking into account the so-called “accumulated
capacity” the best choice would be the sample
“|IEES”, because the accumulated capacity,
graphically represented by the area limited by the
cycling curve is the biggest one.
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Fig. 1. Discharge capacity at long term cycling of
overlithiated Li1+xMn2.xO4 samples at 55°C

If the cycle life is set to 1000 cycles, the leader
would be the sample with chemical formula
Li1.13Mn16704. For middle cycle life (for example
400 cycles), there is no best choice, because all
tested samples offer nearly the same accumulated
capacity, excluding the spinel with maximum
lithium content - Li1.13Mn1.870a.

Table 1. Theoretical and observed capacity dependence on extra lithium content in manganese dioxide spinel

Spinel RT Fade 55°C Fade @
Formula Initial %lcycle Initial %lcycle
Li;,,Mn,,0, Capacity, at 50" Capacity, at 50"
[mAh g7] cycle [mAh g] cycle [A]
Standard LiMn,0, 135 0.4 135 1.300 8.248
Liyg,Mny 50, 123 0.11 134 0.770 8.243
Li;0sMn1 g50, 121 0.11 133 0.450 8.235
Li; ;Mn; 30, 121 0.11 120 0.290 8.228
Li; ggMn; ;0,4 118 0.06 118 0.170 8.222
Li; 1,Mn; 4O, 101 0.05 101 0.080 8.218
Li; 13Mn, ;0,4 101 0.032 101 0.067 8.207

CONCLUSIONS

« A series of overlithiated manganese dioxide
spinel LiyMn,,O,are successfully synthesised and
tested as cathode material for prospective LIB;

o  Overlithiated manganese dioxide spinel
Li;., Mn,,O,with different overlithiation ratios are
suitable for different applications;

«  There are no universal overlithiated active

electrode  materials  solving all  customer
requirements without any compromise;
. Different approach for each specific

application is needed;
Overlithated samples tested present very good and
promising cycleability at elevated temperature.

SUBSTITUTED MANGANESE DIOXIDE
SPINEL
Manganese dioxide spinels of the type LiMe,Mn,,O,

(0.01<x<0.20) modified with Mg ions.

Expected results

. Starting capacity 100 mAh g (65% Q,) —
120 mAh g (80% Q,,);

« Improved thermal
electrochemical characteristics;

« Improved cycleability up to 700 cycles;

o  Target: batteries for EV&HEV.

The advantages of doping with foreign ions are
investigated on manganese dioxide spinel
LiMgo.0sMn1.9504, i.€. the selected doping ion is Mg.
Based on our previous investigations, lithium acetate
and manganese carbonate have been chosen as
lithium and manganese source, and magnesium
nitrate - as Mg doping agent (CH;COOL.i.2H,0,
MnCOs, Mg(NQ3).6H.0). These initial compounds
are not widely used in lithium manganese spinel
preparation. The optimal conditions to obtain a high
quality active cathode material for lithium batteries

stability &
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operating in the 4 volts region are published in [1, 3,
19-21].

Experimental

The newly proposed method of synthesis is
based on two different techniques: impregnation and
decomposition inside the particle. MnCOs;with mean
particle size about 20 pmis chosen as starting
compound and manganese source [2, 3, 6, 7,].
Magnesium nitrate is introduced in the reaction
composition as an aqueous solution. The manganese
carbonate is well soaked with the magnesium nitrate.
After drying and good mixing, lithium acetate is
introduced and the mixture is again dried at
temperature of 120°C. The real synthesis starts with
a thermal pretreatment at 250°C for 24h. The
temperature is selected according to the
decomposition temperatures of Mg(NOs).6H,0O and
CHsCOOL.i.2H;0. During the initial thermal
pretreatment at relatively low temperature (about
120°C) the composite mixture is subjected to
impregnation by the lithium acetate and magnesium
nitrate. The final thermal decomposition of
manganese carbonate/lithium acetate/ magnesium
nitrate takes place at high temperatures (750°C).
Doped llithium manganese spinel with high purity
and perfect crystal structure has been obtained as a
result of this synthesis. The XRD of thus prepared
samples is presented on Fig. 2a. It can be seen no
difference in the XRD patterns of pure (LiMn;O,)
spinel and substituted one (LiMgo.0sMn1.9504). This
is due to the occupation of 16(d) places by the Mg
ions. For comparison apure manganese spinel is
synthesized by standard solid-state procedure.
Chemical manganese dioxide (CMD) with high
purity and high specific surface area (SSA) about
100 m? g* and lithium acetate CH3COOL.i.2H,0 are
mixed in an appropriate molar ratio 2:1 [4, 5, 8]. The
medium particle size of the used MnO- is about 100
um. Lithium acetate is chosen due to its low
decomposition temperature, which is around 70°C.
Thermal pre-treatment for 24 hours at 750°C is done.
The syntheses are performed in a tube furnace with
0.5 dm? total volume under a constant air flow of 25
dm?® h. The gas flow is very important because of
the generated carbon dioxide. The synthesis reaction
of LiMn,O, requires oxygen for the end product
synthesis. The sample is cooled at 10°C min
cooling rate. In both cases - with and without doping,
an active cathode material with SSA (measured by
the B.E.T. method) about 10 m? gtis obtained [2-4,
19-21]. The phase composition of the samples is
determined by X-ray diffraction analysis using
Philips APD 15 powder diffractometer with Cu-Ke
radiation. The electrochemical characteristics are
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tested in a three-electrode glass cell with lithium
reference electrode in excess of electrolyte and with
a floating test electrode, described in [4, 5]. The
electrolyte consists of 1M LiClO4 solution in a
mixture of EC:PC:DMC in 1:1:2 volume ratio. The
composite test electrode material is a mixture of the
investigated compounds with Teflonized Acetylene
Black(TAB-2) [1, 3-5] at a 1:1 ratio by weight,
pressed on expanded nickel grid with 15 mm
diameter. The test electrodes weight is typically 50
mg without the nickel grid. To carry out the
electrochemical tests a standard charge/discharge
current of C/3 is applied.

Results and discussions
The XRD pattern of the manganese spinel
doped with 5 atomic percent Mg is equal to those of
the pure LiMn,O., i.e. the phase of the doped spinel
is also Fd3m. The doping agent cannot be detected
on the XRD patterns sown on Fig. 1b of
Lngo,osMn1,9504 spinel.

11
3117)]
400)
sF
H
b
E
il
3

U .

Fig. 2. XRD diagram of pure LiMn,O4 and Mg doped
spinel Lngo,osMn1,9504

That confirms that Mg occupies 16(d) places.
The morphology of the obtained powdered active
electrode material is presented on Fig. 3.

Fig. 3. SEM micrograph of LiMgo.0sMn1.9s04 powder

The micrograph shows that the lithium spinel
preserves in maximum the shape of the initial
manganese source - MnCOs [8, 20-22]. The obtained
doped and non-doped spinels possess specific SSA
of ~ 10 m? g The combined impregnation -
decomposition process leads to the formation of
particles with high porosity and spherical shape.
XRD and SEM micrographs show that the
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preparation technique is wvery suitable. The
charge/discharge profiles of pure LiMn;O4 active
electrode material are presented in Fig. 4.
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Fig. 4
Charge/discharge profiles of pure lithium
manganese spinel LiMn,0, at different
temperatures and discharge rates: 0.25C/23°C;
1C/35°C and 4C/35°C

The electrochemical tests are performed at
different discharge rates and temperatures - room
temperature (RT) 23°C and elevated one 35°C,
respectively. The first curve (Fig. 4A) shows the
pure spinel behavior applying 4h charge/discharge
(0.25C)rate at 23°C (RT). Due to the high SSA of the
sample (10 m? g?), the charge/discharge profile is
very flat. The delivered capacity is 135 mAh g
When a charge/discharge rate of 1C is applied and
the temperature is increased to 35°C, the obtained
capacity is 105 mAh g*. The discharge profile at
high current density (4C) and 35°C is presented
inFig. 4C. In this case the exhibited discharge
capacity is only 87 mAh g. The reduction is 35% in
regard to RT and about 18% against 1C/35°C. The
displayed results are interesting and promising. Fig.
5 shows the charge/discharge profiles of newly
prepared LiMgo.0sMn1.9504 active electrode material.

Three discharge/charge profiles: at 0.25C/RT,
1C/35°C and 4C/35°C are presented again for
comparison with the pure spinel. At 0.25C rate and
room temperature there is no difference in the
discharge capacity due to the low discharge current
and the high SSA of the sample [1-5, 19-21]. The
sample exhibits capacity close to that of the pure
material, which means that the very small amount of
doping agent does not affect the discharge capacity.
At elevated temperature 35°C and discharge rate of
1C the delivered capacity is 122 mAh g?!. The
displayed reversible capacity decreases to 105 mAh
g! when a high current drain and temperature are
applied (4C/35°C). Compared to the tested pure
spinel, the value increases about 16% and 20%,

respectively. In all of the tests the charge current rate
is kept constant (0.25C) to ensure optimal conditions
for low polarization charging. The obtained results
confirm our assumption that combining different
techniques and starting compounds it is possible to
prepare a highly efficient cathode material.
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Fig. 5. Charge discharge profiles of lithium manganese
spinel doped with Mg (LiMgo.osMn1.9504) at different
temperatures and discharge rates: 0.25C/23°C, 1C/35°C
and 4C/35°C

Conclusions

o LiMgoosMn1g504is successfully synthesised
as cathode material with improved stability at
elevated temperatures;

« A very high rate (4C) active electrode
material (LiMgo.0sMn19504) for lithium batteries is
obtained by our cathode preparation technique;

«  Theoverall efficiency of LiMgo.0sMn1.9504is
enhanced by 20% at high rate (4C) and elevated
temperature (35°C);

« Combining different techniques  of
preparation and modification, it is possible to
prepare highly efficient, environmentally friendly
cathode material with high charge and discharge
rates at elevated temperatures.

ELECTROCHEMICAL BEHAVIOUR OF
LIMN2Os; ACTIVE ELECTRODE MATERIAL
IN THE 3 VOLTS REGION

The lithium manganese spinel LiMnyO,
possesses twodischarge plateaux, at 4 volts and at 3
volts one. So far the efforts of R&D has been
oriented to improve the discharge capacity and the
cycleability of the high potential region — the 4 volts
one. We have already demonstrated that it is possible
to obtain LiMn,Os with 90% (Fig. 1) of the
theoretical capacity in the 4 volts region during long
term cycling at high charge/discharge rate of C/3 [1,
3, 8]. The techniques of preparation, sol-gel or solid-
state syntheses, the influence of the starting
compounds on the obtained precursor and final
product, and the physicochemical properties and
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electrochemical behavior of the active electrode
materials have been discussed 1-3, 13-16, 18-21].
The challenge is to improve the electrochemical
characteristics of lithium manganese spinel LiMn,04
working in the low potential region of 3 volts,
modifying the physicochemical parameters and
applying an appropriate synthesis method.

Experimental

Based on our previous investigations, lithium
spinel is prepared by a new synthesis approach. The
standard solid-state reaction is applied for
comparison. Lithium acetate is used in both methods
to avoid the influence of the starting compounds.
The new synthesisis based on a two-step technique:
impregnation and decomposition. The particles of
manganese carbonate with average particle size of
20 um are impregnated by lithium acetate at about
150°C. The final thermal decomposition of the
manganese carbonate takes place at temperature
about 550°C. Thus lithium manganese spinel is
obtained at relatively low temperature [18-21].
Lithium spinel prepared at low temperature
possesses low discharge capacity at 4 volt range.

Results and discussion

XRD patterns of materials prepared at 550°C and
750°C are the same, Fd3m space group, i.e. a spinel
was successfully obtained at relatively low
temperature (550°C). The pattern of the new
synthesis shows only a little lower intensity of the
peaks. The morphology of the obtained active
electrode material powders is presented on Fig. 6. It
can be seen that the lithium spinel preserves in
maximum the spherical shape of the starting
manganese source, the CMD Faradizer M. The SEM
picture (Fig. 6 a, b) shows that the particles are built
from fine nanosized needles, at 750°C Fig. 6 a and at
550°C Fig. 6 b. A small difference appears in the
particles dimensions Fig.6 a, b resulting in different
SSA of thus prepared samples.

300 nanometers

700 nanometers

Fig. 6. SEM pictures of pure LiMn,O4 powders obtained
by: (a) solid-state reaction; (b) new complex synthesis
(impregnation) method

The measured SSA (10m? g?) is three times
higher than that of the reference material (standard
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lithium spinel prepared at 550°C). The discharge
profile in the 3 volts region of active electrode
material prepared by the standard synthesis way
(750°C) is presented in Fig.7.

36

T T T

Typical discharge charge profile of LiMn, O, l
Discharge capacity for the 3V region

50-70% from the theoretical 148mAhg g

aa—f

32

30 ~ ™

] &Y
26 \ |
2|/ Middle discharge | | Middle charge

| voltage 3.05v

voltage 2.81V ‘ \
T
0 30 60 90 120 150 180 210

Voltage [V]

22

L

20
Discharge capacity [mAhg"]

Fig. 7. Discharge/charge profile of standard lithium
manganese spinel in the 3 volts region

It has capacity of 90 mAh g with discharge
plateau at 2.81 V. From theoretical point of view the
plateau must be situated at 2.95 V. The observed
difference is due to the discharge polarization. The
charge plateau is at 3.05 V and the charge capacity
is 115 mAh g! The efficiency of the total
electrochemical reaction discharge/charge is 78%
and the calculated specific energy density - 253 Wh
gl In the 4 volts region the same active electrode
material displays a reversible capacity of 135 mAh
g! at the 3 cycle. The cycleability in the same
region is pretty good, 115 mAh g* at the 100" cycle.
The discharge/charge profile of the active electrode
material prepared by the new synthesis procedure is
presented in Fig. 8.
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Fig. 8. Discharge/charge profile of electrode material
prepared by the new complex synthesis (impregnation)
method

The first difference between both syntheses is
observed in the discharge plateau. It is situated at
2.92 V, a value very close to the theoretical one -
2.95 volts. The second difference is in the displayed
discharge capacity-131mAh g Normally the
capacity in the 3 V region is close to 60 % from the
theoretical one, i.e. around 90 mAh g. In our case
the obtained value is 1.4 times higher. A specific
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energy density of 375 Wh.g is achieved. The charge
plateau shows reduced polarization — the middle
charge voltage is 2.98 volts. The charge capacity of
the new material is 139 mAh g with an efficiency
of about 94%, a very high and attractive value. As
described above (Fig. 8), its microstructure is
characterized with very fine particles, which cause
increase in the SSA and porosity, thus allowing more

electrolyte to be in contact with the active electrode
material, not only on the surface but in the whole
volume. According to similar investigations [13,14],
the higher SSA and porosity bring to higher
discharge capacity and to lower polarization, which
is in agreement with our results. They are
summarized in Table 2.

