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IN MEMORIAM

To the memory of Academician EVGENI B. BUDEVSKI
(1922-2008)

On October 13, 2008 the Academician Evgeni Budevski, the founding father
of the Bulgarian Electrochemical School, passed away following a sudden
illness.

Acad. Budevski started his research work in the field of the
electrocrystallization in 1949 following his graduation from Sofia University
“Sveti Kliment Ohridski” with a degree in Chemistry. He gained scientific
recognition with the development of the original capillary method for
preparation of dislocation-free faces of Ag single crystals. He was
instrumental in the confirmation of the 2D theory of crystal growth,
introduced by Stranski and Kaischew in the 1930s, as well as in the
supplementation of Frank’s theory with quantitatively validated theoretical
calculations, related to the growth of polygonized spirals.

As a founder and the first Director of the Central Laboratory of Electrochemical Power Sources, now the
Institute of Electrochemistry and Energy Systems, Prof. Budevski was a major driving force behind the
research and development of the electrochemical power sources. In 1971 CLEPS’ electric car, driven by
primary Zn-air batteries, made a world record of a 220-kilometer run.

In the latter part of his scientific career, which was cut short by his untimely death, Evgeni Budevski
tirelessly promoted the Hydrogen economy concept, championed renewable energy, and actively worked
on PEMFC. He left more than 150 publications and 40 patrents with a high impact on the scientific
world.

During his distinguished career Evgeni Budevski received numerous national and international awards:
the Dimitrov State Prize (the most prestigious Bulgarian award for that time), the prize of the
Electrodeposition Division of The Electrochemical Society, the Marin Drinov Medal of the Bulgarian
Academy of Sciences. He was the Vice-President of the International Society for Electrochemistry, ISE
(1874-1978), Foreign Member of the Saxonian Academy of Sciences — 1974, member of the IUPAC
Committee of Electrochemistry (1980-1987), member of the editorial boards of the Ectrochimica Acta, J.
Applied Electrochemistry and J. Power Sources, member of the Advisory Committee of UNESCO-EPS
on Energy Saving and Storage, Member of the Advisory Committee of the President of the Republic of
Bulgaria (1997-2001).

Evgeni Budevski will be remembered with his vital and original scientific and personal philosophy,
which did not leave him untill his final breath. He loved nature, the outdoors, and the camping lifestyle.
A keen skier and yachtsman, he passed on the passion for his hobbies to his co-workers. Together with
his loving wife Lily, he enjoyed spending the weekends in their mountain house, where he entertained
his numerous friends untill his last days.

On behalf of the Bulgarian Electrochemical Society



EDITORIAL

National Conference “Sofia Electrochemical Days 2010 (SED 2010)

The current issue of the Bulgarian Chemical Communications consists of the papers,
presented as lectures and posters at the “Sofia Electrochemical Days” National Conference (SED
2010), having international participants present, and held in Sofia in 11 to 13 May 2010. “Sofia
Electrochemical Days” is establishing itself as an important national forum for exchanging of
information on the latest scientific and technical developments in the field of the electrochemical
science and technology.

“Sofia Electrochemical Days 2010” was organized by the Institute of Electrochemistry and
Energy Systems under the Bulgarian Academy of Sciences (BAS) in collaboration with the
Rostislaw Kaishew Institute of Physical Chemistry (BAS), the Department of Inorganic and
Electrochemical Production at the University of Chemical Technology and Metallurgy, and the
Centre of Innovation (BAS), and was held in the memory of Academician Evgeni Budevski — a
world-renown scientist and the founder of the Bulgarian Electrochemical School. The SED 2010
provided the opportunity to bring together both, the young and the experienced scientists, and
engineers, researchers from the universities, the industry and the institutes of BAS, to share results
and discuss issues on a wide range of electrochemical fields: fundamental electrochemistry,
hydrogen energy, fuel cells, batteries, electroplating, industrial electrolysis, corrosion and protection
electrochemical methods and instrumentation. Nine plenary lectures, thirteen keynote lectures,
forty-four posters and two technical exhibitions, including five firm presentations, were presented at
the SED 2010.

We would like to thank the SED 2010 participants for their contribution to the conference
success as well as for the warm and collaborative atmosphere they created. We express our sincere
gratitude to the SED Organizing Committee, as well as to the authors for their incentive
presentations, to the referees for their efforts in reviewing the submitted manuscripts and the
Editorial Board of the Bulgarian Chemical Communications for the publication of this issue.

Guest Editors:

Raicho Raicheff

Victor Boev

Institute of Electrochemistry
and Energy Systems

Bulgarian Academy of Sciences
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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 applied 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
Coulombic efficiency, close to the theoretical, and long cycle life. It is non-toxic, environmentally friendly, and low
cost, but possesses some disadvantages such 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 a prospective cathode material for large-scale application.
Cathode materials are presented based on manganese dioxide spinel with high Coulomb efficiency close to 90% at
temperatures of 55°C, discharge rates of 4C and cycle life up to 500 cycles. The obtained results show that our approach
could also be applied for enhancing the efficiency of other active electrode materials.

Keywords: Highly efficient lithium batteries, manganese dioxide spinel, elevated temperature stability, high rates,

coating

1. INTRODUCTION

Commercially available rechargeable lithium
batteries refer to the Li-Ion 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 a positive electrode
material. However, the cost of this material is so
high that it would take up too much of the battery
cost and its specific energy density is not of the
highest. Therefore, it may be replaced by the
competitive LiNiO,. The price of the LiNiO,
(lithium nikelate) is less due to the highest specific
gravimetric capacity but the LiNiO, (lithium
nikelate) 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:

v High specific energy density — volumetric and
gravimetric;

v Improved Coulombic efficiency close to the
theoretical;

v Cycle life, meeting the requirements;

* To whom all correspondence should be sent:
E-mail: bbanov@dir.bg

v’ Easy for synthesis and treatment;
v’ Non-toxic and environmentally friendly,
v' Low cost.

There is only one group of candidates that can
meet these requirements, the cathode materials
which are based on manganese dioxide, working in
the 4 volt range — the manganese spinel.

2. 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,Oy, is very attractive and
prospective cathode material, combining the
advantages to be non-toxic, environmentally
friendly, with low cost and of theoretical specific
energy density of 475 Wh.g'. It has been under
investigation since the beginning of the new
century, but displays the big disadvantage of
premature capacity loss, especially in the high
temperature range of 30-60°C [1-8].

The same problem also exists in regard to the
cathode materials, based on lithiated nickel and
cobalt oxides. It is, however, less pronounced. The

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 7



B. I. Banov, H. C. Vasilchina: Environmentally friendly cathode materials for Li-ion batteries

solubility of those active cathode materials is
increased at elevated temperatures, and the cathodes
dissolve in the electrolyte during storage and long
time cycling. The main instability of LiMn,0, is due
to the so-called Mn®" disproportion, described by the
equation:

2Mn** = Mn*" + Mn**

The increased lithium content in the overlithiated
manganese dioxide spinel of Lij,Mn, O, type
stabilizes the crystal structure and suppresses the
dissolution of Mn’". This reflects in increased
stability during cycling at elevated temperatures.
However, the gain in cycleability is accompanied by
diminishing of the delivered reversible capacity.

Another way to solve the problem is to envelop
the active electrode material with metal oxides in
order to prevent the Mn®" dissolution. In this way
the high temperature characteristics of e thLiMn,O4
spinel are enhanced but the lithium diffusion
coefficient is reduced, which reflects in deterioration
of the overall electrochemical behaviour of the
lithium cell. In the literature [4] the MgO is
proposed as an almost universal coating agent for
LiCoO, and LiNiO,, which are from the same-
layered crystallographic group. The manganese
dioxide spinel belongs to the Fd3m crystallographic
space group, so it is difficult to apply the same
method of stabilization.

The third option is to substitute small amount of
Mn’" ions by another metal ion. Some authors [2, 3]
propose stabilization of the structure by partially
replacing Mn’* ions by Ni or Co ions. We have also
piled up experience in this regard. The obtained
stability of Co doped spinel with chemical formula
of LiCoy Mn; 404 is excellent during long term
cycling at room temperature [18—19] but it is not
satisfactory at elevated temperatures. This
substitution can also be performed using Mg and Al.
The result is an improved cycleability but a reduced
initial reversible capacity.

In a series of papers [10-18] we have
demonstrated that if an appropriate method and
manner of synthesis are applied, it is possible to
obtain LiMn,O4, delivering up to 80% of the
theoretical capacity in the 4 volt region during long
term cycling at high charge/discharge rate (C/3) and
room temperature. The techniques of preparation,
sol-gel or solid-state syntheses, the influence of the
initial compounds on the obtained precursor and the
final product, the thermal treatment, the
physicochemical properties and the electrochemical
behaviour of the active electrode materials (AEM)

have been largely discussed in our previous papers
[10-19].

The general principles to overcome the
problems, concerning the stability of manganese
dioxide spinel, numbered bellow, are illustrated by
the next three possible steps:

e Overlithiated Manganese Dioxide Spinels,

Li;, Mn, O,

e Foreign ions substituted manganese dioxide
spinel, Li;, Me,Mn, O,

e Coated Manganese Dioxide Spinel

e LiMn,O, coated with inactive metal oxide —
ZnO

e LiMn,0O4 coated with active lithiated metal
oxide — LiMeOs,.