Table 2. Comparison of specific capacity and coulomb efficiency of LiMn,O4 synthesized by different methods and
LiCoO:; as reference

. Type Cycling Theoretical Practical Specific Capacity -

Cathode material material  limits capacity [mAh g?] CE

[V] [V] [mAh g 5t 25t 50t [%]
Li, ,MnO, 3 35-20 200 180 165 155 90-75
Standard
LiMn,O, 3 3.5-2.0 148 90 75 60 60-40
New synthesis
LiMn,O, 3.5-2.0 148 131 95 80 85-55
LiMn,0, 4 45-3.0 148 135 120 115 85-75
LiCoO, 4 45-3.0 275 160 155 150 60-52

CE* coulomb efficiency
For comparison, the electrochemical
performance of other types of active electrode
materials working in the 3 and the 4-volt regions are
given. The obtained results show that the lithium
spinel in the 3 volts region is very attractive cathode
material for practical use in lithium batteries.

CONCLUSIONS

« Applying an appropriate synthesis method,
the 3 volts region of LiMn,O, spinel becomes very
attractive for practical use, with specific energy
density more than 375 Wh g%;

«  The synthesis technigues and the starting
precursors play preponderant role for the
electrochemical behaviour of the active electrode
materials;

« The charge discharge profile of the active
electrode material is improved with the increasing of
the SSA;

«  The overall efficiency of manganese dioxide
spinel working in the 3 volts region is increased up
to 94% from the theoretical one.
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JlutreBusAT KOOANTaT M3MON3BAaH B OOJNMIMHCTBOTO KOMEPCHAIHH JUTHEBO HOHHU aKyMyJaTOpHHU OaTepuul IpHUTEXaBa
no0pa DUKIAPYEMOCT, BUCOK pa3psiieH MOTSHIINAN U IPUEMIINBA IUTETHOCTHA eHeprusiTa. JIecHO ce CHHTe3Hpa B MOXKe
na ObIe M3TOTBSH B TOJIEMH WHAYCTPHATHH KOJMYECTBA. 3a CHKAJCHHE IIeHaTa Ha Kobanra pacte ¢ HENpeABHINMHU
TEMIIOBE, a TS € OmNpejAessiia B OCHOBHATa CH YacT 3a I[eHaTa Ha KpaWHWS NPOAYKT — JIMTHEBO HOHHATA OaTepws.
KoGanTbT, KaKTO M HETOBUTE OKCHAM Ca W3KIIOUYHUTEIHO TOKCHYHH. JIMTHEBO MAHTraHOBOAWOKCHIHHUSA IIITHAHEN
MPUTEKaBa, BUCOKA crielM()UYHA CHEPrUifHA ITBTHOCT, TETJIOBHA U 00€MHa, KaKTo M BUcoka KylnoHOBa e()eKTHBHOCT,
ONM3Ka 0 TEOPETHYHATA W ABIBI IUKINYCH KHUBOT. TOH HE € TOKCHYCH, EKOJIOTUYHO MPUEMIIUB, C HHUCKA IICHA, HO
MPUTEKABA U HAKOU HEOCTATHIM, KATO HUCHK HAYAJICH Pa3Ps/ICH KAMalUTET U MOHMKCHA CTAOUIHOCT MPU MOBUIICHA
Temneparypa. ONTUMH3MpAKU METOJUTE HAa CHHTE3 M BHUKBAWKH B JBJI0OYMHA HA (DAKTOPHUTE, BIHUSCIIH BHPXY
eJIeKTPOXMMHUYecKaTa CTaOWIHOCT, YCHEUTHO € HM3TOTBEH JINTHPAH MAaraHoBO IMOKCHICH IIMMWHEN, KOHTO € MHOTO
MIPUBJICKATEJICH M TIEPCIIEKTUBEH KaTOKATOIEH MaTepHall 3a IIUPOKO HHIYCTPHAITHO M3MOI3BaHe. B ToBa m3cienBaHe €
MpeJCTaBeH YCIENTHO CHHTE3UpPaH W M3CICABAH KaTOJCH MaTepHall Ha OCHOBaTa HA MAaHTAHOBO JWOKCHIICH IIITHHEN C
Bucoka Kynonosa epexruBHOCT 01130 10 90% crpsimo TeopeTndHata, padoTen] B pexuM oT 4C 1 moka3Bai cTabmIHa
uukinupyemoct ot noseve ot 1000 nuxbia.

KiaouoBu AYMMU: JTATUCBO HOHHH 6aTepI/II/I, MAaHI'aHOBO AUMOKCHUACH IIIMHUHCI, CTaOHUIHOCT Ipy NOBUIICHA TEMIICpaTypa.
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Doped lithium cobaltates LiCo1.yMyO> (M = Mn, Ni, y = 0.1, 0.3, 0.5) have been prepared by low temperature solid-state
reaction. The structure of the samples was characterized by X-ray diffraction (XRD). The specific surface area (SSA) of
the materials was examined by B.E.T. method. The synthesized powders were found to have rhombohedral structure,
except for LiCogsMnos02, which crystallises with cubic spinel-like structure (space group Fd3m). The electrochemical
performances of the compounds were studied by galvanostatic cell cycling in the high-voltage range between 3.0 and 4.8
V vs. Li/Li* electrode. It was shown that the type and the amount of the doping element greatly affect the structure,
electrochemistry and cycle life characteristics of the investigated materials. LiCog9Mng 102 has shown better cycling

results compared to all other compounds.

Keywords: High voltage cathodes; cobaltate and nickelate doped with manganese, NMC cathodes.

INTRODUCTION

Lithium cobalt oxide (LiCoO) is the most
commonly used positive electrode material in
commercial lithium-ion batteries due to its high
energy density, high working voltage and good
thermal and structural stability during cycling [1,2].
The theoretical capacity of LiCoO; is 274 mAh g
however its practical capacity attainable is only
about 140 mAhg* when cycled in the voltage range
of 3.0 - 4.3 V. By increasing the cut off voltage, the
energy density of the cell can be increased by ~ 15%.
However, the cyclability of Lii.x<CoO. rapidly
deteriorates for x > 0.5 (i.e. above 4.3 V) due to
crystallographic phase transitions and the associated
unit cell volume changes [3]. Moreover, the formed
Co* ions with their strong oxidative character lead
to dissolution of the electrolyte on the particle
surface, resulting in considerable gas release, which
is responsible for the capacity fade and mechanical
failure of the cells. [4, 5].

Doping with metal ions is an effective
approach, which has been applied to stabilize the
layered structure of the cathode material allowing
good reversibility at high voltages and increasing the
capacity of the system LiCo1yMyO, (M = metal) [6,
7]. Theoretical studies indicate that transition metal
doping of LiCoO- leads to an increased capacity,
while non-transition metal doping can increase the
voltage at the expense of the capacity. Different
metal substituents like Fe, Mn, Ni, Al, Mg [8-12] at

* To whom all correspondence should be sent.
E-mail: bbanov@iees.bas.bg

the Co — site in LiCoO, have been studied with
respect to possible improvement in the
electrochemical performance of the material.

In the present study, we report on the synthesis
of doped lithium cobaltates LiCo1yMyO, (M = Mn,
Ni). The compounds have been obtained by solid-
state method at relatively low temperatures with
respect to the classic solid-state reactions using also
alternative precursors and optimising the synthesis
conditions. The materials were subjected to
structural and electrochemical characterization in
order to study their potential use as high-voltage
cathode materials in lithium-ion batteries.

EXPERIMENTAL

The phases LiC01.yMyO, (M = Mn, Ni, y = 0.1,
0.3, 0.5) were synthesized by solid-state method
using nitrate precursors: LiNOsz, Co(NOs)..6H-0,
Mn(NO3), and Ni(NOs3)..6H,O (Merck). The
stoichiometric amounts of the precursors were
mechanically homogenized in a ball mill for 1 h. Ten
percent excess of LiNOs; was added to the mixtures
in order to avoid the loss of Li as Li,O. The obtained
powders were initially heat treated in an oven at
450°C for 24 h following by additional grounding for
2 h'in a ball mill. Further the samples were annealed
in air at 650°C for 12 h. The mixture was cooled,
mixed thoroughly and subjected to physical and
electrochemical characterizations. Powder X-ray
diffraction (XRD) patterns of the phases were

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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obtained using a Philips APD-15 diffractometer with
CuKa radiation, internal Si standard and computer
data management. The lattice parameters were
calculated using the dependence between the Miller
indices (hkl) and d-spacing, with the program UNIT
CELL - TJB Holland & SAT Redfern method (1995)
applying the least-squares method. The Specific
Surface Area (SSA) of the samples was determined
by B.E.T. (Brunauer-Emmet-Teller) method by
means of BET areameter Stroehlein (Germany). The
electrochemical characterizations were carried out
using a three-electrode metal cell fully modelling a
coin cell 2032 with the advantage of lithium
reference electrode. The electrolyte consisted of a
solution of 1M LiPF¢ + 0.2M LiClO4 in EC (ethylene
carbonate) : DMC (dimethyl carbonate) : DEC
(diethyl carbonate) in 1:1:1 volume ratio. The
composite test electrode materials were a mixture of
the compounds studied with Teflonized Acetylene
Black (TAB-2) at 8:2 ratio by weight. The prepared
mix was coated onto an aluminium foil that served
as a current collector by applying 10 t cm™ pressures
using a hydraulic press. The cells were assembled in
an argon-filled glove box and were subjected to
galvanostatic charge-discharge cycling tests. The
electrochemical tests were performed on a computer
controlled multi-channel battery-cycling device at a
current rate of 0.2C in the voltage range of 3.0-4.8 V
at room temperature.

RESULTS AND DISCUSSIONS
Structural characterization
LiCo1.yMn,O, cathode materials

Fig. 1. shows the X-ray diffraction patterns of
LiCo1yMnyO- (y =0.1, 0.3, 0.5) samples synthesized
by solid-state method and calcined at 650°C. It can
be seen that all compositions do not form a single
phase. The existence of secondary phases, which can
be indexed to Co304 and MnO; is observed. The
intensity of the peak at 20 = 36.8° corresponding to
Co304 phase increases considerably with increasing
the Mn content to y = 0.3 (Fig. 1b). In the XRD
patterns of LiC0o9Mng10, and LiCoo7Mng30- (Fig.
1a, b) it can be observed that the fingerprint peaks,
(003), 101, 006, 102, 104, 108 and 110 are clearly
identifiable thereby suggesting the existence of
hexagonal lattice structure of the a-NaFeO- type (R-
3m space group). With increasing the Mn amount to
y = 0.5 the crystal structure is changed and the X-ray
patterns of LiCoosMnos0; can be indexed to a cubic
unit cell (fcc) of the spinel-type structure (space
group Fd3m). These results confirm the reports
available in the literature about Mn doped lithium
cobaltates [10, 13].
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Fig.l. XRD patterns of a) LiC0osMng102, b)
LiC00.7Mno 30, and c)LiCogsMngs0, powders prepared
by low temperature solid-state method at 650°C.
Secondary phases in the powders are indexed to Coz04 (0)
and MnOz (*).

The unit cell parameters of all LiCo1.yMnyO-
compositions calculated from the XRD patterns are
listed in Table 1. The results indicate that the
hexagonal-close packed lattice is maintained only
for y = 0.1 and y = 0.3. The values of the lattice
parameters for these samples are slightly larger than
those reported for pure LiCoO, [14-18]. With
increasing content of the Mn-dopant, both the metal-
metal intrasheet distance (a) and the metal-metal
interlayer distance (c) increase. The substitution of
Mn for Co leads to expansion of the unit cell
parameters and overall cell volume, which is in tune
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with the ionic radii of the elements (Co%" = 0.545 A,
Mn®** =0.67 A) [19]. As can be seen in Table 1, the
c/a ratio of 4.99 indicates a well-defined layered
structure and an ordered distribution of lithium and
transition-metal ions in the lattice. The ratio of

intensities of the XRD lines l(o3)/l(104) IS considered
as an indicator of the ordering of the lithium and
transition metal ions [20]: the larger the ratio, the
better expressed layered structure.

Table 1. Structural data of the compounds LiCo1.,MnyO; (y = 0.1, 0.3, 05)

Structural data

Material Space (a)[A] (c)[A] cla  U.cell loosy/laosy  Crystal
group vol. [A%] Size
[hm]
LiCopsMno1O,  R3m  2.8131 14.0480 4.99  96.2753 1.49 30
LiCop7MnosO,  R3m  2.8190 14.0685 4.99  96.8188 1.44 21
LiC0osMnosO,  Fd3m  8.0826 528.0240 20

The los)/l(104) values are more than unity for y =
0.1andy =0.3 (Table 1) suggesting the formation of
ordered layered structure. The well defined doublets
(006) /(102) and (108)/(110) observed in XRD
patterns of LiCoosMng10; support this conclusion.
On the other hand, the (108) peak of the (108)/(110)
doublet is higher in the pattern of LiC0o7Mng30:
(Fig. 1b), which could be discerned as an indication
of possible inhomogeneous distribution of Mn and
Co ions in the structure. Based on the structural data
it can be expected that LiC0o9sMng10, will exhibit
better electrochemical behaviour. The average
crystallite size Lof the doped materials was
calculated from X-ray data applying Debye-Scherer
equation [21]. As can be seen from Table 1 the mean
crystallite size of the LiCoiyMn,O, materials
decreased with increasing the amount of the
manganese component. The same tendency was

observed for the Specific Surface Area (SSA) of the
compounds. The largest SSA was obtained for the
sample LiCo0osMno10, (3.48 m? g?), while the
materials with y = 0.3 and y = 0.5 showed SSA of
1.90 m? gt and 1.78 m? g%, respectively.

LiCo1yNiyO- cathode materials

The XRD patterns of the synthesized LiCos-
yNiyO2 (y = 0.1, 0.3, 0.5) materials are shown in Fig.
2. All diffraction peaks could be indexed based on a
hexagonal a.-NaFeO; structure with a space group of
R-3m. The patterns appear to be similar to those
reported for pure layered LiCoO; [22]. There is a
clear splitting of the (006)/(102) and (108)/(110)
doublet peaks, which indicate uniform ordering of
lithium and transition-metal ions in the structure
[13].

Table 2. Structural data of the compounds LiCo1yNiyO»(y = 0.1, 0.3, 05)

Material Structural data
@T[A]l (o) [A] cla U. cell vol. loosylaosy  Crystal Size
[A%] [nm]
LiCoo.9Ni0.102 2.8128 14.0296 4.99 96.1280 1.35 27
LiC00.7Ni.30- 2.8133  14.0404 4.99 96.2338 1.12 30
LiCog.sNio502 2.8139 14.0487 4.99 96.2765 1.11 31

All peaks are sharp and well defined suggesting
that materials are well crystallized. In all spectra the
presence of some extra peaks due to impurities of
NiO are observed. The hexagonal cell parameters of
the doped compounds, calculated from the XRD
spectra, are given in Table 2.

The results show that the hexagonal-close-
packed lattice is preserved for all samples. With
increasing the amount of the doping element a slight
increase of the lattice parameters (a) and (c) can be
seen, since the ionic radius of Ni®* (0.69 A) is larger
than that of Co® (0.545 A). The intensity ratio
l(003)/ l104) €XCeEEdS UNIty, Which is a further evidence
of the cation ordering in the obtained structures.

This is confirmed also by the values of the (c/a)
ratio, which is higher than 4.90, corroborating the
layered structure of the materials. As seen in Table
2, the lo3)/l(204) ratio decreases with increasing the
Ni content in LiCo1yNiyO, samples, which indicates
that higher Ni concentrations could result in
probable cation mixing in the structure. In contrast
with the Mn doped compounds the mean crystallite
size of LiCoiyNiyO, powders increases with
increasing the Ni content. Subsequently a slight
increase of the measured SSA can be observed in the
order LiCog9Ni10, (172 m? gl) <LiC0g7Nig302
(1.81 m? g'l) <LiC0o5Nigs0> (1.88 m2 g‘l).
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Electrochemical characterization

The electrochemical performance of the prepared
cells was evaluated galvanostatically by cycling the
cells from 3.0 to 4.8 V. The cells exhibited an open
circuit voltage of around 3.0 V (vs. Li metal). In
Fig.3 the discharge curves of Li//LiCo1yMnyO- and
Li//LiCo1yNiyO, cells recorded at C/5 rate are
presented (5 hours discharge rate according to the
theoretical capacity value of used cathode material).
As the manganese doping content increased from x
= 0.1 to 0.5 significant decrease of the discharge
voltage is observed (Fig.3a), which is in accordance
with the theoretic calculations of Ceder et al. and
Venkatraman et al. [4, 7, 23], concerning the effect
of Co substitution (partly or completely) with 3d
metal in Liix(Co1yMy)O; at given x.
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Fig. 2. XRD patterns of a) LiC0o9Nio102, b)
LiCog.7Nig302 and ¢)LiCoo5Nios02 powders prepared by
low temperature solid-state method at 650°C. The
impurity peaks are indicated as NiO (A).

All doped materials exhibit a potential slightly
lower than for the pure LiCoO; phase, which could
be attributed to the different morphology and
structure changes during cycling. For the Ni doped
compounds, the increase of the Ni mol part does not
change the discharge plateau (Fig. 3b), which is due
to the fact that Co and Ni can be substituted mutually
without changing the LiCoO structure.

Besides the discharge plateau at 3.8 V a second
discharge plateau at about 4.4 V in both doped
materials, LiCo1.yMnyO, and LiCo1.yNiyO», can be
observed, which is attributed to second lithiation
process. The dependence of the specific capacity on
the number of the cycles is presented on Fig. 4.

It can be seen that LiC0g9Mno10, shows
comparatively high initial capacity of 140 mAh g
and very good cycling stability (Fig. 4a), which
means that doping with 10 mol % Mn stabilizes the
structure of the lithium cobaltate.
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Fig.3. Discharge curves of the compounds (a) LiCo-
yMnyO, (y = 0.1, 0.3, 0.5) and (b) LiCo1yNiyO, (y = 0.1,
0.3, 0.5) in the voltage window 3.0 - 4.8 V

However the discharge capacities of the LiCoi-
yMn,O> (y = 0.1, 0.3, 0.5) materials decreased with
increasing the Mn content. The results of the
electrochemical testing of the compound consisted
of equal amounts of transition elements
(LiC0osMnos02) show that it possesses low
electrochemical activity, which may be due to the
structural change of the material. In contrast to the
Mn doped compounds, in case of LiCo1yNi,O, the
increase of the Ni content leads to a considerable
increase of the initial capacity of the material,
reaching 170 mAh g for LiCoosNiosO. (Fig. 4b).
Similar increase of the starting capacity when doping
with Ni is reported also by Li et al. [24]. However,
at the same time the stability during cycling
deteriorates, which could be due to a kinetic problem
— it is known that some of the
LiCo1.yNiyO2 phases are low electron conductors.

Another possible explanation could be the
occupation of Li sites in the structure by Ni ions,
which hinders the lithiation-delithiation process.
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Fig.4. Plots of specific capacity versus cycle number for
the compounds (a) LiCo1.yMnyO; and (b) LiCo1.yNiyO2
in the voltage window 3.0 - 4.8V

The presence of cation mixing can be confirmed
also by the X-ray patterns. The increased Ni content
leads to a decrease of the intensity ratio of the
diffraction lines (003) and (104), reflecting an
increased Ni content at the Li sites, which
correspondingly results in deteriorated cycling
stability of all Ni doped compounds. From all
materials under investigation LiC0osMno10; shows
the Dbest electrochemical behaviour due to its
structural and morphological properties. Its intensity
ratio lios)/l(104) Of the material is 1.49, i.e the highest
value in comparison to the other doped materials.
loosy/laoay ishigher than unity suggesting the
formation of well ordered layered structure.
LiC009Mng10- is characterized also with the largest
SSA, which  considerably influenced its
electrochemical performance.

CONCLUSIONS

Doped lithium cobaltates LiC01.yM,O, (M = Mn,
Ni; y = 0.1, 0.3, 0.5) were synthesized by solid-state
method from nitrate precursors. The effect of Mn
and Ni doping on the structural and electrochemical
properties of the materials was investigated. XRD
analysis shows that the layered structure of lithium
cobaltate is preserved up to doping with 50 mol %
Ni and about 30 mol % of Mn. We demonstrated that
LiC0ooMng102,  synthesized in this way is a
promising cathode material for use in lithium-ion
batteries, delivering capacities of 130 mAh g at a
0.2C rate when cycled in the high voltage range
(4.8V). Moreover, it possesses very good cycling
stability in the extended galvanostatic cycling

studies (50 cycles). Doping with 10, 30 and 50 mol
% Ni results in an increased initial capacity (by 20
%), but also leads to deterioration with cycling.
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BHUCOKO BOJITOBU KATOJJHU MATEPUAJIN HA OCHOBATA JIMTUEB
KOBAJITATAOTUPAHU C HUKEJI U MAHI'AH
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Tocrbrmna na 14romm, 2017 r.; npuera va 20 okTomBpH, 2017 T.
(Pesrome)

Jotupan ¢ Huken u Manrad nutueB kobantat LiC0o1.yMyO2 (M = Mn, Ni, y = 0.1, 0.3, 0.5) € cuHTe3upaH yCIENHO 10
TBbpHodazeH Meron. [losydeHure mpoOM ca oOXapakTepH3MpPaHU C TOMOINTA Ha PEHTTEHOCTPYKTYPEH aHalu3.
CrierudryHaTa MOBBPXHOCT € onpeeneHa ¢ momoinrta Ha BET merona. M3rorBenute npoOu npurexapat poMOoeApruiHa
cTpyKTypa ¢ n3kimoueHue Ha LiC0os5Mnos02, KOATO KpHUCTaNTU3Mpa B KyOUYHA IIMTHHEHA CTPYKTYPa OT IPOCTPAHCTBEHA
rpymna FA3m. ExekTpoXuMHYHOTO MOBECHIE HA CHHTE3UPAHUTES MATEPUATIH € H3CICABAHO B CICKTPOXUMHYHA KIICTKA
MPU TAJIBAHOCTATHYEH PEXHMM BBB BHCOKO BOJTOBaTa 06macT ¢ rpanuim 3.0V mo 4.8V copsmo Li/Li* cpaBauTenen
enektpo. [IpoBeneHuTe u3cieBaHus MOKa3BaT, Y€ KOJIMYESCTBOTO HA JOTUPAILUS €IEMEHT ONPEeNsT B ToJsiMa CTeIeH
CTPYKTypara, eJICKTPOXUMHUYHOTO TOBEJCHUE, U KUBOTA Ha M3CJICABAHOTO CheIUHEHHE. JIuTHeB Kobanrar HOTHpaH ¢
Mmanras ¢ popmyna LiC0o9Mng 10, mokasza Haii-go0puTe pe3ynTaTd Mo OTHOLICHHE HAa HUKIUPYEMOCT B CPaBHEHHE C
JIPYTUTE U3CIEABAHU CHEIMHCHHUS.

KiaouoBu AYMM: BUCOKO BOJITOBHU KaTOAH 34 JIMTUEBO WOHHU 6aTepI/II/I, K0OanTaT ¥ HUKeJIaT JAOTHUPAHU C MAHT'aH, KaTOAU
Ha OCHOBATa Ha JIMTUPAH HUKCII MAaHT'aH K0OaJITOBU CMECEH OKCHa
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Li-lon Batteries can afford quite large energy densities based on organic electrolytes with highly toxic and flammable
solvents and its preparation is complicated and expensive, partly because the electrolyte is moisture and air sensitive.
Utilization of aqueous electrolytes in rechargeable lithium batteries will increase their safety, economical, and
environmental issues. The electrochemical properties of LiMn,O4 and LiCoOsas positive electrode materials for Li-ion
battery with water electrolytes against LiV3Os as negative electrode were investigated. The used salts are 6M LiNO3
and 2M Li;SO, dissolved in distillated water. LiMn,O, was prepared by conventional solid state reaction heating
stoichiometric mixtures of LiNO3z and MnO; at temperature under 650°C for 24 h. LiCoO;, was obtained via sol-gel
method with final thermal treatment at800°Cfor 24 h. Lithium vanadate was prepared via solid state reaction. All
materials are stable in the aqueous solution and intercalation/deintercalation of lithium ions occurs within the window
of electrochemical stability of the water, which was determined using slow cycling voltammetry. Manganese spinel
exhibit specific capacity of 99mAh.g* in 6M LiNOzand 94mAh.g* in 2M Li,SOswater electrolyte, while its capacity in
organic electrolyte is 135mAh.g. The obtained capacities from lithium cobaltate in water electrolytes were 99mAh.g*
and 79mAnh.g 'respectively while that in organic electrolyte is 145mAh.g. The cycling behaviorand specific capacityof
these active compounds in electrochemical cell with vanadate as a negative active mass is not as stable as in organic

electrolytes.

Key words: Manganese spinel, Lithiumcobaltate,Water electrolyte, Li-ion Battery

INTRODUCTION

The present commercially available lithium
ion batteries contain flammable organic liquid
electrolyte, which are major safety problem [1]. In
recent years, spinel LiMn,O4 has been intensively
investigated as a promising candidate for positive
materials for lithium-ion batteries (LIBs) due to its
low cost, non-toxicity, environmental friendliness,
easy preparation, excellent voltage profile, and
operating safety characteristics[2,3]The LiCoO; has
provided a good balance between high energy
density and good cyclability. The specific capacity
of LiCoO, remains 160mAh.g* or less when it is
charged up to 4.2 V, which is 60% at of the
theoretical capacity of 274mAh.g* for one electron
reaction. Elevating the charging voltage beyond 4.2
V can be one promising approach to utilize more
lithium ions in the LiCoO, and to increase the
capacity and energy density of the lithium-ion
batteries [4]. Aqueous Rechargeable Lithium
Batteries (ARLB) can solve the safety problems in
some extents, which can assemble the battery
without gas protection and humidity control. The
inorganic  electrolyte is cheaper; the ion
conductivity is two orders of magnitude higher than
in the organic electrolyte. The capacity of LiCoO;
and LiMn,O4 are well known and shown in our

* To whom all correspondence should be sent.
E-mail: todorvp@abv.bg

pervious papers [5-7]. Especially, the ARLB is the
green environmental protection battery indeed[8-
13].The manganese spinel LiMn,O, is cited in the
literature as suitable for application as active
material in li-ion battery with LiNOs; aqueous
solution electrolyte [14-17] The lithium cobaltate
LiCoOzshow also reversible Li intercalation in
LiNOs; water electrolyte [17]. In the literature
LiNO; and Li;SOs are cited as promising
conducting salts for li-ion battery with water
electrolyte [18, 19].

That preliminary information gives rise to the
following questions:

-What is the better conducting salt for water
electrolyte?

-What is the difference of capacity in water
electrolyte and organic one?

-Is it possible to use LiMn,O4 as a negative
active material?

The aim of the present work is to study the
impact of synthesis methods, physicochemical
characteristics, and electrochemical behaviour of
LiMn,O4 and LiCoO; in LiNOs and Li,SO4 water
electrolyte.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL
Preparation of active compounds, electrodes and
electrolyte

Samples studied of LiMn,O4 were prepared by
heating of stoichiometric mixture of MnO;
andLiNOs in a nickel crucible for 12 to 48 h in the
temperature range of 450-850 °C. The Li salt used
is LiNOs;, commercial product of Fluka, the
manganese dioxide is CMD Faradizer M supplied
by Sedema. The precursors were mixed, dried at
80°C for 12 h and milled. After that, the obtained
mixture was preheated at 450°C for 12h and then
heated finally on 650°C for 24h. The LiCoO, was
prepared by sol-gel method by stoichiometric
mixture of Co(NOs), and LiNO;. Appropriated
amount of lithium and cobalt nitrate (Fluka) salts
with the cationic ratio of Li:Co 1:1 were dissolved
in distilled water and mixed well with an aqueous
solution of citric acid (Fluka). Citric acid was used
as a chelating agent in making a gel. The resultant
solution was evaporatedat 80°C with magnetic
stirring untila transparent pink sol was formed. As
water evaporated further, the sol turned into a
viscous transparentpink gel. The gel obtained was
heated at 800°C for 8 h. The inorganic electrolyte,
which was used, was neutral saturated solution of
LiNOs or Li;SO4(Fluka) in distillated water.

Electrochemical measurements were
performed in a three-electrode glass test cell
containing 6 M LiNOs or 2M Li;SO, water
electrolyte. The active mass of the test electrodes
was a mixture of tested active electrode materials
studied and teflonized acetylene black at 1:1 ratio
by weight. After that test, electrodes were formed
by pressing 25 mg.cm? of thus prepared mixture
onto an expanded nickel grid atapressure of 3t.cm™.

Characterization techniques

Cyclic voltammetry (CV) was performed with
an Arbin 320 potentiostat/galvanostat (Arbin
Instruments Co.) in a three-electrode glass cell at
200 and 50 uV s *scan rate in various voltage
ranges, using LiMn,Os or LiCoO. as working
electrode, counter electrode were
LiV30gLiCo0Ozand LiMn,O4, and reference
electrodes Ag/AQCI, respectively. X-ray analysis
was carried out on a Philips APD 15 diffractometer
with Cu Ka radiation.

RESULTS AND DISCUSSIONS
Fig. 1(a) shows the XRD patterns of LiMn,O4
samples having the spinel structure without any
impurity phases, which belongs to Fd3m face cubic
crystal system (ICSD, no. 087775). In this crystal
structure, lithium atom occupies the tetragonal 8a
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position, manganese atom occupies 16d position,
and oxygen atom is in the position of 32e.