The typical physicochemical properties of active
electrode materials also affect the material
electrochemical behaviour:

e Specific Surface Area - the higher the SSA is,
the lower polarization; higher delivered
capacity; improved reversibility, and long
cycle life are;

e Particle size — nanoparticles — balance of size
depending on the specific application (the
smaller the particle size is the higher discharge
rate and longer cycle life are);

e Porosity of the particles and pore distribution —
suitable micro and macro pore ratio;

e Conductive binder ensuring an appropriate
porosity and suitable electronic conductivity.

The role of all chemical and physicochemical
parameters which influence the -electrochemical
performance is elucidated hereafter by simple
examples, and the obtained results are discussed.

3. OVER-LITHIATED MANGANESE DIOXIDE
SPINELS

Manganese dioxide spinels of the type
Li,, Mn, O, are regarded with the following
expected results:
e Starting capacity of 100 — 135mAh.g’1 (65-
90% Qy);

e Cycleability of 300 cycles at RT ;

e Improved cycleability at elevated temperatures
(55°C).

The over-lithiation 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 over-lithiated
manganese dioxide and subjected it to high
temperature tests (cf. Table 1).

As already mentioned, this approach offers
reduced reversible capacity but the cycle life is
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improved significantly. The capacity fades 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.g"'. The capacity fades at
elevated temperatures (55°C), starting from 1.3%

Table 1.Theoretical and observed capacity dependence
on extra lithium content in over-lithiated manganese
spinel

Spinel RT
Formula

Fade 55°C @ Fade
Initial | %/cyc. Initial |%/cyc.
Cap at50" Cap at50"

Li;, ,Mn, O, mAh/g cycle mAh/g| cycle

LiMn,0, 135 | 0.42 135 1.40
Li, o,Mn, 4O, 125 0.13 125 0.75
Li, ysMn, 40, | 123 | 0.12 | 123 | 045
Li, ;Mn, o,;0, = 121 0.11 120 | 0.27
Li, joMn, 4,0, 118 ' 0.08 118 0.18
Li, ;;Mn, ,,O, = 101 0.05 101 0.08
Li, ;sMn, .0, 100 = 0.04 101 0.07

(three times higher than at RT) per cycle and drops
to 0.067%, which is very close to the wvalue,
displayed at RT for the spinel with the chemical
formula of Li;;;Mn;g0,  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
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Fig. 1. Discharge capacity at long term cycling of
overlithiated samples at elevated temperature.

‘accumulated capacity’, the best choice would be
the ‘IEES’ sample because the accumulated
capacity, graphically represented by the area limited
by the cycling curve, is the biggest one. If the cycle
life is set to 1000 cycles, the leader would be the
sample with the chemical formula of Li; ;3Mn; g;04.
There is no best choice for the middle cycle life (for
example 400 cycles) because all tested samples offer
nearly the same accumulated capacity, excluding the

spinel with maximum lithium content -

Li; 13Mn; g704.

CONCLUSIONS

e Small amount of extra lithium, incorporated in
the initial crystal structure, stabilizes the spinel
during cycling and suppresses the Mn’"
dissolution;

e The cycleability of over-lithiated samples is
improved by more than 50% but the reversible
capacities are lower;

The capacity of the over-lithiated samples fade at
room temperatures, drastically reduces at elevated
temperatures.

4. MANGANESE DIOXIDE SPINEL
Li Me xMn,, 0, (0.01<X<0.20) MODIFIED WITH

FOREIGN IONS (Me = Mg, Al)

Expected features:
e Starting capacity of 100 — 120 mAh.g’1 (65 —

80% Qy,);

e Improved thermal stability & electrochemical
futures;

e Improved cycleability of up to 700 cycles;

e Target: batteries for EV&HEV.

The advantages of doping with foreign ions are
investigated on manganese dioxide spinel,
LiMgo 0sMn; 9504, 1.e. the selected doping ion is the
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;COOLi.2H,0,
MnCO;, Mg(NO3),6H,0). The optimal conditions
to obtain a high quality active cathode material for
lithium batteries, operating in the 4 volt region, are
published in [10]. The AEM should be optimized
specifically for reaching maximum efficiency [10-
14]. The dissolution of manganese ions in the
electrolyte can be reduced by diminishing the
specific surface area (SSA) to a value of about 1-3
m”.g"'. When this approach is applied, the stability
is improved but the electrochemical properties of the
manganese spinel based cathode material are
deteriorated. It is well known that the SSA of the
active electrode material plays an important role for
the electrochemical performance of the electrode
[10-17]. In this work we tried to find a compromise
between both parameters: the stability and the
electrochemical performance using the Mg as a
doping agent.
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4.1. Experimental

The newly proposed method of synthesis is
based on two different techniques: impregnation and
decomposition inside the particle. MnCO; with
mean particle size of about 20 pm is chosen as
starting compound and manganese source [10].
Magnesium nitrate is introduced in the reaction
composition as an aqueous solution. Doped lithium
manganese spinel with high purity and perfect
crystal structure has been obtained as a result of this
synthesis. In both cases, with and without doping,
an active cathode material with SSA (measured by
the B.E.T. method) of about 10 m’>.g™" is obtained
[10 — 18]. The phase composition of the samples is
determined by X-ray diffraction analysis using
Philips APD 15 powder diffractometer with Cu-Ka
radiation. The electrochemical characteristics are
tested in a three-electrode glass cell with lithium
reference electrode in excess of electrolyte and with
a floating test electrode, described in [12, 13]. The
electrolyte consists of 1M LiClO4 solution in a
mixture of EC:PC:DMC in a 1:1:2 volume ratio.
The composite test electrode material is a mixture of
the investigated compounds with Teflonized
Acetylene Black (TAB-2) [10 — 13] at a 1:1 ratio by
weight, pressed on expanded nickel grid with
diameter of 15 mm. The test electrodes weight is
typically 50 mg without the nickel grid.

4.2. Results and Discussion

The XRD pattern of the manganese spinel, doped
with 5 atomic percent Mg, is equal to those of the
pure LiMn,0,, i.e. the phase of the doped spinel is
also Fd3m and the crystallinity of the sample is very
high. The doping agent cannot be detected on the
XRD patterns of LiMggosMn; 9504 spinel. That
confirms that the Mg occupies 16(d) places. The
obtained doped and non-doped spinels possess
specific SSA of ~ 10 m>.g"'. The charge/discharge
profiles of pure LiMn,O, active electrode material
are presented in Fig. 2. The electrochemical tests are
performed at different discharge rates and
temperatures. The first curve (Fig. 2A) shows the
pure spinel behaviour 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 in
Fig. 2C. In this case the exhibited discharge capacity
is only of 87 mAh.g'.The reduction is 35% in
regard to RT and about 18% against 1C/35°C. Fig.

10

3 shows the charge/discharge profiles of a newly
prepared LiMgg ¢sMn; 9504 AEM. Three
discharge/charge profiles: at 0.25C/RT, at 1C/35°C,
and at 4C/35°C, are presented again for comparison
with the pure spinel. There is no difference in the
discharge capacity at 0.25C rate and RT due to the
low discharge current and the high SSA of the
sample. 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 of 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 with
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
charge. The obtained results confirm our assumption
that it is possible to prepare a highly efficient
cathode material.
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Fig. 2. Charge discharge profile of spinel sampleat
0.25C/23°C, 1C/35°C and 4C/35°C.

4.5+
A
4.0

357 7|3 q,,=135 man. g I, .=0. 25C&23°C
T T

3.0
4.5

New LiMg, ,.Mn, ..O

1954

T T T T 1
0 50 100 150 200 250 300

> B
o 4.0
j=2}
£ 35
£ 35 _ 1 R .
S 3 Q=122 mAh. g | ;.=1C&35°C
3.0 T T T T T T 1
45+ 0 50 100 150 200 250 300
o]
4.0
3.5 — -1 _ o
3 Q,,=105 mah. g I, ,=4C&35°C
3.0 T T T T T T 1
0 50 100 150 200 250 300

Discharge capacity [mAh.g”]

Fig. 3. Charge discharge profile of Mg doped spinel
sample at 0.25C/23°C, 1C/350C and 4C/35°C
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CONCLUSIONS

e LiMg0 ¢sMn; 950 is successfully tested as cathode
material with improved stability at elevated
temperatures;

e A very high rate of (4C) AEM (LiMg0 ¢sMn; 9504)
is obtained;

e The overall efficiency of LiMgosMn; 9504 is
enhanced by 20% at high rate (4C) and elevated
temperature (35°C);

5. MANGANESE DIOXIDE SPINEL
Li;AlyMn,..,O4 MODIFIED WITH Al

Expected characteristics:
« Starting capacity of 100-120 mAh.g" (65-80%
Qu)s
« Improved thermal stability & electrochemical
features;
« Improved cycleability of up to 700 cycles;
« Target: batteries for EV&HEV.

The same procedure was applied for testing Al-
doped manganese dioxide sample of the
Li;AlyMny.,O4 type. In this experiment the Al
substitution was made with the same idea for
improvement of the high temperature stability and
the electrochemical performances of the active
electrode material.