In Fig. 1(b) X-ray diffraction patterns for
LiCoO; obtained by nitrate gel treated at 800°C for
24h as described above. The peaks marked as (#)
correspond to CoszO4 impurity.

The diffraction pattern show clear (006)/(102)
peaks and (018)/(110) split peaks indicating a
perfect layered-structure for LiCoO, [19]. The
pattern of LiCoO; prepared at 800°C comprises a
major LiCoO; phase crystallizing in rhombohedral
structure with a small amount of Co304 as impurity.
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Fig. 1. The X-ray diffraction pattern of the materials. (a)
LiMn,04 and (b) LiCoO;

Fig.2 shows the SEM micrographs of the
LiMn,0O4 sample synthesized by solid-state reaction
from MnO; Faradizer M (CMD) and LiNOsheated
at 850°C a) and b) and heated at 650°C ¢) and d) for
24h. From Fig. 2a and 2b it is seen that the resultant
LiMn,0O4 sample mainly consists of large quantities
of particles with a size about 1um. Fig.2b gives a
high-magnification image of several selected
LiMn,O4 particles. It is found that the prepared
LiMn,O4 sample is composed of particles with
well-developed octahedral shapes [20, 21]. In
addition, very few quasi-spherical particles can also
be observed in Fig. 2c. However, a high-
magnification micrograph in Fig. 2d indicates the
outer part of this quasi-spherical LiMn,O4 particle
has been evolved to many small polyhedral
particles, suggesting better electrochemical
performance.



T. Petkov et al.: Electrochemical behaviour of LiMn,O4 and LiCoO; in water electrolyte

18 um300 kU 1‘11E_‘ 547608 636

Fig.2 EM images of the LiMn,04 synthesized by the solid-state reaction at 850°C a), b) and at 650°C c), d) for 24h

Fig.3 shows SEM images of the LiCoO;
synthesized by sol-gel method a) and by solid stat
reaction - SSR b). It is clear that both materials are
characterized by good crystallinity and have similar
morphology. As can be seen from Fig.3, the
resulting materials are not monodispersed and
consist of both particles of less than lpm and
agglomerates of about 1-2um. Better

dispersion of the precursor particles in the
sample sol-gel method results in particle size
reduction (Figure 3b).

To understand the electrochemical behavior of
LiCoO, and LiMn;O4 in aqueous solutions, we
performed voltammograms from -0.2 to 1.6V and

from -0.6 to 0.02V vs.Ag/AgCI using two different
aqueous electrolytes, 6M

LiNO3 and 2M Li,SOs. This involved the use
of a LiV30s as a counter electrode. The results are
shown on Fig.4, Fig.5 and Fig.6. The scan rates
were rather low, 50uV.s™. In all cases, an
electrochemical process was clearly observed. The
electrochemical behavior of LiMn;O4 in 6M LiNO3
and in 2M Li,SO4 is very close. The specific
capacities in two water electrolytes are almost the
same as the nitrate is slightly higher, respectively,
99mAh.g* and 94mAh.g?, which correspond to
80% of the theoretical capacity of the material. The
material works in the range of electrochemical
stability of water, the evolution of O, starting after
1.15V (Fig.4).

;‘.

2
P
g
fﬁ‘
;

10 pm

10 um264kV SOGE3I 1938-00 LICOO2

Fig. 3. SEM images of the LiCoO; synthesized by sol-gel method treated at 800°C a) and SSR at 650°C b) for 24h
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Using 6M LiNO; as electrolyte, Ag/AgCI as
reference electrode and scan rate of 50 pVs™ the
first peak of Li* ions extraction appears at 0.92V
and the corresponding insertion peak is located at
0.9V. The second peak of extraction, was at 1.05V
and peak of insertion was at 1.01V and the spacific
capacity of 99 mAh g Observed difference
between both couple of peaks is only 20-30mV that
means the processes are in quasi equilibrium
(Fig.4a). The CV carried out in the same conditions
but with 200 uV.s* shouwed difference of 50mV
and almost the same specific capacity (95 mAh.g?)
which indicate a fast electropchemical process for
this material. On the Fig. 4b are shown the curves
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of works of LiMnO. in Li.SO. with scan rate 50
uV.st. The specific capacity is 94 mAh g* and all
peaks are shifted with 100 mV to the potential of
reference electrode incomparison with this in
LiNOs, this is most probaly due to the nature of
electrolyte. This shifting to the lower potentials
reduces probability of O, evolution. The last
electrochemical system realazedin real cell will
work morestabile and safety. The capacity of
delithiation (lithium extraction) is little higher
usingLiNOs (in both rates) than those of delithiation
in Li;SO4 cause of proximity of peaks to the
evolution of Ozin LiNOselectrolyte.
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Fig.4. Cyclic voltammograms of LiMn,O. synthesized by SSR method at 650°C in 6M saturated aqueous LiNO3, a),
in 2M Li,SO4 b) scan rate 50 pVs™.

Fig.5 shows cyclic voltammograms of LiCoO..
In the first cycle of the sol-gel-synthesized LiCoOs,
a deintercalation peak at 0.92V and intercalation
peak at 0.67V were observed (Fig.5a). These
potency values are typical of the LiCoO; presented.
In the second cycle, the peak potential values of
deintercalation/intercalation are respectively 0.7
and 0.9V. The value of the second peak of the
potential is higher than that of the first. This
polarization difference is most likely due to
rearrangement of the structure after the first cycle.
The voltammogram in Li,SOs shows that
deintercalation peaks were at 0.76V and the
intercalation were at 0.66V. The difference is about
50 mV. The process of extraction of Li* in Li2SOs
is easier compared to process in LiNOs (Fig.5b).
The specific capacities in the two water electrolytes
are 99mAh.g? and 79mAh.g? respectively for
LiNOsz and Li>SOs, which is 68% of the theoretical
capacity of the material.

The manganese spinel LiMn,Os has two
voltage plateaus at 3 and 4 V vs. Li, both of them
located in the electrochemical window of aqueous
electrolyte.
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Therefore, LiMnO4 could be utilized as both
the cathode and anode in such an aqueous cell.We
focused on the performance of the agueous negative
active material. The results are shown in Fig. 6. We
present voltammograms within 0.2 to -0.6V vs.
Ag/AgCI in the lithium nitrate aqueous solutions.
This include, the use of a LiCoO, (Fig.6 a)) and
LiMn,0O4 (Fig.6 b) as counter electrode.
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Fig. 6 Cyclic voltammograms of LiMn,O, for negative
electrode in 6M saturated aqueous LiNO3 vs. LiCoO; as
counter electrode a) and vs. LiMn;Os as counter
electrode b); scan rate was 50 uVs?

Fig.6 a) shows use of spinel LiMn,O, as anode
material. In the first cycle an intercalation peak at -
0.25V and deintercalation peak at -0.048V were
observed. In second cycle, the peaks are shifted to -
0.19 and -0.035V and in the third cycle the peaks
position were 0.19 and -0.14V. In the beginning is
observed polarization of electrode, but in the next
cycles the process of charge/discharge becomes
stable. Charge capacity in the first cycle was
40mAh.g? and the discharge capacity - 32mAh.g.
In second cycle the values were 26 mAh.g* and 21
mAh.gtand in the third cycle - 21mAh.gand
16mAh.gt. The efficiency is about 80% from the
theoretical one that means the material is stable and
work good.

Fig.6 b) shows the rechargeable lithium-ion
cell with LiMn2O, as a use of spinel LiMn,O, as
anode material, working and counter electrodes. In
this way, we have fully symmetric cell with same
active electrode materials as cathode and anode.
The intercalation peak appears at -0.28 V and the
deintercalation is at -0.043V. The charge capacity is

49 mAh.g? and the discharge is 41 mAh.g?, values
very close each other. In reality, the discharge
capacity is exactly 84% from the charge capacity.

CONCLUSION

The  electrochemical  characteristics  of
LiMn,0O4 and LiCoO; used as cathode were studied
in aqueous electrolyte containing lithium nitrate or
sulfate with respect to its use as a new kind of
rechargeable battery system. Cyclic voltammetry
showed that spinel LiMn,O4 and LiCoO; reversibly
intercalated/deintercalated Li* ions at potentials
lower than the potentials of hydrogen or oxygen
evolution in present aqueous solution with neutral
pH.

The use of spinel and cobaltate as a positive
active material for rechargeable battery delivers
95:xmAh.g? and 99:xmAh.g discharge capacity.
The capacity of cobaltate is lower in sulfate
solution — 79 mAh.g™. The use of manganese spinel
LiMn,O4 as anode were investigate against LiCoO;
as counter electrode in nitrate solution. This
electrochemical system is stabile but the discharge
capacity was very low — 32 mAh.g.

The experiments show that the capacity in
lithium nitrate is higher but the process of
extraction of Li* is easier in sulfate. A symmetric
electrochemical system based on manganese spinel
in LiNO3 electrolyte was tested for the first time
and shows very promising results for large-scale
energy storage and energy conversion.

The cost of the aqueous cell will be lower than
that of conventional Li-ion battery cell, because
electrode and electrolyte materials are not
expensive and toxic compared with those used in
conventional lithium ion batteries. The assembling
process is simple, environmental friendly and
trouble-free.
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EJIEKTPOXUMUWYHU CBOMCTBA HA LiMn,0s U LiCoO; BbB BOJHHU
EJIEKTPOJIUTHU

T. IMetkos'", T. Crankynos?, K. banos'?, A. Momuusos?

Xumurxomexnonozuven u memanypauuen ynueepcumem, 6yi. "Knumenm Oxpuocku” 8, 1756 Cogpus, Bvnzapus
2Uncmumym no obwa u neopzanuuna xumus, Bvazapcka akademus na naykume, yia. "Axao. Ieopzu Bonueg" 6yn. 11,
1113 Cogus, bvreapus

IMoctpnumna va 11 cenremBpu, 2017 r.; nmpuera Ha 09 oxTomBpH, 2017 .
(Pesrome)

JlutneBo-tionHUTEe Oarepun OasWpaHW Ha OpPTaHWYCH EIEKTPOIUT JaBaT BH3MOXKHOCT 3a TIOCTHTaHE Ha TOJEMH
S€HePTUHHY TUIPTHOCTH. T3 eNEKTPOIUTH NPEACTABISIBAT CHIHO TOKCHYHH U 3allaIMMHU Pa3TBOPUTEIH, a MOJTOTOBKA
UM € CIIO)KHAa W CKbIIa, OTYACTH 3allOTO Ca YYBCTBUTEIHH KBM BIlaraTa OT BB3AyxXa. 3mom3BaHEeTO Ha BOIHHU
EIIEKTPOJIUTH B aKyMYJATOPHH JIUTHEBO-HOHHHM OaTepuy IIe YBENWYM OE30MACHOCTTA, CKOJIOTHYHOCTTA UM M IIE
HaMalu CToiHOcTTa WM. Pasriienanu ca enexrpoxumuunute cBoiictBa Ha LiMn2Os m LiCoO, KaTo MOJOXKHUTEIHH
eNEeKTPOJM 3a IIMTHEBO-MOHHA Oarepuss ¢ BOJCH enekTponuT cpemy LiViOg KaTo OTpHIATeNieH EeNeKTPOI.
W3non3sanute enexkrponutd ca 6M LiNO3z u 2M Li»SO4, pastBopenu B gectuupana Boga. LiMn2Os e momyyeH upes
MIPUTOTBSIHE Ha cTexuoMmeTpuyHa cmec oT LiNO3 1 MnQO2 B TBBPJIO ChCTOSIHHE W HAarpsiBaHe nipu Temieparypa 650°C B
npoabkeHne Ha 24 yaca. LiCoO; ce mosy4aBa upe3 30j-Tell MEeTOJ ¢ KpaiiHo TepmuuHO Tperupane mpu 800°C B
npoabikeHrne Ha 24 yaca. JIMTUEBMAT BaHAJaT ce IMOJydaBa upe3 TBbpAodaseH cuHTe3. Bcuuku matepuanu ca
cTaOWIIHN BBB BOJHUS Pa3TBOP M MHTEPKANAIMATA/ACHHTEPKATAUATa HA JTUTHECBUTE HOHU Ce M3BBPIIBA B IIPO30pEa
Ha eNIEKTPOXMMHUYHA CTAOWITHOCT Ha BOJAATa, KOUTO ce OIpeelis IpH M3MON3BaHEe Ha 0aBHA UKIMYHA BOJITAMETPHS.
MaHTaHOOKCHIHMAT INNHKHET HMa crenududer KamamureT oT 99 mAh.gt B 6M LiNO3 u 94 mAh.gt B 2M Li,SO4
BOJICH EIICKTPOIMNT, JOKATO HEIOBHAT KalalUTeT B OpraHUYHKs eekTponuT € 135 mAh.g . IlomydeHuaT KanauuTer ot
JUTHEB KOOANTaT BHB BOJHUTE EIEKTPOIUTH € choTBeTHO 99 MAh.g? m 92mAh.g?, nokato To3m B opraHMYHHUA
enextpomut € 145 MAh.g . [IUKIMYHOTO MOBEIEHUE U CHNEHM(PUYHUAT KANalMTET HAa Te3U aKTHBHU MaTepUald ca
U3CIIeBAHM B CIIEKTPOXUMHUYHNTE KJICTKH U KaTO OTPUIIATEIHA aKTHBHA Maca.

K/11040BH 1yMM: MaHT@HOB IINIMHEI, ITHEB KOOANTAT, BOJCH CIEKTPONINT, TUTHEBO-HOHHA OaTepus
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The electrochemical behavior of LiV3Og obtained via different syntheses as negative
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The electrochemical properties of the lithium trivanadate (LiV30s, LVO) as a negative electrode material for aqueous Li-
ion battery was studied. Two methods of synthesis were applied to prepare LiV3Os: sol-gel method followed by solid-
state reaction (SSR) at 500 and 550 °C and melting process with subsequent hydrothermal treatment and drying.As a
counter electrode was used LiMn,O4 (LMO) prepared by conventional SSR synthesis. The intercalation/de-intercalation
of lithium ions occurs within the window of electrochemical stability of the water. LiV30g prepared by melting process,
hydrothermally treated and dried (MP65DR), shows a poorer performance in galvanostatic mode compared to these
obtained via sol-gel. The sample obtained via sol-gel followed by SSR at 550 °C (SG55) shows an initial specific
capacities of ~75 (intercalation) and ~52 (de-intercalation) mAh.g* which is about 4-5 times less in comparison to the
capacities delivered in non-aqueous electrolytes. Although the lower capacity (30-33 mAh.g?), the other sol-gel sample

annealed at 500 °C (SG50) displays better capacity retention and coulombic efficiency throughout the cycles.

Keywords: Aqueous Li-ion Battery, anode active material, Lithium trivanadate

INTRODUCTION

Li-ion Batteries (LIBS) possess large energy
densities but it employs organic electrolytes which
consists highly toxic and flammable solvents.
Furthermore the electrolyte manufacture is
complicated and expensive, partly because it is
sensitive to moisture and air. Incorporation of
aqueous electrolytes in rechargeable lithium
batteries will improve their safety and economical
parameters as well as minimization of the
environmental issues. Although the aqueous
electrolytes are stable in narrower electrochemical
window (0-2 V) than their organic counterparts (O-
4.5 V), they are much safer, less toxic and easer to
manufacture [1]. Dahn and co-workers were one of
the first research groups that proposed an aqueous
based type battery using b-VO; and LiMn,0O4 (LMO)
as negative and positive electrodes, respectively [2].
Another aqueous battery system with improved
cycling stability that was recently presented is
LiTiz(PO4)3| LizSO4 | LiFePO4[3]. G.J. Wang et al.
studied electrochemical performance of a LiV3Os
(negative electrode) and LiCoO- (positive electrode)
in saturated LiNO; aqueous electrolyte. These two
electrode materials are stable in the aqueous solution
and the obtained capacity of this cell system is about
55 mAh g which is comparable to those of the lead
acid and Ni—Cd batteries [4]. Lithium trivanadate
(LiV30s, LVO) is a compound with layered 2D

* To whom all correspondence should be sent.
E-mail: todorvp@abv.bg

structure, which was defined by Wadsley as a vy-
LiV30g [5]. LVO is widely investigated as positive
active materials for rechargeable non-aqueous Li
batteries [6-11]. Its active working window is
between 1.5 and 3.5 V vs Li/Li". Hydrothermal
treatment of the active material leads to an increase
of the interlayer distance due to the incorporation of
water molecules into the structure [12]. This
modification improves the initial electrochemical
lithiation of the compound to 320 mAh g%,
corresponding to ~3.5 Li per mol inserted in LVO.
This result correlates with the assumption of
Thackeray et al. that is possible up to 4 Li* to be
inserted in LiV30g[13]. Furthermore the reversible
(de-intercalation) specific capacity increases to 280
mAh g, which corresponds to 3 Li per mol LVO.
After few cycles the reversible capacity fades to 250
mAh g?!. Theoretically maximum potential
difference of about 3V could be reached if LiV3Ogis
paired with counter electrode of LiMn,O4.This fact
prompts an interest to study such water based battery
configuration and its Li* intercalation and de-
intercalation processes. LVO possesses lower
electrochemical potential than LMO thus appears to
be negative electrode in the above mentioned
system.

The aim of this work is to study the
electrochemical properties of LiV3Os obtained via
different synthesis approaches and tested as negative

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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active material for aqueous rechargeable lithium
battery (ARLB).

EXPERIMENTAL
Samples preparation

Lithium trivanadate was synthesized via two
ways. Two of the samples were prepared via sol-gel
as follows: V,0s (synthesized by decomposition of
NHsVO; (Fluka, >99 %) at 320 °C [14]) was added
in preliminary prepared water solution of
H2C204.2H,0 (Neuber GmbH, 99.5%). Separately
LiOH.H,O (Neuber GmbH, 99%) was dissolved in
distilled water and added to the main solution after
completely dissolution of the vanadium oxide. The
molar ratio between the initial compounds
LiOH/V20s/H,C>04.2H,O was 1/1.5/6. The final
solution was constantly stirred and evaporated at ~80
°C until a dry precursor was formed. Then the
precursor was annealed at 500 °C forl6h under air
atmosphere (sample SG50). Part of the product was
annealed again at 550 °C for another 16h in air
atmosphere (sample SG55). Alternatively, another
LiVsOg sample was prepared by mixing
stoichiometric amounts of Li.COs; and V:Os and
grinding them in a ball-mill for 30 min. Afterwards
the homogenized mixture was melted at 650 °C [12].
After cooling down the smelt was ground in a ball-
mill for 8h (sample MP65). Then a part of the
product was sealed in autoclave and treated
hydrothermally at 320 °C for 24h in order to expand
the interlayer distances in the structure (sample
MP65HT). Finally the powder was dried at 250 °C
for 24h (sample MP65DR).

LiMn,O4 (LMO) was prepared via conventional
solid state reaction (SSR) synthesis using
stoichiometric amounts of LiNOs; and MnO; and
annealing temperature at 750 °C. The synthesis is
described in details elsewhere [15].

Characterization techniques

Powder X-ray diffraction (XRD) was
performed on a Philips APD 15 diffractometer with
Cu Ka radiation. Thermogravimetric (TGA) and
differential thermal (DTA) analyses of the sol-gel
precursor were carried out in air on a Stanton
Redcroft STA 780 thermal analyzer, in the range 20—
570 °C at a heating rate of 5 K min?. The
morphology of the powders was observed by
Scanning Electron Microscopy (SEM) on JEOL
200-CX (MP65 and MP65DR) and
Philips525/EDAX 9900 (SG50 and SGb55). The
evaluation of specific surface area (SSA) was
conducted by the Brunauer-Emmett-Teller (BET)
method on a Strohlein& Co. Area instrument.
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Electrochemical testing

The ARLB system was fabricated in two
(galvanostatic mode) and three (cyclic voltammetry)
electrode cells. The working electrodes were
prepared by mixing an active materials and
teflonized acetylene black (TAB) [16] in ratio 1:1,
then deposited onto Ni mesh and pressed at 3.0 tones
per cm?. The LiV3Ogactive material loading was ~14
mg.cm and weight ratio between the positive and
negative active materials was kept LiMn204:LiV30s
= 3:1 in all cases based on their specific capacities
obtained in non-water electrolytes. Ag/AgCl was
used as a reference electrode. Saturated solution of
6M LiNO3 (Chimtex Ltd., 99.8%) in distilled water
was used as electrolyte for the electrochemical
testing. The cycling voltammetry was carried out on
Autolab PSTAT 10 instrument at sweep rate 50 uV
st and voltage range -0.8 to OV vs Ag/AgCl. The
galvanostatic tests were performed on Arbin BT
2000 in the voltage range 0.7 -1.9 V vs. LiMn20, at
C/10 (0.1C) and C/100 (0.01C) where C is the
theoretical specific capacity for 3 moles of
intercalated Li* in LiV3Os, i.e. ~279.4 mAh g and
10 or 100 are the theoretical charge or discharge time
in hours.

RESULTS AND DISCUSSIONS
Thermogravimetric and differential thermal
analyses were carried out for a precursor obtained
after the first step of the sol-gel process, thus after

drying (aging) the gel (Fig. 1).

Fig. 1 TG-DTA of the precursor obtained via sol-gel.

The initial weight loss in the range 20-200 'C
can be attributed to a small amount of crystal water
and/or adsorbed moisture in the precursor. The large
weight loss is due to the decomposition of oxalic
acid and LiHC,04[17]. The strong exothermal peaks
in the differential thermogram at ~296 and ~319 "C
are caused by the carbon combustion and most likely
vanadium oxidation (V* — V®'). Heretofore the
vanadium was reduced from V°* to V#* (forming
VO?% ion) by the oxalic acid during the sol-gel
process, a phenomenon that is inevitable during the
V,0s dissolution. The small increase of the sample
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weight after 330 “C could be associated with gaining
of oxygen by the sample to complete the synthesis of
the product (LiV30s). The small peak at about 570
°C is most probably due to some initial melting of the
sample. Thus two synthesis temperatures were
chosen at 500°C (sample SG50) and 550°C (sample
SG55).

The XRD patterns of samples prepared via sol-
gel method followed by sintering at 500 °C (SG50)
and 550 °C (SG55) as well as Wadsley’s standard [5]
are presented in Fig. 2. The formation of LiV30g is
evident even at 500 °C. Better crystallinity was
obtained at 550°C.

Sol-Gel 550

l Sol-Gel 500

Intensity (cts)

Wadsley standard

‘ | |1 L
5 10 15 20 25 30 35 40 45 50
2 Theta (Degree)
Fig. 2 XRD of the samples prepared via sol-gel
method (SG50 and SG55).

There are two additional small peaks in both
samples’ patterns at 9.3° and 12.3° 20 which are not
part of the Wadsley’s standard. Based on our
previous experience we suspect that these peaks are
caused by small amount of absorbed water
molecules (from the atmosphere) between the
structure’s layers [12]. This phenomenon is more
evident in fig. 3 where such peaks appear at the same
positions when the material obtained via meting
process is hydrothermally treated (fig. 3b). These
peaks vanish when the hydrothermally treated
material is dried above 250 °C (Fig. 3c).
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Fig. 3. XRD of samples obtained via melting process:
(a) after synthesis (MP65), (b).

Scanning electron microscopy images of melted
sample after 8h grinding in a ball-mill (MP65) and
hydrothermally treated and dried (MP65DR) are
illustrated in Fig. 4.

Fig. 4 Scanning electron microscopy of MP65 (a) and
MP65DR (b).

The untreated sample shows flake-like type of
morphology (fig. 4a). These flakes seem to become
fractured into rod-like particles due to the high
pressure of the water during the hydrothermal
process (fig. 4b). Sample SG50 shows similar
morphology of thin rods and flakes (fig. 5 a, c).
These rods appear to grow during the additional 16h
at 550 °C forming bigger  block-like
particles/agglomerates presented by SG55 (fig. 5 b,

Fig. 5 Scanning electron microscopy of samples SG50
(aand c) and SG55 (b and d).

The specific surface area (SSA) of the materials
was evaluated by Brunauer-Emmett-Teller (BET)
method. The SSA of MP65 and MP65DR samples
are 1.1 and 11 m? g?, respectively, while sol-gel
samples display 1.5m? g* (SG50) and 1.1 m? g*
(SG55).

The cycling voltammetry (CV) of the materials
is shown in Fig. 6. All Li* insertion peaks of LiV30g
observed in organic electrolyte [12] seem to be
merged in one broad peak split into two apexes at -
0.43 and -0.33 V vs Ag/AgCl when sample
MPG5DR is tested in aqueous electrolyte. Similarly
SG50 display one broad cathodic peak (-0.34 V vs
AgQ/AgCl) in contrast to SG55 showing three
distinguished peaks at -0.25, -0.31 and -0.47 V vs
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Ag/AgCl. The oxidation curves of SG50 and
MPG65DR also appear to be similar in shape with two
peaks for each sample at -0.35 and -0.19 V vs
Ag/AgCI (SG50), and -0.39 and -0.25 V vs Ag/AgCl
(MP65DR). SG55 shows three anodic peaks (-0.31,
-0.27 and -0.23V vs Ag/AgCl) which are merged
into one broad feature during the de-intercalation
process. After integration of the areas, the initial
delivered intercalation and following de-
intercalation capacities are 64.35 and 55.43 mAh g
(SG50), 92.68 and 67.48 mAh g* (SG55), and
123.87 and 73.12 mAh g* (MP65DR), respectively.
These capacity values delivered in aqueous
electrolyte are much lower in comparison to their
organic counterparts (20-50% lower) [12].
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Fig. 6 Cyclic voltammetry of SG50, SG55 and MP65DR
at a scan rate of 50 uV s in the voltage range of 0 and -
0.8 V vs. Ag/AgCl.

Galvanostatic tests were conducted in order to
investigate the electrochemical performance of the
studied materials. Fig. 7a shows initial charge-
discharge profiles of the samples at C/10 (0.1C) in
the voltage range 0.7-1.9 V vs LiMn,O4 (LMO).
Both SG50 and SG55 present solid-solution-type
(shape) of the de/intercalation curves. These samples
deliver 35.45 (SG50) and 75.23 (SG55) mAh g*
during the first lithiation, and 30.57 (SG50) and
51.50 (SG55) mAh g*! in the consecutive de-
lithiation process. Although MP65DR delivers the
highest capacities in potentiodynamic mode (fig. 6),
it performs very poorly in galvanostatic mode,
marking 4.2 and 0.3 mAh g?! during first
intercalation (Int) and de-intercalation (Dei). Even
when the current load is lowered as much as C/100
(fig. 7b), the delivered capacities are unsatisfactory:
47.77 (Int) and 9.8 (Dei) mAh g, implying kinetic
difficulties thus hindered diffusion.
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Fig. 7 Galvanostatic tests: (a) charge-discharge profiles of
all materials at C/10 in the voltage range 0.7-1.9 V vs
LMO; (b) charge-discharge profiles of MP65DR at C/100
in the voltage range 0.7-1.5 V vs LMO.

The de-intercalation specific capacity of the
studied materials (discharge mode for the whole
LVO-LMO system) as functions of the cycles at
C/10 in the voltage range 0.7-1.9 V vs LMO are
presented in fig. 8a. SG55 marks highest de-
lithiation capacity of ~55 mAh g in the 4™ cycle.
After 10" cycle the materials becomes unstable
expressed by fluctuations and rapid capacity loss of
~40% in the 30" cycle (fig. 8b). Although the
capacity of SG50 is lower, this material display
steady behavior with varying capacity of 30-33 mAh
gt. The capacity retention (fig. 8b) in every cycle is
calculated as follows:

CapRet = % * 100 [%],
1

where C, and C; are the capacities of the respective
and first cycles, respectively. Therefore the capacity
retention of sample SG50 (2-30 cycles) exceeds
100% due to the lowest capacity (30.57 mAh g?) is
delivered in the first cycle. The coulombic efficiency
(95-97% after 4™ cycle) of this sample is also much
better compared to SG55 (70-90%) (Fig. 8c).
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the first lithiation and de-lithiation, respectively, in
galvanostatic mode. However, SG50 appears to be
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Fig. 8. Specific capacity (a), capacity retention (b) and
coulombic efficiency (c) as functions of the cycles at C/10
in the voltage range 0.7-1.9 V vs LMO.

CONCLUSIONS

LiV3Og active materials were synthesized via
sol-gel followed by solid state reaction at 500 and
550 °C, and melting process at 650 °C with
subsequent hydrothermal treatment and drying. X-
ray diffraction patterns show that samples were
successfully indexed as LiV30s. However, there are
additional small peaks at 9.3° and 12.3° 2@ in the
patterns of SG50 and SG55 which can be attributed
to small amounts of absorbed water from the
atmosphere. Among all samples SG55 delivers the
highest capacities of 75.23 and 51.50 mAh g* during

more stable throughout the cycles.