5.1 Results and Discussion

The XRD patterns of pure LiMn,O, spinel and
samples, doped with 25 atomic percent Al, do not
differ from the XRD of pure manganese spinel. This
is true especially in our case. Both substituting
agents were especially chosen due to the fact that
they make spinel of the same type, MgAlLOy4 -
Mn,04 (A-MnQ,). This is the reason that the XRD
diagram of substituted spinel does not differ from
the well known theoretical spinel XRD diagrams.
The synthesis gives pure Fd3m phase (without any
extra peaks). The XRD patterns of Al doped spinel,
Lij 05Alp2sMn; 7004, overlap the pure one and the
doping agent cannot be XRD detected. That
confirms that the Al occupies 16(d) places and the
XRD pattern does not differ from the original. The
obtained doped and non-doped spinels possess
specific SSA of about ~10 m”.g”. The samples with
Al substitution show a little bit higher SSA of about
12-15 m*.g”", but in order to be accurate we chose
the samples of SSA within 10-12 m’.g" for our
investigation. The charge/ discharge profile of the
Al substituted material does not differ from the pure
manganese spinel. The cycleability of the new
prepared compound, Li; gsAlp25sMn; 7904, is given in
Fig.4. We can see that the sample shows a very

good stability over cycling. We estimated the
capacity fade based on the first 80 cycles. During
cycling the samples are subjected to load tests. The
results of these tests are shown in Fig.5. The plotted
results are obtained on the base of 5 successive
charge/discharges performed with 1-hour pause after
the load discharge.
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Fig. 4. Long term cycleability of Al doped spinel sample
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Fig. 5. Load characteristics obtained after 5 successive
charge discharges and lhour relaxation time.

Each time the charge is effectuated with
constant current of C/3. It can be seen from the
graph that the aluminum-substituted material is very
powerful. When a 4C discharge rate is applied, the
material delivers about 90% from the base discharge
capacity, delivered at C/3 (about 110 mAh.g"). Just
to remind: a 4C discharge rate corresponds to
starting of a car engine! At 8C the delivered
capacity is 85% and even at 16C(!) the material
withstands and delivers 80% from the capacity at
C/3. All these results are very promising and
attractive on a large-scale application. To our
knowledge, by far no one has reported comparable
data about power capabilities of the manganese
oxide spinel. The long-term stability and
cycleability at elevated temperatures (55°C) are
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presented in the next Fig.6. The Figure summarizes
the tests of the previously investigated and
developed overlithiated manganese oxides against
the winner in  this experiment, the
Li; 0sAlp2sMny 7004. The overall improvement in
stability and cycleability is in the range of about 20-
25%. The lower starting capacity leads to a very
long and stable cycle life. Table 2 presents summary
of both, Mg and Al doped active electrode materials,
prepared and tested in the same laboratory.
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Fig. 6. Long term cycling of tested samples compared
with over-lithiated ones.

Table 2. Reversible capacity and capacity fade at RT and
elevated temperature of Mg and Al doped spinel.

Spinel RT Fade 55°C  Fade
Formula Init Y%lc Init Y%lc

Cap 50" Cap 50"

Li, ,MyMn, O, mAh/g cycle mAh/g cycle

Li; gsAlp 1 Mn; g504 119 0.04 117 0.05
Li; ;Alp;Mn, 3Oy 103 0.01 102 0.03
Li; gsAlp 1sMn,; §Oy4 109 0.04 109 0.06
Li1‘05Mg0.1Mn1.8504 114 0.06 112 0.08
Lil.lMgO.anl.SO4 108 0.03 108 0.07
Li1.05Mg0_15Mn1_gO4 105 0.08 105 0.09

It can be seen in the table that there are
solutions which are appropriate for different cases, a
high stability with low starting capacity, or higher
starting capacity with acceptable cycle life. All of
the above results are very interesting from
theoretical point of view because they demonstrate
the ability of the research group to set the
requirements and to find the adequate solutions for
them. Once again, the obtained result confirms our
idea that it is possible to prepare cathode material,
attractive for practical application by combining

different techniques like over-lithiation and
substitution with different starting compounds and
appropriate  thermal treatment (the way of
synthesis).
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CONCLUSIONS

o The AEM of Li(1+x)AlyMn(2_x_y)O4 type is
successfully synthesized and tested as a cathode
material;

e The efficiency of the new prepared AEM is
enhanced by 20% at high discharge rates of the
8C;

e The capacity fade at elevated temperature
(55°C) of aluminum-substituted spnel is
comparable with this at 25°C.

6. MANGANESE DIOXIDE SPINEL,
(MeO), LiMn,0, COATED WITH
ELECTROCHEMICALLY INACTIVE MeO, IN
OUR CASE (Me= Zn)
=  Starting capacity of 100 — 120mAh.g’1 (65-80%

Quw);
=  Improved thermal stability;
= Deteriorated discharge characteristics;
= Improved cycleability, over 500 cycles;
= Best in small batteries for 3C products at RT

and above.

This part of the work demonstrates the results,
obtained on nanosized ZnO covered manganese
spinel LiMn,O4. The approach for stabilization,
proposed in literature, is covering of the active
electrode material particles by a very thin coating,
preventing the dissolution of Mn*"  ions.
Consequently, a small deterioration of the
electrochemical parameters is also expected. The
aim of the study is to find a compromise between
the stability and the electrochemical performance.

6.1. Experimental

The applied way of synthesis is based on a two-
step technique: impregnation and decomposition
inside the particle which was already described
above. In the second step of the synthesis, the
particles are covered with ZnO. Thus, two samples
with thickness of the ZnO of about 30 and 50 nm
(according to our calculations) are prepared.

6.2. Results and Discussion

The XRD pattern of the coated spinel does not
differ from the theoretical. The proposed synthesis
gives pure Fd3m phase. The ZnO cover cannot be
detected by the XRD patterns, which shows that the
ZnO cover is very thin and the XRD is amorphous.
The presence of ZnO on the surface is proven only
by Atomic Absorption Spectroscopy (AAS). The
obtained spinel possesses a SSA of about 10 m*.g™.
When the particles of AEM are covered with ZnO,
the SSA is almost the same, ~8 m’g'. The
charge/discharge profiles of the pure and ZnO
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covered active electrode material are presented in
Fig.7. The electrochemical tests are performed at the
same charge/discharge rate (C/3) and at
temperatures of 30°C and 55°C, respectively. The
first curve (Fig.7A) shows the pure spinel, tested at
30°C. Due to the high SSA of the sample (8 m*.g ™),
the charge/discharge profile is very flat. The
charge/discharge profiles of the samples, covered
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Fig. 7. Charge discharge profile of pure and coated with
30 and 50 nm ZnO spinel at 30 and 55°C.
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Fig. 8. Long term cycling test of pure and coated with 50
nm ZnO spinel at 30 and 55°C.

with 30 and 50 nm, are shown in Figs.7B and 7C.
They indicate no significant difference between the
discharge profiles of the pure and the coated
samples. The initial discharge capacity of the pure
spinel is 135 mAh.g"' versus 125 mAh.g"' for the
covered one. The capacity decline versus cycle
number is displayed in Fig.8. Since there is no
difference in the voltage profile of both samples,
covered with 30 or 50 nm of ZnO, in the next
experiments only the latter is considered. Fig.8a
shows the cycle life of the pure LiMn,O,4, compared
to that of the covered spinel at 30°C. The initial
capacity of the pure spinel is higher and declines

slowly, reaching a value of about 115 mAh.g"'
against 120 mA.g"' for the coated material. The
difference is less than 5% for 150 cycles. Fig.8b
presents the same comparison for 55°C. The initial
capacity of the pure spinel at 55°C is 124 mAh.g”',
which is close to the coated. After cycling, the
difference between the two samples increases (102
against 119 at the 150™ cycle). The data show that
the 50 nm ZnO coated lithium spinel is of interest
for practical application in 3C products at elevated
temperatures (of up to 50°C).

CONCLUSIONS
e Manganese dioxide spinel, covered by inactive
electrode material (ZnO) is successfully

prepared;

e Electrochemical  performances are not
deteriorated;

e The stability of the cathode material is

improved by 10%;

e Even very fine coating of 50 nm thickness,
prevents the Mn®" dissolution and stabilizes
the electrochemical features at an elevated
temperature.

7. MATERIAL PHYSICOCHEMICAL
PROPERTY EFFECT ON THE
ELECTROCHEMICAL BEHAVIOUR

e SSA (the higher the SSA is, the lower the
polarization is), higher delivered capacity,
improved reversibility and long cycle life;

e Particles size — nanoparticles — balance of size
depending on the specific application (the
smaller the particle size is the higher the
discharge rate and long cycle life are);

e Porosity of the particles and pore distribution —
suitable micro and macro pore ratio.

The lithium manganese spinel, LiMn,QO,,
possesses two discharge plateaus, a 4 volt and a 3
volt. So far the efforts of R&D have been oriented
to improve the discharge capacity and the
cycleability of the high potential region, the 4 volt
and the 3 volt regions have been forgotten.

We have already demonstrated [10—18] that it is
possible to obtain LiMn,O4 with 90% of the
theoretical capacity in the 4 volt region during a
long term cycling at high charge/discharge rate of
C/3. The techniques of preparation, sol-gel or solid
state syntheses, the influence of the starting
compounds on the obtained precursor and the final
product, and the physicochemical properties and
electrochemical behaviour of the active electrode
materials have been discussed [10-19]. The
challenge is to improve the electrochemical

13
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characteristics of lithium manganese spinel working
in the low potential region of 3 V.