Although

MPG65DR shows highest intercalation and de-
intercalation capacities (123.87 and 73.12 mAh g?)
in potentiodynamic mode, this material performs
very poorly in galvanostatic mode.
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EJIEKTPOXUMHWYHN CBOMCTBA HA LiV30s, IIOJIYYEH YPE3 PA3JIMYHU METOIM HA
CHUHTE3, KATO OTPULIATEJIEH AKTUBEH MATEPUAIJI B JIMTUEBO-MOHHA BATEPUS
C BOJIEH EJIEKTPOJIUT

T. Ilepkos!”, T. Crankynor?, K. banos*?, A. Momumios?

Xumuxomexnonozuuen u memanypauuen ynueepcumem, oya. "Knumenm Oxpuocku” 8, 1756 Cogus, Bvneapus
2Uncmumym no enrexmpoxumus u enepauiinu cucmemu, Bvizapcka axademus na nayxume, yi. "Axao. eopeu Bonueg"
oyn. 10, 1113 Cogpus, bvreapus

TlocTenmna Ha 11 centemspy, 2017 r.; mpuera Ha 16 HoemBpH, 2017 1.
(Pesrome)

W3zcnenBanu ca eNeKTPOXHUMUYHATE CBOMCTBA Ha iuTHeBHs TpuBaHaaat (LiV3Os, LVO) kaTo oTpHmaTeneH eneKkTpoaeH
Marepual 3a JINTHEBO-HOHHA OaTepys ¢ BOJICH ENEKTPOIHT. J[Ba MeToa Ha CHHTE3 OsiXa MPHII0KEHH 3a ITOJrOTOBKA Ha
LiV30s: MeTon 30u-ren, mocieasan ot peakuus B TBbpaodasen cunre3 (SSR) mpu 500 u 550°C u mporiec Ha ToIeHE ¢
MOCJIE/IBAIIO XUAPOTEPMHUIHO TpeTHpaHe W cymieHe. Kato 3a mporuBoenektpo Oemie usnomssad LiMnOs (LMO),
MOJyYeH 4Ype3 KOHBEHIMOHANIEH TBbpaodaseH cuHte3. MHTEpKanupaHeTo / AEMHTEPKAINPAHETO HA JIMTHEBHs HOH ce
M3BBPILBA B IPO30pela Ha eIEKTPOXUMUYHATA CTAOMITHOCT Ha Bojara. LiV3Os, mosydeH 1o MeToia Ha ToneHe, TPETHpaH
xuapoTepMuyHo 1 uscymeH (MP65DR), moka3Ba mo-Jomio npeicTaBsiHe B FaIBAHOCTATUYEH PEKHUM B CPAaBHEHHE C TE3H,
mojydeHu 4pe3 cois-ren. IIpoGara, momydeHa upe3 3oi-ren, HakaneHa npu 550°C (SG595), mokasBa mbpBOHAYaICH
cneuuduyeH KanauuTer ot ~ 75 (MHTepkanamms) u ~ 52 (ne-unrepkananus) mAh.g-1, KoiiTo e 0koio 4-5 MbTH IO-HUCHK
B CPaBHEHHUE C Kalal[UTeTa, B HEBOJAHHU ENIEKTPOIUTH. Bhipeku ue e ¢ mo-mansk kamanuter (30-33 mAh.g-1), apyrara
mpoba ot con-ren, Harpsta mpu 500 © C (SG50), moka3Ba mo-moOpo 3ama3BaHe Ha KamanuTeTa M €PEKTHBHOCT IPHU
LUKJTUTE.

KiaouoBn AYMHM: BOJHA JINTUEBO-HOHHA 6aT€pI/I$I, AHO/ICH AKTUBCH MaTEpUall, JUTUCB TPUBAHAAAT
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As a promising technology, zinc-air secondary batteries have gained considerable attention over the past few years. The
presented work aims at application of Electrochemical Impedance Spectroscopy (EIS) as a tool to develop new
nanostructured and environmentally friendly materials for rechargeable zinc-air cells. The results are obtained on both
half- and full-cell configuration during cycling. They ensure electrochemical characterization of the cell and its
components (electrodes and electrolyte) in similar state of charge. This offers experimental evidence to determine the
rate limiting stages. The accumulated information will be used for further studies and optimization of the zinc-air cell.

Key words: Zn-air cell, Gas diffusion electrode, Zinc electrode, Impedance measurementss

INTRODUCTION

In principle the main advantage of metal-air
cells is the use of oxygen from the atmospheric
air as a reactant. The air gas-diffusion electrode
possesses two advantages over the metal-oxide
cathode: infinite charge capacity and low weight
independent on capacity. Thus the capacity of
metal-air battery is determined only by the
amount of active metal, but not by the air
electrode. As a result, the specific capacities
like gravimetric (Ah/kg) and volumetric (Ah/l)
are significantly higher than those for classical
electrochemical systems with the same metal
anode [1].

Developed zinc—air batteries are traditionally
non-rechargeable. Therefore their transition to
rechargeable ones is lately becoming a hot topic,
due to the advantages of this system to ensure
electrochemical storage with high energy
density, high capacity and low price [2, 3].
However, there is still not well-performing
(long-term) secondary Zn-air battery which
makes this technology attractive for intensive
research, especially on low-cost materials with
improved reversibility and enhanced durability
[4].

Battery capacity fading is recognized to
happen due to the loss of material properties
(for example morphological changes) during
cycle life. For the Zn-electrode the shape or the
morphology of the zinc particles is of great
importance to assure good inter-particle contact
and hence, to keep lower internal resistance
which improves the electrochemical
performance. However, as the electrode surface

* To whom all correspondence should be sent.
E-mail: d.vladikova@bas.bg

area increases, the corrosion rate of the zinc
electrode generally becomes more significant.
The combination of coarse and fine particles or
agglomeration of nano-sized zinc/zinc alloyed
particles in a meso-porous structure can be
regarded as a compromise between high-rate
electrochemical performance and self-corrosion
[5]. Alloying zinc with other metals (e.g. lead,
cadmium, bismuth, tin and indium), or coating
the zinc metal with other materials as lithium
boron oxide or aluminum oxide are effective
approaches. Some additives such as silicates,
surfactants and polymers can also efficiently
suppress or reduce the rate of hydrogen
generation.

In respect to the gas diffusion electrode
(GDE) there are two challenges: development of
non-precious bifunctional air electrocatalysts for
both oxygen reduction and evolution [6, 7] and
introduction of carbon-free gas diffusion layer
for  preventing  carbon  electrochemical
oxidation/corrosion during battery charging
(oxygen evolution) [8].

In order to improve the overall reversibility
of the zinc-air battery, it is necessary to
understand the current limitations, requirements
and challenges for each cell component (viz.
anode, electrolyte and cathode) and their
interaction [9]. It can be achieved by performing
electrochemical impedance spectroscopy (EIS)
studies. EIS is regarded as one of the most
powerful techniques for investigation of
electrochemical systems due to its unique
capability to separate the kinetics of different
steps comprising the overall electrochemical
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process [10]. Since impedance measurements
are performed in a large frequency range (about
9 decades), processes with big difference in
velocities and time-constants can be monitored,
distinguished and evaluated — fast electronic
conduction, fast electrochemical Kinetics,
diffusion and other types of transport
limitations, as well as formation and growth of
new phases [11, 12].

The aim of this work is to characterize
electrochemically a rechargeable zinc-air cell by
impedance spectroscopy. It is performed at cell
level and to its electrodes during cycling. This
feasibility study will be further used for deeper
insight in the aging and degradation mechanisms
and processes occurring during long-term
operation. It will further support the optimization
of the zinc-air system.

EXPERIMENTAL

The experiments were performed in a
homemade 25cm? test cell which has the
possibility to be used as full cell and/or half-cell
with three electrodes configuration having
Hydrogen Reference Electrode (HRE) (Fig.1)
[13].

Fig. 1. Homemade Zn-Air test cell.

The Zn electrode was made from a paste
prepared by mixing in an optimal ration
commercial Zn battery-grade micrometric powder
(containing traces of bismuth, indium and
aluminum) and ZnO. Both materials are from
UMICORE. For improvement of the electrode
mechanical stability an improved procedure was
introduced. The classical binder carboxymethyl
cellulose (CMC) was replaced by PTFE. The
discharge capacity of the first cycle in half-cell
configuration was used as criterion to define the
optimal ratio PTFE:Zn-paste which was found to
be 1:5 (Fig. 2). Although it causes about 10 %
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capacity losses (estimated from nominal and
calculated discharge capacity), the PTFE enhances
the mechanical stability of the Zn-electrode
demonstrated by increasing the number of cycles
from 20 when CMC was used to 120 (in full cell
configuration). The Zn electrodes were fabricated
to provide a capacity of 1000 mAh/g. The active
Zn mass was deposited on 9 cm? stainless steel
mesh and pressed at 250°C with 300 kg/cm?.
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Fig. 2. Zn-electrode: a) voltage profile during
charge/discharge cycling at 5 mA/cm?; b) Initial cell
capacity as a function of PTFE content.

An optimized bifunctional GDE which
ensures 700 charge/discharge cycles in half cell
configuration at current density of 10 mA/cm? was
used. The GDL was produced from Vulcan XC-72
(Cabot Corp.) which was modified with 60 wt. %
Teflon (Sigma Aldrich emulsion) through
especially developed procedure. A mixed catalyst
with optimized composition of 70 wt. % Ag, 20 wit.
% Co30s4 and 10 wt.% PTFE which showed
excellent performance (Fig. 3) was used as active
catalyst layer [14]. The electrode was prepared by
hot pressing at 250°C with 300 kg/cm? for 3
minutes. The tests were carried out using an
optimized formulation (CIDETEC) based on an
alkaline electrolyte system [15].
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Fig. 3. Charge (A) and discharge (®) voltages of an
optimized bifunctional GDE at different current
densities in a homemade 10 cm? cell.

The cycling test was performed applying a
current density of +10 mA/cm? during 7 h of
charge and 6 h of discharge. The cut-off voltages
were set at 2.5 V at charge (C) and 0.5 V at
discharge (D), respectively (Fig.4) after the first
cycles where the C/D voltages were beyond these
limits. This situation most likely induced Zn
passivation reflected by the subsequent decrease in
capacity.
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Fig. 4. Long-term cycling of homemade Zn/Air cell at
10 mA/cm?

The impedance measurements were carried
out using a Solartron 1260 Frequency Response
Analyzer in the frequency range 1 kHz — 10 mHz
with density of 5 points per decade at applied DC
current of 10 mA and amplitude of the AC signal
of 25mA during both charge and discharge
modes. They were performed after the 20" cycle
and at the end of the cell life at similar state of
charge or discharge for characterization of both the
electrodes and cell behavior. For convenience, the
impedance measurements of the electrodes were
related to the cell voltage, measured before the AC
perturbation. Preliminary screening performed
before and after the impedance experiments

registered insufficient voltage changes, which
could be ignored.

RESULTS AND DISCUSSIONS

The volt-ampere characteristic (VAC) is a key
feature of any electrochemical power source. It
covers the entire operating range and reflects the
set of dominant phenomena that govern a process.
Thus, VAC gives the main fundamental and
simplest description of the cell performance in a
given moment of the test. VAC depends on the
operating conditions and degradation state. For
batteries the state of charge/discharge should be
also taken into account. Therefore, at constant
working conditions the changes in the VAC may
serve as performance indicator to estimate the state
of health (SoH) and the degradation rate. For
deeper insight into the phenomena and
mechanisms the VAC analysis is combined with
impedance measurements in selected working
points [16].

Fig. 5 represents VAC of the homemade Zn-air
cell at a given state during discharge after 20
previous charge/discharge cycles. Generally, the
volt-ampere curve has three distinct areas: (i) an
activation zone at low current (segment I in Fig. 5),
followed by (ii) a transport zone with linear
behavior (segment Il in Fig. 5) and (iii) a diffusion
restriction zone at high current (not presented in
Fig. 5). A working point (WP) at 10 mA was
selected (triangle in Fig.5) to perform the
impedance measurements of the Zn-Air cell in
both full- and half-cell configuration. Due to its
position in the kink of segments | and Il in the
voltage-current curve, the measured impedance can
ensure information about both the charge transfer,
which depends on the electrode catalytic activity,
and the transport hindrances.

1,64

1,4

u/v

1,2 4

1,0

0 160 260 360
1/ mA
Fig. 5. Volt-ampere characteristic of a Zn-air cell in
discharge regime: (®) full cell configuration; (m) half-
cell configuration of gas diffusion electrode (GDE).
The VAC of the GDE recorded during
discharge shows a linear behavior (Fig. 5.). This is
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characteristic of electrodes operating under the
domination of transport limitations. The VAC
comparison with the full cell performance suggests
that the activation losses come mainly from the Zn
electrode. This hypothesis is confirmed by the
impedance measurements presented in Fig. 6.
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Fig. 6. Impedance diagrams for: a) GDE, b) Zn
electrode and c) full-cell during discharge (1,6 V).

The impedance diagram of the GDE (Fig. 6a)
is characterized by a well-defined low frequency
arch  corresponding to bounded transport
limitations, while that for the Zn electrode (Fig.
6b) exhibits the domination of the charge transfer
semicircle. The impedance of the full cell
combines the two characteristic impedance shapes
in the high and in the low frequency range,
respectively. A significant increase of the
resistance is also observed (Fig. 6¢). The state of
discharge (SoD) influences weakly the anode
reaction. The inductive complicated shape in the
low frequency range, which is typical for
impedance of batteries, usually marks the
formation of a new phase [17].

The impedance diagrams for the full cell and
for the two electrodes during charge are also well
defined (Fig. 7). The charge transfer resistance of
the zinc electrode decreases about 3 times, which
obviously influences also the cell resistance (Fig.
7b). This asymmetry during charge and

192

discharge may be due to the screening effect of
the teflonized anode surface.

The volt-ampere characteristic and impedance
measurements in full cell configuration performed
at the end of the cell life (after 120 C/D cycles)
showed strongly deteriorated behavior (Fig. 8).
The resistance registered by impedance was about
10 times higher in comparison to that after the 20™
C/D cycle.

a)
0,25 1Hz
G —
g o/o/. O\O‘O
H K —oe
N 1kHz ©
' OO 0010 mHz|
000 b\.—
I - -
04 0,8
Z'1Q
b)
0,02
100 mHz )
a o
= o-%
N 0,00 ol Q
! o ® 10Hz
1Hz .\O*O/
T
0,30 0,35 0,40
Z'1Q
c)
0,4
g ok /.O\Qko
H 0o—©
N 900 \
1kHz OO’O L4
10mHz
0,0- T T
1,0 15 2,0
Z'1Q

Fig. 7. Impedance diagrams for: a) GDE, b) Zn
electrode and c) full-cell during charge (1,9 V).
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The subsequent measurement of the Zn
electrode failed, due to obviously the entire Zn
dissolution and total loss of contacts with the
current collector (visually confirmed after opening
the cell). It is interesting to note that a lower
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resistance was registered for the measurements in
full cell configuration after the failure of the Zn
electrode (Fig. 9), which can be explained with a
change of the system, since in practice the Zn
electrode was replaced by the stainless steel
current collector.
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Fig. 9. Impedance of full cell during charge after the
120" discharge: before () and after (A, #) the failure
of the Zn electrode.

After opening the homemade cell, it could be
seen that while the zinc electrode was totally
dissolved, the GDE was in good condition (Fig.
10). The replacement of the damaged Zn electrode
with a new one and refreshment of the electrolyte
ensured more than 50 additional C/D cycles at 10
mA/cm?,

(1

before aften

Fig. 10. Gas diffusion electrode before and after 120

C/D cycles.
CONCLUSIONS

These preliminary results demonstrate the
applicability of EIS for performance studies of
Zinc-air rechargeable cells. The measurements can
be carried out in half-cell and full-cell
configuration during charge or discharge. This
versatility ensures information about the behavior
and influence of the cell components thus
determining the rate limiting step and its position
in the cell. Comparison of volt-ampere
characteristics combined with periodic impedance
measurements during battery cycling can bring to a
deeper insight into the degradation mechanisms.
Getting such knowledge, Zinc-air cells can be

further optimized in terms of performance and
cycle life.
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Karo o6e1uaBau1a TCXHOJIOI'UA, BTOPUIYHUTC IMUHK-BB3AYIITHU 6aTep1/11/1 crieyeyiixa 3Ha4YUTCJIHO BHHUMAHUC IIPE3
MOCTCIHUTE HAKOJKO romuHu. IlpenctaBeHata paboTa Ieid BBBEKIAHETO Ha CICKTPOXUMHYHA HWMIICJAHCHA
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ca TIOJyYeHH TPH U3MEPBAaHUSA KaKTO B KOH(QWTypallus Ha TIIONY-KJIETKa, Taka M Ha Ila KieTka. Te ocurypssar
SIIEKTPOXUMHUYHO OXapaKTepU3nUpaHe Ha KIIETKATa M HEWHUTE KOMIOHCHTH (€JIEKTPOAH U JICKTPOJIHT) pH (HUKCHPAHO
CBCTOSIHHE Ha 3apsi, KOSTO IO3BOJISABA EKCIIEPUMEHTATHO AeprHUpaHe Ha CKOpOCT-Onpenaensmus ctanuil. [lomyuenara
nHpOopManus me ObIe U3M0I3BaHa 32 MO-HATATHITHO IPOYYBAHE M ONITUMHU3UpPAHe Ha IIMHK-BB3IyNTHATA KIETKA.

194



Bulgarian Chemical Communications, Volume 50, 2018

Instructions about Preparation of Manuscripts

General remarks: Manuscripts are submitted in English by e-mail The text must be typed on A4
format paper using Times New Roman font size 11, normal character spacing. The manuscript should not
exceed 15 pages (about 3500 words), including photographs, tables, drawings, formulae, etc. Authors are
requested to use margins of 2 cm on all sides

Manuscripts should be subdivided into labelled sections, e.g. Introduction, Experimental, Results
and Discussion, etc. The title page comprises headline, author’s names and affiliations, abstract and key
words. Attention is drawn to the following:

a) The title of the manuscript should reflect concisely the purpose and findings of the work.
Abbreviations, symbols, chemical formulas, references and footnotes should be avoided. If indispensable,
abbreviations and formulas should be givenin parentheses immediately after the respective full form.

b) The author’s first and middle name initials and family name in full should be given, followedby
the address (or addresses) of the contributing laboratory (laboratories). The affiliation of the author(s) should
be listed in detail by numers (no abbreviations!). The author to whom correspondence and/or inquiries should
be sent should be indicated by asterisk (*) with e-mail address.

The abstract should be self-explanatory and intelligible without any references to the text
andcontaining not more than 250 words. It should be followed by key words (not more than six).

References should be numbered sequentially in the order, in which they are cited in the text. The
numbers in the text should be enclosed in brackets [2], [5, 6], [9-12], etc., set on the text line. References are
to be listed in numerical order on a separate sheet. All references are to be given in Latin letters. The names
of the authors are given without inversion. Titles of journals must be abbreviated according to Chemical
Abstracts and given in italics, the volume is typed in bold, the initial page is given and the year in parentheses.
Attention is drawn to the following conventions:a) The names of all authors of a certainpublications should
be given. The use of “et al.” inthe list of references is not acceptable.b) Only the initials of the first and middle
names should be given. In the manuscripts, the reference to author(s) of cited works should be made without
giving initials, e.g. “Bush and Smith [7] pioneered...”. If the reference carries the names of three or more
authors it should be quoted as “Bush et al. [7]”, if Bush is the first author, or as “Bush and co-workers [7]”,
if Bush is the senior author.

Footnotes should be reduced to a minimum. Each footnote should be typed double-spaced at
thebottom of the page, on which its subject is first mentioned. Tables are numbered with Arabic numerals on
the left-hand top. Each table should be referred to inthe text. Column headings should be as short as possible
but they must define units unambiguously.The units are to be separated from the preceding symbols by a
comma or brackets. Note: The following format should be used when figures, equations, etc. are referred to
the text (followed by the respective numbers): Fig., Eqns., Table, Scheme.

Schemes and figures. Each manuscript should contain or be accompanied by the respective
illustrative material as well as by the respective figure captions in a separate file (sheet).As far as presentation
of units is concerned, Sl units are to be used. However, some non-SI units are also acceptable, such as °C,
ml, I, etc.The author(s) name(s), the title of the manuscript, the number of drawings, photographs, diagrams,
etc., should be written in black pencil on the back of the illustrative material (hard copies) inaccordance with
the list enclosed. Avoid using more than 6 (12 for reviews, respectively) figures in the manuscript. Since most
of the illustrative materials are to be presented as 8-cm wide pictures, attention should be paid that all axis
titles, numerals, legend(s) and texts are legible.

The authors are required to submit the text with a list of three individuals and their e-mail
addresses that can be considered by the Editors as potential reviewers. Please, note that the
reviewers should be outside the authors’ own institution or organization. The Editorial Board of the
journal is not obliged to accept these proposals.

The authors are asked to submit the final text (after the manuscript has been accepted for publication) in
electronic form by e-mail. The main text, list of references, tables and figure captions should be saved in
separate files (as *.rtf or *.doc) with clearly identifiable file names. It is essential that the name and version
of the word-processing program and the format of the text files is clearly indicated. It is recommended that
the pictures are presented in *.tif, *.jpg, *.cdr or *.bmp format.

195



The equations are written using “Equation Editor” and chemical reaction schemes are written using ISIS
Draw or ChemDraw programme.

EXAMPLES FOR PRESENTATION OF REFERENCES

REFERENCES

1. D. S. Newsome, Catal. Rev.—Sci. Eng., 21, 275 (1980).

2. C.-H. Lin, C.-Y. Hsu, J. Chem. Soc. Chem. Commun., 1479 (1992).

3. R. G. Parr, W. Yang, Density Functional Theory of Atoms and Molecules, Oxford Univ. Press, New York,
1989.

4. V. Ponec, G. C. Bond, Catalysis by Metals and Alloys (Stud. Surf. Sci. Catal., vol. 95), Elsevier,
Amsterdam, 1995.

5. G. Kadinov, S. Todorova, A. Palazov, in: New Frontiers in Catalysis (Proc. 10th Int. Congr. Catal.,
Budapest,(1992), L. Guczi, F. Solymosi, P. Tetenyi (eds.), Akademiai Kiado, Budapest, 1993, Part C, p. 2817.
6. G. L. C. Maire, F. Garin, in: Catalysis. Science and Technology, J. R. Anderson, M. Boudart (eds), vol. 6,
SpringerVerlag, Berlin, 1984, p. 161.

7. D. Pocknell, GB Patent 2 207 355 (1949).

8. G. Angelov, PhD Thesis, UCTM, Sofia, 2001, pp. 121-126.

9 JCPDS International Center for Diffraction Data, Power Diffraction File, Swarthmore, PA, 1991.

10. CA 127, 184 7629 (1998).

11. P. Hou, H. Wise, J. Catal., in press.

12. M. Sinev, private communication.

13. http://www.chemweb.com/alchem/articles/1051611477211.html.

Texts with references which do not match these requirements will not be considered for publication!!!

196


http://www.chemweb.com/alchem/articles/1051611477211.html

Bulgarian Chemical Communications, Volume 50 Special Issue A, 2018

Selected papers presented on the “Sofia Electrochemical Days 2017” — National Conference with

International Participation, May 10 — 13, 2017, Sofia, Bulgaria

CONTENTS
EdItOrial— SED 2017 .. ..ot et et e e e et e e e e
Ch. Girginov, S. Kozhukharov, M. Milanes, Durability of Anodic Aluminum Oxide (AAO) films
formed on technically pure AAL1050 alloy against COrroSION..........vveeviiiiiii e e e aea
S. Kozhukharov, Ch. Girginov, Comparative electrochemical and topographical elucidation of
Anodic Aluminum Oxide (AAQ) layers formed on technically pure aluminum (TPA) and
AA2024-T3 aircraft alloy ... ..o oo s
D. Clematis, N. Klidi, A. Barbucci, M.P. Carpanese, M. Delucchi, G. Cerisola, M. Panizza,
Application of electro-Fenton process for the treatment of Methylene Blue.............................
M.-L. Tatu, F. Harja, E.-M. Ungureanu, E. Georgescu, L. Birzan, M.-M. Popa, Electrochemical
studies of two pyrrolo[1,2-Clpyrimidines .........ooei i e e e
K. Ignatova, Y. Marcheva, S. Vladimirova, G. Avdeev, D. Lilova, Electrodeposition and structure of
Ni-Co-P alloy coatings in stationary and pulse potentiostatic mode...............ccccoviiiiine e,
B.-Ki Choi, F. Sauer, G. Beck, R. Stauber, Ts. Dobrovolska, Anomalous electrodeposition of gold-
INAIUM IIOYS ... e e e e e e e e
0. Kostadinova, D. Kochnitcharova, E. Lefterova, M. Shipochka, P. Angelov, T. Petkova, Network
modification of phosphate materials by transition metals doping.............c.cooviiiiii i ennn,
G.P. llieva, D. lvanova, L. Fachikov, Thin phosphate films on aluminum surfaces .....................
K. Ignatova, St. Kozhukharov, G. Avdeev, I. Piroeva, Structure and corrosion resistance of Ni-P,
Co-P and Ni-CO-P alloy COALINGS. .. ... iuit it e et e e e e e e e e e eeeaes
D. lvanova, G. llieva, L. Fachikov, Corrosion behavior in model solutions of steels suggested, as
construction materials for mining INAUSEIIES ... e e
S. Stefanov, M. Martinov, E. Razkazova-Velkova, Sulfite driven fuel cell for environmental
purposes: Optimization of the oxidation CONAItIONS ........vveveiiisiir v i e e e
P. Paunovi¢, O. Popovski, G. Nacevski, E. Lefterova, A. Grozdanov, A. Dimitrov, Electrocatalysts
with reduced noble metals aimed for hydrogen/oxygen evolution supported on Magneli phases.
Part I: Physical CharaCterization .............oiiiiii i e e e e e e
P. Paunovié, O. Popovski, G. Nacevski, A. Grozdanov, A. Dimitrov, Electrocatalysts with reduced
noble metals aimed for hydrogen/oxygen evolution supported on Magneli phases. Part II:
Electrochemical CharaCterization...... ... ... e e e e
M. Carpanese, D. Clematis, M. Viviani, S. Presto, M. Panizza, G. Cerisola, A. Barbucci,
Characterisation of Lao.sSro.4C0o.2F€0.803-5 - BaosSrosC0osFeo 2035 composite as cathode for solid
OXIAE TUBI CRIIS . e e e e e e
S. Grigoriev, D. Bessarabov, A. Grigoriev, N. Kuleshov, V. Fateev, On the contamination of
membrane-electrode assemblies of water electrolysers based on proton exchange membrane in
the COUrSE OF OPEIALION ... .. it e e e e et e e e e e e et e e e e eaeaa
R. Tomov, A. Fakeeh, T. Mitchell-Williams, M. Krauz, R. Kumar, B. Glowacki, Application of inkjet
printing technology for SOFCs anode fabrication and modification ................c.coooeiiiiinnnn.
B. Mladenova, Y. Milusheva, M. Karsheva, I. Hinkov, T. Stankulov, G. Borisov, R. Boukoureshtlieva,
Nanosized Ag particles as catalyst in gas-diffusion electrodes for ORR............ccccccvvveviiivcicieinns
M. Gabrovska, D. Nikolova, E. Mladenova, D. Vladikova, S. Rakovsky, Z. Stoynov, Ni incorporation
in pSOFC anode ceramic matrix: Part 11. Wet chemical reduction in an anhydrous medium ......
S. Enache, M. Dragan, A. Soare, D. lon-Ebrasu, A. Zaulet, M. Varlam, K. Petrov, One step solid-
state synthesis of lanthanum cobalt oxide perovskites as catalysts for oxygen evolution in alkaline

D. lon-Ebrasu, A. Zaulet, S. Enache, M. Dragan, D. Schitea, E. Carcadea, M. Varlam, K. Petrov,
Electrochemical characterization of metal oxides as catalysts for oxygen evolution in alkaline

Z. Stoynov, D. Vladikova, B. Burdin, A. Thorel, A. Chesnaud, P. Piccardo, M. Slavova, R. Spotorno,
Electrochemical testing of an innovative dual membrane fuel cell design in reversible mode .......

13

22

27

37

44

50
55

61

70

77

82

89

95

102

108

114

119

127

133



Bulgarian Chemical Communications, Volume 50 Special Issue A, 2018

G. Ivanova, A. Stoyanova, M. Mladenov, R. Raicheff, D. Kovacheva, Effect of the concentration of
MnQO:; in the composite electrode and the electrolyte on the electrochemical properties of a hybrid
RS0 0[] =1 2o | (o]

P. Lilov, A. Vasev, A. Stoyanova, Y. Marinov, A. Stoyanova-lvanova, Electrochemical impedance
study of HTSC ceramics YBCO and BSCCO in presence of electrolyte...............coovvviinnnnnn.

P. Pétrolniczak, M. Przybylczak, K. Wasinski, M. Walkowiak, Key parameters determining the
performance of lithium sulfur Datteries ....... ..o e

K. Banov, D. Ivanova, L. Fachikov, V. Kotev, T. Stankulov, B. Banov, Lithium ion batteries, Active
electrode materials based on manganese dioXide .............vviiiiieiie i

K. Banov, T. Petkov, R. Boukoureshtlieva, D. Ivanova, L. Fachikov, V. Kotev, B. Banov, High
voltage cathode materials based on lithium cobaltate with nickel and manganese doping...........

T. Petkov, T. Stankulov, K. Banov, A. Momchil ov, Electrochemical behaviour of LiMn,O, and
LiCoO2 iNWater €leCIIOIVEE ... o.e et e e e e e e e e

T. Petkov, T. Stankulov, K. Banov, A. Momchilov, The electrochemical behavior of LiV3Og obtained
via different syntheses as negative active material in aqueous Li-ion battery...........................

D. Vladikova, Z. Stoynov, B. Abrashev, M. Slavova, B. Burdin, E. Mihaylova-Dimitrova,
L. Colmenares, A. Mainar, J. Blazquez, Screening impedance analysis of Zn-air cells.................