7.1. Experimental

Based on our previous investigations, lithium
spinel is prepared by the same synthesis approach.
The final thermal treatment in this case takes place
at a temperature of about 550°C. The solid-state
reaction synthesis, the physicochemical and
electrochemical investigation procedures are
described above.

7.2. Results and discussion

XRD patterns of both syntheses are the same, of
the FA3m space group, i.e. a spinel was successfully
obtained at a relatively low temperature (550°C).
The XRD pattern of the new synthesis shows only a
little lower intensity of the peaks. The material
obtained by the combined impregnation
decomposition process, forms highly porous
particles. The measured SSA (10 m’.g") is five
times higher than that of the other reference
materials. The discharge profile in the 3 volt region
of the active electrode material, prepared by the
standard synthesis, is presented in Fig.9. It has
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Fig. 9. Discharge charge profile of standard lithium
spinel.
capacity of 90 mAh.g"' with a discharge plateau at
2.81 V. From a 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 is 253 Wh.g™'. In the 4 volt region the
same active electrode material displays a
reversible capacity of 135 mAh.g' at the 3™
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cycle. The cycleability in the same region is
pretty good, 115 mAh.g™" at the 100™ cycle.
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Fig. 10. Charge discharge profile of 3 wvolts spinel
prepared according to new technique.

The discharge/charge profile of the active
electrode material, prepared by the new synthesis
process, is presented in Fig.10. 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.
it is around 90 mAh.g"'. In our case the obtained
value is 1.5 times higher. A specific 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%.
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Fig. 11. Long term cycling of 3 volts spinel with particle
size 300 and 700nm.
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Table 3. Comparison of delivered capacity and columbic
efficiency of AEM working in 3 and 4 volts range.

Cathode  TheoCap. Practical Specific CE*
material mAb/g Capacity [ %]
Sth 25th SOth

Li, MnO, 200 180 165 155 90-75
StLiMn O, 148 90 75 60  60-40
New LiMn O, 148 131 95 80  85-55
LiMn O, 148 135 120 115 8575
LiCoO, 275 160 155 150  60-52

According to similar investigations [5, 6], 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 3.
For comparison, the electrochemical performance of
other types of active electrode materials, working in
the 3-volt and the 4-volt regions, is given.

Obtained results show that the lithium spinel thus
prepared is very attractive cathode material for
practical use in the 3 volt region. The long-term
cycleability of both samples with different particle
size is presented in Fig. 11. Active electrode
materials with small particle size exhibit high
cycleability, good and stable electrochemical
performances, and improved total efficiency. Thus,
again it was demonstrated no negligible
improvement of electrical characteristics by simple
technique based on good knowledge of chemistry
and electrochemistry of processes of tested material.

CONCLUSIONS

Applying an appropriate synthesis method, the 3
volt region of the LiMn,O,4 spinel becomes very
attractive for practical use, with specific energy
density of more than 375Whg™';

The charge/discharge profile of the active
electrode material is improved with the SSA
increase and the porosity;

The overall efficiency of manganese dioxide
spinel, working in the 3 volt region, is increased up
to 94%.
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EKOJIOT MYHO-ChBMECTUMM KATOJJHU MATEPUAJIM 3A JINTUEBO-UOHHU
BATEPUN

Bb.M. Banos*, X.K. Bacrmrunna

Hucmumym no enexmpoxumus u enepeuiinu cucmemu, bvieapcka akademus na Haykume, yiu. Axao. I'. Bonues, 61. 10,
1113 Coghua

[Toctenmna Ha 26 1ouu, 2010 r.; npueta Ha 4 okTomBpH, 2010 T.

(Pesrome)

JlutneBuar koGanTar, Hal-IIMPOKO M3IIOJI3BAaHMS KaTOJECH MaTepuall B NPOM3BEXKIAHUTE IIMPOKO JIMTHEBO
ioHHU OaTepuu, NpUTeXaBa 100pa HUKINPYEMOCT, BUCOKO Pa3psiIHO HAIPEXEHUE U NIPUEMITUBA eHEprUuifHa IUThTHOCT.
HeroBara cuHTe3a e jnecHa U Moxe Ja Obae M3TOTBSH B MIMPOK mpomunuieH Mamad. Ilenara obaue Ha xoGanta e
BHCOKA U € OIpeJiersilla 3a KpaliHaTta LieHa Ha Oarepusita. KoOaaThT 1 HETOBUTE COJIM Ca BUCOKO TOKCUYHHU. JINTHEBUAT
MaHIaHOBO JMOKCHJCH INIKHEN, MPUTEkKaBa BHUCOKA CHelM(HYHA TErJoBHA M OOEMHa EGHEprHs, BUCOKa KYJIOHOBA
e(eKTUBHOCT, OJIM3Ka JI0 TeOpeTHYHATa U JoOpa HuKIupyeMocT. Toil He TOKCHYEH, He 3aMbpCsiBa TIPHPOJIaTa, [IeHaTa
My € HHCKa, HO TNIpUTeXaBa HIKOM HENOCTATBLM KaTO HHUCHK HAYaJICH KalalUTeT W IOHIDKEHa CTAOWIIHOCT IMpu
HOBHIIEeHa TemmepaTypa. ONTUMU3HPAHKH METOMTE HAa CHHTE3 M U3SICHABAHKH OCHOBHUTE (AaKTOPU BIHSCIIH BBHPXY
CJICKTPOXUMHUYHATA CTaOMIHOCT, HHUE IOJIYyYHMXME JHUTHEBO MAHTAHOBO IMOKCHICH LIIMHEN, NPHUTEXABaIl MHOTO
aTPAaKTHBHHU EJIIEKTPOXUMUIHH XapaKTEPUCTHKH, OCOOSHO NpH MHUpokKa ymnorpeba. B paborara ca mpeacTaBeHH
M3CIIeIBAHUSTA HA IIHPOKa raMa KaTOAHN MaTephaid Ha OCHOBAaTa HAa MOIU(UINPAHHU JIATHEBO MAHTAHOBO JIHOKCHITHA
IITUHENHN ¢ KYJIOHOBa e(peKTHBHOCT Giu3ka 10 90% mpu Temriepatypa ot 55°C, paspsianu ckopocti oT 4C M KHBOT HaJ
500 muxena. [lomyyeHuTe pes3ynTaTd TOKa3BaT IPAaBUIIHOCTTa HA HAIIMs IMOJAXOJ, KaTO METOABT MOXeE Ha Obie
NpPUIOKEH W TpU JPYyrd aKTHUBHU EJNEKTPOIHM MaTepualil 3a NOoA0OpsBaHE Ha TEXHUTE eJIEKTPOXMMHUYHHI
XapaKTEPUCTHKH.
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Immobilization of redox protein myoglobin (Mb) through adsorption was optimized so that a direct redox
transformation of the protein active site onto the surface of spectroscopic graphite was observed. The phenomenon of
the direct electron transfer (DET) between the myoglobin redox centre and the electrode surface, detected both on non-
modified and on graphite, patterned with gold nano-deposits, was studied using a wide range of electrochemical
methods such as linear and cyclic voltammetry, square-wave voltammetry, and differential pulse voltammetry. It was
shown that the immobilized Mb exhibits a high catalytic activity at the electroreduction of H,O,.

Key words: myoglobin, immobilized, graphite, direct electron transfer

INTRODUCTION

The direct electron transfer (DET) between
immobilized biocatalysts (redox enzymes or
proteins) and the electrode surface is a key factor in
the development of sensitive and fast responding
electroanalytical devices (biosensors), on the one
hand, and miniature electrochemical sources of
electricity, the so called biofuel cells, on the other
hand.

The  occurrence  of  direct  electrical
communication  between  the  immobilized
biocatalyst and the electrode surface, provides a
series of advantages in the designed on this basis
amperometric biosensors, in terms of the: operating
simplicity, cost-efficiency, high sensitivity and
selectivity, relatively long linear dynamic range of
the signal, and relatively good stability. The studies
of DET between the proteins and the nano-modified
electrode materials attracted plenty of interest [1-
11] mainly because of the opportunity they provide
to both, connect the biocomponent with the
modifier via specific chemical interactions, and
spatially orientate it on the electrode during
immobilization. That is why the nanostructured
materials that bind biomolecules are currently on
high demand for the purposes of bioanalytical
chemistry and biotechnologies.

An overview of the current state of the art in the
bioelectrochemical area  shows that the

* To whom all correspondence should be sent:
E-mail: ninadd@uni-plovdiv.bg

development of systems based on direct
bioelectrocatalysis has been achieved only for a
limited number of enzymes, mainly for some heme-
and Cu- containing redox enzymes (peroxidases,
catalases, laccases, etc.) [12-14]. The great interest
towards heme-containing redox proteins myoglobin
(Mb) and hemoglobin [1-11, 15-20], is mainly due
to their capabilities to perform direct electrical
communication with modified electrodes, and
hence to the new prospects that this type of
heterogeneous bioelectrocatalysis opens up for
sensor technologies. What is typical of these two
redox-proteins is not only the structural similarity
between their active sites but also their tendency to
perform direct electron transfer (exchange) with
carbonaceous electrodes, such as pyrographite [15—
17], carbon paste [18] or glassy carbon [1-2]. In
most of these cases myoglobin has been
immobilized on electrode materials by including
the redox-protein in polymer films:
polyethylenimine [15], p-hydroxybutyrate (a
naturally occurring lipid polymer) [16], ionomer
Eastman AQ38 [17], through the formation of zol-
gel [18], in a layer of hexagonal mesoporous silica
(HMS) [2], in the non-toxic and possessing good
biocompatibility films of histidine [19] and
chitosan [20].