INStruCtion 1O the AULNOKS ... e e e e e e

198

146

153

158

163

171

177

183



Bulgarian Chemical Communications, Volume 50 Special Issue A, 2018

CbABPXXAHUE

TIpe020B0D CEII 2017 ..ottt r e r e nr e

K. I'upeunos, C. Koowcyxapos, M. Munanec, Kopo3nonHa ycTOMYMBOCT Ha aHOJHHU OKCUIHU CIOEBE
(AOC) otnokeHH BEpXY TeXHHIECKH YUCTA CTUIAB AAT050. .. ..ot

C. Koocyxapos, K. ['upeunos, CpaBHHUTEIHO ENEKTPOXMMHYHO W TOIOJIOTUYHO H3CIIECABAaHE Ha
AQHOIHU OKCUAHU GUIMH (GOPMHUPAHH BBPXY TEXHUUECKH YUCT AlyMUHHI U camoseTHa AA2024-
R INe) 1 817 RO

. Knemamuc, H. Kmwou, A. bapoyuu, M.Il. Kapnanesze, M. Henyxu, I. Kepusoﬂa M. Hanuua,
[Tpunoxxenue Ha enekTpo-Fenton mporiec 3a TpeTupaHe Ha METUICHOBO CHHEO. .

MJL Tamy, ®. Xapua, E.-M. Vuweypauwy, E. [lcopoocecky, JL Eup3aH M -M Hona
ENeKTpOXUMHYHH UACIIEABAHUS HA AU-TTUPOIO [1,2-CIMUPUMUIMH. .. ... verveieieeiieiiieeieieeeesie e

K. Henamosa, . Mapuesa, C. Braoumuposa, I. Asdees, JI. JTunosa, EnekTpooTiarane u cTpyKTypa
Ha Ni-Co-P criaBHE MOKPUTHS B CTAIIMOHAPEH U UMITYJICCH TIOTCHIIMOCTATUYCH PEKHM..................

b.-Ku Yoti, @. 3ayep, I'. bek, P. lllaybep, 1]s. /lobposorcka, AHOMAITHO €IEKTPOOTIIaraHe Ha CIIaB
3] C: 1N 0 o 0 0115 1 TP PPRPURTRRTIN

O. Kocmaounosa, /]. Kownuuaposa, E. Jlepmeposa, M. [llunouka, Il. Anecenos, T. [lemkosa,
Monuduiupane Ha MpexkaTa Ha GpochaTHU MaTepUaIn 9Ype3 JOTUPAHE C TPEXOTHH METAH. ... ...

I'. Unuesa, /. Usanosa, JI. @auuxos, Terku dhochariu GUIMU BbPXY aTyMHHHEBH TOBBPXHOCTH. . .

K. Uenamosa, C. Koocyxapos, I'. Asoees, U. [lupoesa, CTpyKTypa U KOPO3HMOHHA YCTOMYHBOCT Ha
Ni-P, C0-P 11 Ni-CO-P CIITTABHI TIOKPIITHS .....eveivveveressesseeseessesssessessesseassessessessesssessessessesssssessessenns

. Usanosa, I'. Unuesa, JI. ®auurxos, Kopo3noHHO MOBEJCHUE B MOACIHU Pa3TBOPU HA CTOMAaHHU,
MpeTHa3HAYCHU KaTO KOHCTPYKIIMOHHU MAaTEPUAITU 32 MUHHATA HHITYCTPHS . «vveevaeenaueeenaenans

Cm. Cmeghanos, M. Mapmunos, E. Pasxazosa-Beikosa, Cyndunaa TopuBHa KJIETKa ¢ €KOJIOTHYHA
HACOUYEHOCT: ONTUMU3AINS HA OKACTUTEITHUTE YCHOBHS .. vttt veesuesireasteensessesasesssessnesnsesssesssesnns

II. IHaynosuu, O. Illonoscxu, I. Hauescku, E. Jlegpmeposa, A. I'pooawnos, A. Jumumpos,
EnexTpokaTtanuzaTopu ¢ HaMajJeHO ChIbpKaHWE Ha OJaropoJHM MeETanu 3a OTAeNsHE Ha
BOJOPOI/KUCIIOPOA ¢ MarHead (a3um karo karanutudeH Hocutel. Yact I dusmyecko
OXAPAKTEPHBHPAHE ....-veenteveesteesueeaueeatessseasseassessesaasaassesaeaaseasseesaessssesseesssesssesbeesbeesasesbeanbeabeenbeesbesnnis

11. Ilaynosuu, O. Ilonoecku, I'. Hauescku, A. I pooanos, A. Jumumpos, , EneKTpokaTann3aTopu ¢
HAMaJICHO ChIbPXKAHUE HA OJIArOpOJHU METAH 33 OTJICISHE Ha BOJOPOJ/KHCIOPOJ C MAarHEIH
(hasu kato katanutuieH HocuTell. Yact [l: ENeKTpoOXUMHUYHO 0XapaKTEPUBUPAHE ... ... eu erennanens

M. Kapnanese, /[. Knemamuc, M. Busuanu, C. Ilpecmo, M. [lanuya, I'. Kepuzona, A. Bap6yuu,
OxapaKTepmeaHe Ha Lao, ssro 4C00 2Feo. 303.5- Ba. 5SI’0,5C00,3F60,203.5 KOMIIO3UT KaToO KaTOACH
MaTepual 3a TBbPI0-OKCUIHN TOPUBHU KIIETKH. . .

C. I'pueopues, JI. becapabos, A. [ pucopues, H. Kyﬂemoe B @ameee 3aMch;IBaHe B IIpolieca Ha
paboTra Ha MEMOpPAHHO-CIIEKTPOJHHUTE IAKeTH BHB BOJHHU CIICKTPOIHM3LOpH, Oa3upaHw Ha
TIPOTOHHO-OOMECHHA MEMOPAHA ......uvveeureeeereesseeesereessessteeessseesssesssssessssessssessssessssessssessssessnsesessessenans

P. Tomos, A. @axuu, T. Mumuen-Yunamuc, M. Kpays, P. Kymap, b. Inosayxu, llpunoxenue Ha
MaCTHJICHO-CTPYWHOTO MPUHTHPAHE NMPH U3TOTBSIHE U MOAU(UKANUS Ha aHOJU 32 TBHPIOTCITHH
N0 0070:3507 ) (1 04 SO TP PRSPPSO PR UPR PPN

B. Mnaoenosa, H. Munywesa, M. Kuvpweea, HU. Xumxos, T. Cmanxynos, I Fopucos, P.
byxypewnuesa, HanopasmepHu Ag JacTHIM KaTO KaTaJIM3aToOp B ra3au(y3nOHHU €IEKTPOIH 32
PEMYKITUST HA KIICTIOPOL - uvenuteueeanreesseasseasseesessseasseassesseesssessseasseassessesassesaseaseessseassenbeenbeenbeesbeesnnenneens

M. I'abposcka, /]. Huxonosa, E. Maaoenosa , /. Biaouxosa, C. Paxoscku, 3. Cmotinos, BeBexxnane
Ha NiB aHozHaTa KepaMUYHa MaTpHIla Ha MPOTOH MTPOBOIAIIN TBHPIOOKCHIHU TOPUBHH KIICTKH:
Yacrt II. Mokpa XUMHYIHA PEAYKITHS B OC3BOTHA CPCIIA .« vt vuetertanseneneanetannessaeansennnanaeneneenens

C. Enaxe, M. /lpacan, A. Coape, /1. ﬁOH-E6pacy, A. 3aynem, M. Bapram, K. [lempos, ETHOCTHIIKOB
cunre3 Ha mepoBckUT LaCoOz B TBBPIO CBHCTOSHWE KaTO KaTanu3aTrop 3a OTIENISHE Ha
D95 (00) (0] 0T 1 Q0= T2 1) 1% B30 62 &) o1 1N

. ﬁOH-E6pacy, A. 3aynem, C. Enaxe, M. /[pacan, JI. Cxkums, E. Kapxaos, M. Bapram, K. Ilempos,
EnexTpoXuMHU4HO OXapaKTepU3UpaHe HA METAIHU OKCHJIM KaTO KaTalM3aTOpU 3a OTACISHE Ha
KHCITIOPO] B QITKATTHFIL CPEIIH -....veuveenreenseasseesseesseasseasseessesseesssessseasseasesssseasseaasess st anseeneenneenneesbnennnesnee e

12

21

26

36

43

49

54
60

65

76

81

88

94

101

107

113

118

126

132



Bulgarian Chemical Communications, Volume 50 Special Issue A, 2018

3. Cmounos, /I. Braouxosa, b. Brnacoes, A. Topen, A .Yecno, I1. [luxapoo, M. Cnasosa, P. Cnomomo,
EnexTpoXxuMUYHO TeCTBaHE HAa MHOBATHBEH JAW3aliH HAa JBOMHO-MEMOpaHHA TOpPHBHA KJIETKAa B
OOPATIIM PEIKIIM ....veeevveenereenreeeeseeassesessesassssssssessssessssesssseesssessssesssssessssessssessssessssessssessssessnsessssessnenens

I Hsanosa, A. Cmosnosa, M. Mnaoenos, P. Paiiues, /. Kosauesa, BnusHue Ha KOHIIGHTpALKsATa HA
MnO; B KOMIIO3UTHHUS E€IEKTPOJ M Ha €JICKTPOJIMTA BBHPXY €JICKTPOXMMHUYHHTE CBOHCTBA Ha
XUOPHUITHU CYTTICPKOHIICHBATOPH ....veeisvveesesessreessseesssessssesssessssesesssessssessnsessssesansesssssesssessssseessessnsessnns

I1. Jlunos, A. Baces, JI. Cmosnos, M. Mapunos, A. Cmosnosa-Heanosa, EneKTpoOXUMHUYHU
UMIICIAHCHU W3CJICJBaHMs HAa BUCOKO TEMIIEPAaTYPHU CBPBX-MPOBOAMMH KEPAMHUKH OT BHJIA
YBCO BSCCO B npuchCcTBHE HaCTICKTPOIUTH. . . .

11 Ilynponnuuax, M. Twubunuax, K. Bacunvcku, M BLZJZKOG}ZK OCHOBHI/I napaMeTpH onpeesIn
e()EKTUBHOCTTA HA TUTHEBO-CEPHH OATCPHH ......c.veeveeneeiueeitreasteasteasesssseasesssesssesssessesssesssesssssssnessesns

Kp. Banos, /. Msanosa, JI. @auuxos, B. Komes, T. Cmankynos, bp. banog, JlutneBo-itonan 6atepuu
aKTHBHHU MaTepUAIH Ha 0a3aTa HA MAHTAHOBH IHOKCHITH . .. v u vt v ueeettanseneueenesannesaneaneaennen e

Kp. banos, T. Ilemxos, P. byxypewnuesa, /]. Usanosa, JI. @auuxos, B. Komes, bp. banos, Bucoko
BOJITOBH KaTOJTHU MATCPUATHA HA OCHOBATA JTUTHEB KOOAIITAT ... eueuuenenaenenaenenaeaenaenaeneninens

T. Ilemkos, T. Cmankynos, K. banos, A. Momuunos, Enexrpoxumuunu corictBa Ha LiMnOs u
LiCOO2 BBB BOIHHU CIICKTPOIIHTH ......e.veuvereereseseruenteneesensensensessasessessesessassssessessessessssessessessessssessensens

T. Illemxos, T. Cmanxynos, K. Banos, A. Momuunos, Enexrpoxumuynu cBotictBa Ha LiV3Og, monyden
gpe3 pasIuIHd METOAM Ha CHHTE3, KaTO OTPHIIATE]ICH aKTHBEH MaTephal B JINTHEBO-HOHHA
OATEPHSI C BOIICH CITCKTPOIIHT ....eeuvveeesvreensreeseseessseesssasessessssessssesssssessssesssssansessnsessssessssessnsseessessnsessnns

. Braouxosa, 3. Cmoiinos, b. Abpawes, M. Cnasosa, b. Bypoun, E. Muxaiinosa-/{umumposa, JI.
Konmenapec, A. Maunap, X. Brackec, CKpUHUHTOB WMITCJIJAHCEH aHAIN3 Ha ITUHK-BBH3IYITHH
101 (1 29 % ORI

VIHCTPYKITHS 38 @BTOPHTE ....veevveerveeseerseesseesseesseenseessesssesssessseassesasesssssasessssssseasesasesssesssesssesnsessesssesnsesnses

200

145

152

157

162

170

176

182

188

194
195



	K1_50_A
	EDITORIAL
	BCC-50-A-2018-5-11-Girginov
	BCC-50-A-2018-12-20-Kozhuharov
	BCC-50-A-2018-21-25-Panizza
	BCC-50-A-2018-21-26-Panizza
	BCC-50-A-2018-27-36-Ungareanu
	BCC-50-A-2018-37-43-Ignatova
	BCC-50-A-Dobrovolska-44-49
	BCC-50-A-2018-50-54-Kostadinova
	BCC-50-A-2018-55-60-Ilieva
	BCC-50-A-2018-61-69-Ignatova
	BCC-50-A-2018-70-76-Ivanova
	BCC-50-A-2018-77-81-Stefanov
	BCC-50-A-2018-82-88-Paunovic
	BCC-50-A-2018-89-94-Paunovic
	BCC-50-A-2018-95-101-Clematis
	BCC-50-A-2018-102-107-Grigoriev
	BCC-50-A-2018-108-113-Tomov
	BCC-50-A-2018-114-118-Mladenova
	BCC-50-A-2018-119-126-Gabrovska
	BCC-50-A-2018-127-132-Enache
	BCC-50-A-2018-133-138-Ebrasu
	BCC-50-A-2018-139-145-Vladikova
	BCC-50-A-2018-146-152-Ivanova
	BCC-50-A-2018-153-157-Lilov
	2 Institute of Electrochemistry and Energy Systems "Academician Evgeni Budevski", Bulgarian Academy of Sciences, Acad. Georgi Bonchev Str, Block 10, 1113 Sofia, Bulgaria.
	2 Институт по електрохимия и енергийни системи "Академик Евгени Будевски", Българска академия на науките, ул. "Акад. Георги Бончев", бл. 10, София 1113, България.

	BCC-50-A-2018-158-162-Polrolnczak
	BCC-50-A-2018-163-170-KBanov
	BCC-50-A-2018-171-176-Banov
	BCC-50-A-2018-177-182-Petkov
	BCC-50-A-2018-183-188-Petkov
	BCC-50-A-2018-189-194-Vladikova
	BCC_Instructions-195
	Contents_BCC_50A_2018
	Blank Page
	BCC-50-A-2018-163-170-KBanov2.pdf
	CONCLUSIONS
	Expected results
	ELECTROCHEMICAL BEHAVIOUR OF LIMN2O4 ACTIVE ELECTRODE MATERIAL IN THE 3 VOLTS REGION
	CONCLUSIONS