The purposeful building of complex electrode
architecture by patterning its surface is a novel
approach to immobilizing the biocomponent, aimed
at achieving direct electrical communication
between the biocomponent and the -electrode
through: 1) shortening the distance between the

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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electrode surface and the active centre; and 2)
orientating the biocatalyst in a conformation
favorable for DET. In this connection, the
modification of electrode materials  with
nanoparticles of Z.0O, [1], with gold nanoparticles
[3-6], carbon nanotubes (CNT) [8-10], and
titanium nanotubes (TINT) [11], prior to
immobilizing myoglobin in all cases has resulted in
direct bioelectrocatalysis. The capacity and
possibilities of these bioelectrocatalytic systems are
determined by the unique properties of the
nanoparticles. They are characterized by a high
surface-to-volume ratio and provide a reliable and
compact surface for the oriented adsorption of
biomolecules while retaining their biological
activity. In most cases, the very Au-nanoparticles
represent a kind of nano-wires, facilitating the
electron transfer between the electrode and the
protein. The employed modification approaches
allow for the size and the surface morphology to be
controlled through varying the conditions for
depositing them. In all investigated cases, the direct
bioelectrocatalysis with immobilized myoglobin
offers a good basis for the development of
extremely selective biosensors for qualitative
determination of H,0, 0O, CCI;COOH and
NaNO..

During the past decade two research streams
became traditional for our group: a) studies on the
electrocatalytic activity of compact carbonaceous
materials, modified with biological catalysts, redox-
proteins and enzymes from the group of the
oxidoreductases; and b) development and
characterization ~ of electrocatalysts  through
electrochemical  deposition of micro- and
nanostructures of precious metals (Pd, Pt, Au, Ir,
etc.). This study brings together to a great extent the
above specified two research directions of the
group, and its objective is to investigate the direct
electrochemistry of myoglobin (Mb), immobilized
on both, non-modified and graphite, modified with
gold nanodeposits, as well as to examine its
electrocatalytic activity at the reduction of H,0,

EXPERIMENTAL

Materials

Myoglobin, purified from horse heart muscle,
was used in this research work (myoglobin from
horse heart: Fluka Biochemika).

H,0, and the chemicals for preparing the buffer
solutions (Na,HPO,.12H,0, citric acid, conc.
H3PO, and Tris (hydroxymetyl — aminomettane),
were all purchased from Fluka. Gelatin for
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analytical application, manufactured by Chimtek
Bulgaria, was used for the film coating of the
modified electrodes as a gel (5% in phosphate-
citrate buffer, pH 7.0). All solutions were prepared
with double-distilled water.

The working electrode was made of
spectroscopically pure graphite, in the shape of a
disc with a diameter of 0.5 — 0.6 cm, pressed
(extruded) together with Teflon, with a copper
current lead.

Preparation of the electrodes:

a/ the gold nanoparticles were deposited onto
graphite electrode through the following procedure:
mechanically cleaned and rinsed with double
distilled water electrode was used as working
electrode in a conventional three-electrode cell
(with non-separated compartments), filled with a
2% solution of HAuCI, + 0.1M HCI, followed by a

brief electrolysis (t = 10 s) at EJ =+0.05V, vs. a

reversible hydrogen electrode.

b/ both on non-modified and modified with gold
nanodeposits graphite, redox protein Mb was
adsorbed under static conditions from a solution
containing 2 mg-ml™ Mb, dissolved in Tris-buffer,
pH = 7. The duration of the adsorption process was
from 30 to 60 min., and was followed by electrode
air-drying. In addition, a drop of 20 ul of the same
Mb solution was deposited on the electrode surface
and left to dry in air.

Equipment and measurements

All  electrochemical measurements  were
performed in a non-compartmentalized three-
electrode cell with a working volume of 10-15 ml.
Ag/AgCl (IM KCI) was used as a reference
electrode, and a platinum wire — as an auxiliary
electrode.

Cyclic, square-wave and differential pulse
voltammetry were performed using Palm Sens
electrochemical workstation ( Palm Sens BV, the
Nederland).

RESULTS AND DISCUSSION

Fig.1 shows cyclic voltammetric curves (CVs)
of the myoglobin, adsorbed on bare graphite in a
background electrolyte phosphate-citrate buffer, pH
= 7. The voltammograms were registered at
different scan rates ranging from 1 to 40 mV-s .
Fig. 1 shows diffuse maxima on the anode (over the
region from — 0.05 to 0.10 V) and the cathode (at
the reverse scan from —0.30 to — 0.10 V) parts of
the voltammogram. Peak reversibility was
established only at the lowest rate
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Fig.1. Cyclic voltammograms of adsorbed on graphite
myoglobin; phosphate — citrate buffer pH 7.0 ; scan rate
of 1, 5, 10, 20, 30, 40 mV-s™ (from inner to outer) ;
reference electrode Ag/AgCl, 1M KCI.

of 1 mV-s ™. The peaks are reversible at this rate
since the following criteria applied for both
maxima:

/1, =1 and

AE=E;—E;=AE*=M,
nF

where |, and E; are the values of the current and
the potential of the anode peak, respectively; and
I, and E, are the analogous values of the cathode

peak.
The criterion that apply at scan rates between 5
and 20 mV-s tis:

_ 2,303RT

AE =E! —E; -
an

a
which suggests a quasi-reversible electrochemistry
of the adsorbed myoglobin. At scan rates higher
than 20 mV-s*, the process turns practically
irreversible, as peak separation AE" > 200 mV.
Upon increasing scan rate, the anode maxima shift
in a positive direction whiles the cathode maxima
move in a negative direction. At v =40 mV-s ™, the
anode maximum was found to be at a potential of

E; =60+5mV,
and the cathode’s at
Elf =-180+10mV.

Such redox maxima were not observed on the
CVs of the bare graphite electrode (without
adsorbed Mb, not shown in Fig.1). Therefore, their
occurrence is due to the redox transformation of the
myoglobin, immobilized on graphite. This
transformation involves the iron in the heme of its

300 -
® Anodic peak current

2504 5 Cathodic peak current

200 4
150 4
100 o

50 L3

Peak current, pA
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-100 +
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0 10 20 30 40 50
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Fig.2. Peak current vs. scan rate of anodic (upper graph

curve) and cathodic (bottom curve) peak current (uA) of
myoglobin adsorbed on graphite.
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Fig.3. Square wave voltammetry of adsorbed on graphite
myoglobin; phosphate- citrate buffer pH 7.0; reference
electrodeAg /AgCl, 1M KCI.

active centre. The number of electrons, taking part
in the redox process, has been calculated on the
basis of the equation

~ 2,303RT
anF '

AE"

assuming the transfer factor
a=0.5. At AE*= 100 mV,

the number of electrons is n = 1.16, i.e. one
electron exchanged during the redox process.

The dependence of the anode current (upper
curve) and the cathode (lower curve) maxima on
the scan rate is depicted in Fig.2. The linear trend
of this dependence shows that the process, which
takes place on the graphite, is controlled by surface
chemistry, i.e. it takes place in a thin surface layer.

The electrochemistry of the myoglobin,
immobilized on non-modified graphite, was also
examined by means of the square-wave
voltammetry (Fig.3). The formal redox potential of
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the heme in the myoglobin active site was
determined to be:
Ered./ox. = % =-30£20 mV
(due to the broad maximum observed in Fig.3).
The potential, determined through the SWV
method, E,., . IS completely consistent with the

data presented, which were obtained by cyclic
voltammetry (see Fig.1).

Fig.4 shows the cyclic voltammogram of
myoglobin, adsorbed on graphite modified with
gold nanoparticles. Reversible anode and cathode
maxima can be observed on the CV, the region
from —450 mV to —250 mV (on the anode curve)
and from —-500 mV to —250 mV (on the cathode
curve). Their reversibility was examined according
to the two criteria, specified above. The values of

the currents 1, and |, in applying the criteria, are

determined as shown in Fig.4, subtracting the
background current. This finding evidences the
complete reversibility of the electrochemical
reaction which takes place on the modified graphite
electrode with immobilized myoglobin.

IDlmA

08 05 04 0z 0o 02§y (e hgiael)

Fig. 4. Cyclic voltammogram of myoglobin, adsorbed on
modified whit Au-nanodeposits graphite; phosphate-
citrate buffer pH 7.0; scan rate 80 mV-s™; reference
electrode Ag/AgCl.

The fact that it is possible to register
reproducible 1, E curves continuously, proves that
myoglobin is adsorbed irreversibly on graphite,
modified with gold nanoparticles. In addition to the
high biocompatibility of the gold nanoparticles, the
facilitated electron transfer between the protein
redox site and the electrode surface, is also due to
the specific binding of thiolated terminal groups

20

from the protein shell of the myoglobin with gold,
i.e. this is the so called self-assembly of the protein
onto the gold surface, which is a typical
chemosorption process.

The atomic-force microscopy of the graphite,
modified with gold nanoparticles, revealed (Fig.5)
that the gold nano-wires, formed during the
modification, reached a height of up to 100 nm,
thus also contributing to shortening the distance
between the myoglobin active site and the modified
surface.

The voltammetric studies of the graphite,
modified with immobilized myoglobin (Fig.4),
shows that oxidation and reduction of the protein
take place at a potential of

E=-300£20mV.

1.13 a-

¥ [nra]

-1.13 a*

X[

Fig. 5a

0.8 um

Fig. 5b
Fig .5. 3D- topology of mgdified with Au-nanodeposits
graphite studied whit AFM.
The number of electrons, calculated from the
correlation of

AE" = 2,303E,
nF

is also one. Therefore, the redox transformation
of the myoglobin, adsorbed on modified graphite,
also affects the iron in the heme of the protein
active centre, and proceeds with the transfer of one
electron. The voltammetric curves of the
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myoglobin, adsorbed on modified graphite, are
characterized by sharper and more clearly defined
maxima (Fig.4) as compared to the curves of the
myoglobin, adsorbed on bare graphite (Fig.1).
Similarly to the electrochemical behavior of the
protein, adsorbed on bare graphite, the cathode
peaks, observed on modified graphite, also shift
negatively with increasing scan rate (Fig.6).

&

5

E

3

0.2 E W (ws. Lgisglly 08

Fig.6. Cathodic linear sweep voltammograms of
myoglobin, adsorbed on modified with Au-nanodeposits
graphite; phosphate-citrate buffer pH 7.0; scan rate: 10-
60 mV-s™ (1-6); reference electrode Ag/AgCl, 1M KCI.
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Fig.7. The linear regression of the reduction peak current
as dependent on increased H,O, concentration.

The catalytic activity of myoglobin, adsorbed on
graphite, modified with gold nanoparticles, was
also examined at the electrochemical reduction of
H,0, (Fig.7). It can be seen on this Figure that the
dependence of the cathodic current on the
concentration of H,O, is linear over one and a half
orders of magnitude, ranging from 1x10* M to
15x10* M. The linear regression was shown to
obey the equation of y = bx with a correlation
factor of 0.99s; the sensitivity being di/dC= 0.372

pA-uM . This reaction constitutes a possibility for
creating an amperometric biosensor for H,O,.

CONCLUSIONS

e An optimal method for adsorption of
myoglobin on both, non-modified graphite and on
graphite, modified with gold nanoparticles, was
found where a direct redox transformation of the
protein was observed.

e The voltammetric studies show that
depending on the scan rate, the electrochemical
reaction of hemoglobin, adsorbed on non-
modified graphite, changes from reversible
through quasi-reversible to irreversible as the
rate increases. This reaction is also not
completely reversible on modified graphite.

e The redox transformation of the
immobilized myoglobin, both, on non-modified
and on modified graphite, involves the iron in the
heme of the protein active centre. The redox
potential of myoglobin, adsorbed on non-
modified graphite, was found to be E =30 + 20
mV, and on modified graphite - E = -300 + 20
mV.

e Myoglobin, adsorbed on graphite, modified
with Au-nanoparticles, exhibits high
electrocatalytic activity in the reduction of H,0O,.
This reaction provides a possibility for creating
an amperometric biosensor for detection of H,O..
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JUPEKTHU EJIEKTPOXUMNWYHHN OTHACAHNMA HA MUAOI'JIObHH,
NUMOBWJIM3NPAH BbPXY HEMO/JUOULIMPAH U MOJJUOULTPAH 'PADOUT

H.. I[I/IquBal, E.Il. XOpOSOBal, T.M. I[oz[eBCKa2
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Inosouecku ynusepcumem “Ilaucuti Xunenoapcku”, [Jenapmamenm no ¢usuxoxumus,Ilnosous 4000

2
Yuusepcumem no xpanumennu mexnonoeuu, [Jenapmamenm no HeOpeanuuna xumus ¢ usuxoxumus, Ilnosous 4002

Hoctenmna Ha 29 roru, 2010 1.; mpepabotena Ha 20 cenrremspu, 2010 T.

(Pesrome)

AncopOunyoHHaTa IMOOWITH3aHs Ha PeIOKC-TIpoTerHa MUOTII00MH (MD) BBpXy HOBBPXHOCTTA Ha CHEKTPATHO-YHUCT

rpa¢ut Oelie ONTUMHU3MPAHA Taka, ue J1a CE OCHIISCTBU JUPEKTHA CIICKTPOXUMHUYHA TPaHC(HOpMAIIUs Ha aKTHUBHUS MY
LEHThP BBHPXYMOBBPXHOCTTA Ha Taka IOJYYCHUsS EH3UMMEH eNeKTpoj. OcChIIecTBsIBaHE HA SBICHUETO JUPEKTCH
enektpoHen mpenoc (DET) Mexay penokc-akKTHBHHS LEHTHD Ha MHOIJIOOMHA M €JEKTPOAHATAa MOBBPXHOCT Oere
HAOJIFO1aBaHO KAKTO BHPXY HEMOMU(DHUIIMPAHHU, TaKa U BBPXY MOJU(PHUIIUPAHU ChC 3JTATHH HAHO-OTJIOKCHUS TpauTH U
Oelie WM3CIACIBaHO C Pa3HOOOPAa3HUM CIICKTPOXMMHUYHH METOMAU: JIMHCHHA W IUKJIAYHA BOJITAMIICPOMETPHS,
BOJITAMIIEPOMETPHUSI C KBaJpaTeH UMIyJC W nudepeHIraiHa HMITyJICHAa BoJITaMIepoMeTpus. berre mokasaHo, ue
AMOOMIIM3UPAHUAT MHUOTIIOOMH TPHUTEKaBa BHCOKA KAaTAaJIWTHYHA AKTHBHOCT IIPU EICKTPOXUMHYHATA pPEAYKIUS Ha
H,0,.
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Effect of preliminary treatment on the superficial morphology and the corrosion
behaviour of AA2024 aluminum alloy
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The effect of the superficial preliminary treatment on the properties of the oxide film and its influence on the
corrosion behaviour of AA 2024 aluminum alloy in 3.5% NaCl solution was investigated. It was done applying
crystallographic optical and atomic force microscopic techniques, combined with electrochemical measurements - linear
voltammetry (LVA) and Electrochemical Impedance Spectroscopy (EIS).

Three approaches were used for preliminary treatments of the samples, as follows: only degreasing (without
removal of oxide film), mechanical polishing and a combination between mechanical polishing with etching in alkaline
solutions. The parameters of the corrosion process (polarization resistance, pitting nucleation potential, impedance
module and capacitance) were used as a quantitative measure for the effect of the preliminary treatment approach. It
was established that the most effective pretreatment in terms of removal of the oxide layer is the mechanical polishing.
The undertaken electrochemical measurements evidenced that the approach of etching in alkaline solutions, used in a
large number of articles, causes a formation of a film, which could not be removed completely by desmutting with
diluted solutions of HNOjs. Etching procedure could be appropriate for other Al-alloys but it is not recommended for the

AA2024 alloy.

Keywords: preliminary treatment, corrosion, aluminum alloy - AA2024, EIS.

INTRODUCTION

The aluminum is a metal which possesses a
distinguishable corrosion resistivity in a water
media. It is well known that the reason for this is the
formation of a natural oxide layer, which is usually
present on its surface. In neutral environments, this
film consists generally of boehmite y-AIO(OH)
mineral [1]. According to ref. [1] it has relatively
low thickness (5nm), as well as low electronic
conductivity, which strongly hinders the oxidation
and the reduction reactions in the corrosion process.
In the case of Al-alloys, due to the extended
mechanical strength and the relatively lower weight,
they are accompanied coincidently by enhanced
susceptibility to local corrosion impact. These alloys
possess lower corrosion resistivity, due to the
presence of intermetallics in the basic Al-matrix.
These inclusions are in the form of particles, which
become centers of nucleation and further spreading
of local corrosion process. AA2024 alloy reveals
peculiar aptitude to that kind of corrosion [2-5].
This alloy is generally used in the aircraft industry,
but its application is possible only upon appropriate
and effective anticorrosion protection [6].

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

In any case related to the protection methods,
either by inhibitors or by protective coatings, the
corresponding alloy samples undergo preliminary
treatments in order to remove the superficial oxide
layer. There is a large variety of methods which are
based on two general approaches: a) mechanical
treatment [7-9] by grinding with emery paper and b)
chemical by dissolution of the film in alkaline
solutions [10-12]. No description for the reasons of
approach selection is found in the literature.
Logically, a comparison between the above
approaches and their impact over the AA2024
behavior in a corrosive medium is necessary.

It seems that one of the reasons for the
contradictive results, described by different authors
[3-12], as well as the unsatisfactory reproduction of
such results, could be ascribed to the difference in
the approaches, applied for the preliminary
treatments.

The aim of the present work is to study the
effect of the preliminary treatment on the superficial
morphology of the AA2024 alloy which
predetermines its behavior in corrosive media. In
addition, a detailed description of the preliminary
treatment effect on the parameters of the corrosion
process and their evolution within the exposure
time, for the AA2024 aluminum alloy in an
aggressive Cl ions media was done.

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 23
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EXPERIMENTAL

2.1. AA2024 aluminum alloy composition

The composition is presented in Table 1,
determined by Induction Coupled Plasma (ICP—
OES) analysis upon decomposition in a mixture of
acids.

Table 1. Composition of AA2024 aluminum determined
by ICP — OES analysis.

Element Concentration (wt. %)
Al remainder
Cu 3.716
Fe 0.404
Mg 1.259
Mn 0.537
Ni 0.055
Si <0.01

2.2. Preliminary treatment of the samples

AA2024 metal plates with thickness of 2 mm
underwent the following preliminary treatment
procedures:

S;- As received, only degreasing in
Ethanol/Ether 1:1 (10 min) and final washing
vigorously with distilled water. It should be noticed
that the natural oxide layer is not removed in this
case;

S,- Polished, using emery paper, in the
following order: 240-360-500-800 grits. Then
degreased by Ethanol/Ether 1:1 (10 min) and finally
washed with distilled water;

S;- Polished, using emery paper as described
above, degreased with Ethanol/Ether 1:1 (10 min),
washed with distilled water, after that chemically
treated with a mixture of [NaOH (40gm/1) + Na;PO,
(30gm/l) + Na,CO; (20gm/1) for 3 min at 60 °C],
then desmutted by [HNO; : H,O (1:1)] solution for 2
min, at room temperature, and finally washed by
distilled water.

The corresponding methods of preliminary
treatment procedures either could be found in
various articles [3-12] or recommended in
handbooks [13, 14].

2.3. Superficial morphology measurements
a. Optical metallographic microscopy

It was carried out wusing BOECO
metallographic microscope. The image
measurements were obtained by web-camera with
600 x 800 pixel resolution at a magnification of
40X.

b. Atomic Force Microscopy

The
EasyScan
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observations
2 AFM,

were performed by
supplied by Nanosurf,

Switzerland, supported by TAP190G cantilever,
produced by Budgetsensors, Bulgaria. The
measurements were done at a square area of 49.5
pum linear size. The resolution was 256 points/line,
at an imaging rate of 2 seconds per line. The images
were obtained in a “scan forward” mode and the
scan mode was from down to up, performed in static
regime.

2.4. Electrochemical measurements

For the purpose, three-electrode
electrochemical cell with a volume of 100 ml was
used. The area of each sample, serving as a working
electrode, was about 2.0 cm’. A platinum net in a
cylindrical form was used as counter electrode. Its
surface area was relatively two orders of magnitude
higher than that of the working electrode, in order to
avoid the influence of its superficial capacitance on
the experimental results [15, 16]. All potential
values of the working electrode were measured
using Ag/AgCl standard reference electrode, model
0726100, produced by Metrohm, with a potential of
E(Ag'/ AgCl)=0.2224V (with 3M KCl).

AUTOLAB PGStat 30/2  potentiostat-
galvanostat, produced by ECO CHEMIE B.V. in the
Netherlands, with additional FRA-2 frequency
response analyzer, was used for the both kinds of
electrochemical ~ measurements. Each  linear
voltammetric measurement was carried out after
acquiring of the respective impedance spectrum in
order to eliminate any possible changes of the
electrode surface due to the high polarization. The
measurements were performed in the following
sequence: initially cathodic polarization curves were
recorded in the potential range from OCP + 0.03 V
to OCP — 0.40 V with a potential sweep rate of
0.001 V/s. After recuperation of the OCP, the
anodic polarization curves were recorded in the
range from OCP - 0.03 V to OCP + 0.50 V. At least
3 samples underwent the same test procedures in
order to obtain reliable results. The results of the
most representative sample of each group were
selected for the needs of this research work.

All the EISs were done at an OCP in the
frequency range between 10° and 10> Hz at 7
frequencies per decade, and signal amplitude of 20
mV from peak to peak. The entire electrochemical
cell was enclosed in Faraday cage, in order to avoid
any outside electromagnetic influences. The
corrosive medium was a 3.5 % NaCl solution with a
pH= 6.60, served as a naturally aerated model
corrosive medium (electrolyte). All measurements
were carried out at a room temperature.
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RESULTS AND DISCUSSION

3.1. Surface morphology
Figure 1 shows the optical metallographic
images of the sample surface upon different pre-

treatments prior to their immersion and after 24-
hours of exposure into the corrosive solution. On
Figure 2 are depicted the initial surface topographies
obtained via AFM microscopy.

Si

Sz S3

Fig. 1. Images obtained by Optical Metallographic Microscopy for samples Sy, S, and S; after superficial pretreatment
(a) - before and (b) - after 24 hours exposure into the aggressive medium and subsequent anodic polarization.

Mean fit 2.78um

Mean fit 4.93um
Mean fit 3.33pum

C

Fig. 2. Topographic images of the output surface obtained with AFM microscopy for A- degreased, B-mechanically
polished and C-mechanical then etched with alkaline solutions samples.

One of the most interesting effects is seen in
the surface morphology of the specimen after anodic
polarization (Fig. 1-b). From the Figure is clear that
a few corrosive spots are observed on sample
surface which was only degreased (S; -procedure).
The morphology of these spots is consequence of
the thicker oxide layer on this sample, which
predetermines the kinetics of the pitting growth. The
pitting appears on the sites of defects in the layer
only. Similar behaviour was established for the S;
treatment procedure, as well. The products, of the
surface etching remain in the form of insoluble layer
and cannot be removed by desmutting in HNOs/H,O
(1:1) solution.

In the case of mechanical pretreatment (S,-
procedure), the thick oxide layer, which is formed
during the metallurgical production process, was
removed. It was established that only very thin
oxide film was formed during the exposure into the
corrosive medium. The formed oxide layer was of
uneven thickness and thinner in the areas where the

intermetallic particles of the alloy elements (Al, Mg,
Cu) exist, as mentioned by other authors [2-6].
According to Yasakau and co-workers [5], the most
predominant among the various intermetallics is the
S-phase (Al,CuMg). The latter occupies more than
60% of all inclusions into the AA2024 alloy.
Consequently, S-phase has the most significant
contribution to the AA2024 behaviour. Namely, the
S-phase superficial areas, possess defects in the
oxide film. The chloride anions in the solution
predominantly attack these areas and form pitting
centers which due to their large number grow slowly
and do not stimulate development of crevice
corrosion.

3.2. Electrochemical measurements

a. Polarization measurements

Figure 3 shows that the variation of OCP with
the exposure time is remarkably different depending
on the technique, applied in the preliminary
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treatment. OCP of the S; sample oscillates around a
defined value, remaining almost unchanged even
after 24 hours. Similar behaviour is observed also in
the case of the sample, etched by the S; procedure.
Similar oscillations of OCP are also described by
Schem and co-authors [10]. According to them,
these oscillations are indicative for permanent
nucleation and repassivation of pitting.

The observed differences of the shapes of
OCP-time curves of all samples could be explained
by the Yasakau concepts [5]. Intermetallics are
formed in the AA2024 structure as particles with
different size and composition. The most
widespread among them is named "S-phase" with
Al,CuMg composition. Al is presented consequently
in both, the basic matrix and the intermetallics. The
corrosion mechanism of the AA2024 alloy is
described in details by Yasakau and co-workers [5].
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Fig. 3. Open Circuit Potential - time curves of samples
prepared with different approaches of preliminary
treatment during the exposure to 3.5 % NaCl.

When the polished sample (S;) is exposed
into the model corrosive medium, chemical selective
dissolution of Al and Mg from the S-phase begins,
causing enrichment of the surface by copper
remnants. The latter, shift the OCP to more positive
values (Fig. 3, curve S;). The copper enriched
remnants become cathodic areas, relative to the
aluminum matrix, which in that case reveals anodic
behaviour. As a consequence, galvanic couples
appear, promoting electrochemical dissolution of Al
from the anodic zones. After that moment,
accelerated rate of the anodic reaction causes shift
of the OCP values towards the negative direction.
Moreover, the evolution of the OCP values in the
case of S; and S; is similar due to the fact that the
surfaces of both are covered by oxide film.

Figure 4 shows the cathodic and anodic
potentiodynamic polarization curves of the samples
upon different superficial treatments and different
duration of exposition to corrosive medium (3.5 %
NaCl). It could be seen that the sample with a
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natural oxide layer (S;), compared to the rest of the
samples, shows the lowest cathodic currents (Fig. 4-
a). Evidently is that the cathodic partial reaction is
more remarkably hindered by both, the higher
thickness and the lower electronic conductivity.
This film is removed afterwards, either by
mechanical polishing (S;) or by etching in alkaline
solutions (S3). Cathode currents increase with one
order of magnitude, achieving almost the same
values.

a —— S1 (Without Pre.)
-4 S2 (Mechanical Pre.)
-+ = S3 (Mech. + Chemical Pre.)

oD 61
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E (V vs. SSC)
Fig. 4. Potentiodynamic cathodic- (a) and anodic- (b)
polarization curves of samples prepared with different

approaches of preliminary treatment after 4h exposure to
3.5% NaCl solution.

It seems that the superficial sediments,
formed during etching, possess relatively high
electronic conductivity because it does not suppress
the cathode partial reaction of oxygen reduction.
The anodic partial polarization curves of S; and S;
treatments (Fig. 4-b) after 4 hours of exposure are
almost identical and they have not got any passive
region. The absence of such region means that there
is overlapping between the corrosion potential and
the potential of pitting nucleation [17].

The shape of the anodic polarization curve of
the mechanically treated sample (S;) is quite
different. The corrosion potential of this sample is
shifted into a negative direction as a result of
acceleration of the anodic polarization reaction. The
corrosion products, formed on the surface of the
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samples, cause the appearance of anodic current
plateau. At higher polarization, when the pitting
formation potential is reached, a sharp rise of the
current density begins and becomes almost equal to
the current values of the S; and S3 samples.

b. EIS measurements

The application of this method gives a
possibility to clarify the nature of the physical and
chemical processes in the bulk of the individual
phases and their boundaries in the entire
metal/electrolyte system. Figure 5 shows the
impedance spectra in Bode and Nyquist plots for the
samples after 2 hours of exposure to a corrosive
medium. Clearly defined maximum at the average
frequency range (from 10? to 0.5 Hz) is observed in
the spectra of all samples. This maximum is related
to the time-constant t = RC, originated from the
parallel connection between the resistance R and the
capacitance C.
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Fig. 5. Bode (a) and Nyquist (b) plots of samples after
different approaches of preliminary treatment and after 2h
exposure into 3.5% NacCl solution.

In this particular case R and C correspond to
resistance and capacitance of the superficial oxide
layer, Roy, and its capacitance, C,,. Thus, the
development of this time constant for the degreased
S, sample is extremely interesting. The comparison
of spectra of S; with different exposure times
reveals that the medium frequency maximum range

increases after a prolonged time of exposure. This
phenomenon is particularly expressed after a 24-
hour exposure (Fig. 6).

The evolution of the dependence of the phase
shift- ¢ versus the frequency- f, suggests that during
the exposure to the corrosive medium, the
electrolyte penetrates the oxide film and as a
consequence two noticeable oxide layers appear.
Both layers are represented in the impedance
spectrum by one joined double time-constant. Both
layers could be ascribed to the natural oxide film
and to the additionally formed oxide film due to the
hot-rolling process during production of the said Al-
sheets.

The impedance behaviour is rather different at
the lowest frequencies. Pseudo inductance appears
when the thick oxide layer is not removed in the
case of S;. It is expressed in positive values of both,
the imaginary component of the impedance Z and
the phase shift @. This behaviour, according to ref.
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Fig. 6. Bode -(a) and Nyquist -(b) plots of samples after
different approaches of preliminary treatment and after
24h exposure to 3.5% NaCl solution.

[18], owes its origin to pitting nucleation in the
oxide layer. Other authors [19] suggest that this
behaviour is a consequence of particle involvement
in the oxide layer. The inductance completely
disappears after achievement of a stationary state
(Fig. 6-a).
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The samples, treated using different
approaches, reveal different values of the total
impedance (impedance modulus) at a frequency of
107 Hz. Usually, these values are related to the
protective properties of the oxide film. Figures 5
and 6 undoubtedly demonstrate that the impedance
module (Z) value for S; is in orders of magnitude
higher than those of the remaining samples. It is due
to the formation of two oxide layers. On the other
hand, the impedance module Z for S, possesses the
lowest value because of the complete removal of the
superficial oxide layer, which is actually the main
aim of each pretreatment. In addition, the values of
the impedance modulus are relatively higher for the
etched S; sample, compared to the mechanically
treated S, sample. This fact confirms the observation
that the etching in alkaline media leads to formation
of an insoluble film, thus increasing the total
resistance at an alternate current.

Structural Impedance Modeling was carried
out in order to obtain numeric values for the
corrosion parameters of the samples presented in
Table 2. This procedure allows the electrochemical
system to give all resistive (R) and capacitive (C)
response by fitting it to the appropriate equivalent
circuit.

For the purposes of the present study an
appropriate  equivalent circuit was chosen.
According to Boukamp [20], it could be described
as follows: Rel(Qoxy[Roxy(le Rp)]), where Rela Roxy’
and R, are the resistances of the electrolyte, the
oxide layer, and the charge transfer at the interface
metal-oxide (also known as a polarization
resistance). Qoxy and Qg are the Constant Phase
Elements (CPE) used to approximate the values of
the respective capacitances of the oxide layer and
the double electric layer. The mentioned
approximation is always used when the phase shift
of the electric current sinusoid is less than 90° with
respect to the potential. The impedance of the
constant phase element depends on the frequency,
like the capacitance. Therefore, it could be presented
by the following equation:

Q =Y 'Gw)™
where Y, and n are frequency independent
constants, ® — angular frequency and j- imaginary
unite. Once the constant- n has values in the range
of 0.8 to 1, the respective CPE could be accepted as
capacitance. Straight tails appear at the lowest
frequency range in the Nyquist plots for some of the
samples revealing the presence of diffusion process.

Table 2. Corrosion parameters for Sy, S, and S; samples vs. time treatment.

The equivalent circuit: R (Qoxy[Roxy(Qa Rp)I)
PARAM S, S, Ss
ETERS
2h 4h 24 h 2h 4h 24h 2h 4h 24h
R, 667+ | 524+ | 571+ | 635+ | 117+ | 632+ | 531+ | 54+ 16.5 +
Qemd) | 0077 0.10 0.18 0.1 0.04 0.037 | 0.067 0.089 0.08
Ro 375 | go,ig | 22014 | 438+ | 35+ | 522+ | 568+ | 35+ 833+
kQem) | 123 : 3.97 0.42 0.05 0.14 0.09 0.06 0.13
- 3.1E-6
2o 986+ | Le-sx [ 12E-4+ | 1E4 | 7785+ | 1.6E-5+ | 1.7B-5+ | 1.9E-5+
47 % 5| LIET | 2587 | 0o | 35E6 | £82E7 | SOB7 | 28E7 | 45E7 | 2E7
O@ .
089+ | 084+ | 089+ | 08+ | 083+ | 087+ | 093+ | 095+ | 095+
n 0.01 0.002 | 0003 | 0.004 0.001 0.002 | 0.002 0.004 0.002
R, 3046+ | 1396 | 391+ | 5.62+ 11+ | 1093+ | 11.04+ | 1006 | 2192+
(kQem?) | 9.08 267 | 2244 | 204 0.12 1.66 0.42 £0.63 1.59
sG] 4IESE | 76E5 % 2001 87E4+ | 0.001+ | 7764+ | 31E-4+ | S6E-4+ | 33E4+
_[== §| 2986 | 2.1E- 33E-4 | 18E-4 | 74E-5 | 12E-5 | 25E5 | 1.5E-5
S 1.1E-7
0.73+ | 0.621+ 0.638+ | 0915+ | 0947+ | 0.683+
no | TE0ID 12003 5 0y 0.5 | 1EO06 1 o4 0.02 0.03 0.02
o, _ _ ) ) 0.003+ i ) ) )
s Q! 2.1E-4
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For these cases, supplementary Warburg element
was added to the equivalent circuit. Table 2
presents values of the corrosion parameters,
obtained by spectra fitting procedure to the
equivalent circuits.

CONCLUSIONS

The influence of the AA 2024 aluminum
alloy specimen superficial preliminary treatment
over its morphology and corrosion behaviour in a
3.5% NaCl solution was studied. Three different
approaches for a preliminary treatment of AA2024

metal plates were applied: S; = just degreased, S, =

mechanically polished, and S; = mechanically
treated and etched in alkaline solution. The
investigation is done by applying crystallographic
optical and atomic force microscopic techniques,
combined with electrochemical measurements
executed by linear  voltammetry and
Electrochemical Impedance Spectroscopy.

The analysis of the impedance spectra of the
not treated samples (only degreased), reveals that
they are covered by oxide film, consisting of two
layers, a natural oxide layer, and a layer of
additionally formed oxide during the metallurgical
production process of the alloy. These samples
show the highest impedance modulus, the highest
polarization resistance, and respectively the lowest
corrosion rate. It is established that they are not
protected from the pitting corrosion process. The
oxide layer possesses low number of defects and
consequently, low number of pittings is formed
during the exposure of the samples to the corrosion
medium. These pittings are converted to crevice
corrosion sites with a remarkable size. The reason
for this phenomenon is that the pitting growth rate
exceeds their nucleation rate.

The etching procedure in the alkaline
solutions causes sediment coverage of alloy
element oxides. These sediments can not be
removed by desmutting with a diluted solution of
HNO;. The presence of these sediments is
confirmed by the OCP behaviour within the
exposure time in the corrosive medium.

It is established that the mechanically
polished samples are always covered with a natural
oxide layer after exposure in the corrosive medium.
This film has the highest number of defects
combined by the lowest values of impedance
modulus, polarization and capacitive resistances.
By this approach of preliminary treatment the oxide
layer is almost completely removed, which is the
purpose of the superficial treatment.

The following general conclusion with a
significant importance for the practice could be
made: the etching in alkaline solutions, used in a
large number of articles referring various aspects of
the corrosion of AA2024 alloy, is not
recommended. However, it could be appropriate for
alloys with other compositions. In the particular
case of the AA2024 alloy, mechanical polishing
could be recommended because the sample surfaces
achieved a state close to the complete absence of an
oxide layer.

Acknowledgement. The authors would like to thank
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procedure of the present paper.
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EDEKT HA IIPEABAPUTEJIIHATA IIOAI'OTOBKA BbPXY ITOBbPXHOCTHATA
MOP®OJIOTHA U KOPO3UOHHOTO ITOBEAEHME HA AJTIYMHWHUEBA CIIJIAB AA 2024

E.A. Matep™*, C.B. KO}nyapOBb, M.C. Maukosa®

a) lenapmamenm no xumus, Hayuen gpaxynmem, Ynusepcumem ¢ /Jamanxyp, 22111 [Jamanxyp, Ecunem
b) Xumuxo-mexnonoeuuen u memanypeuuer ynusepcumem, oyn.Kn. Oxpudcku, 8, 1756 Coghus

ITocrpnuina Ha 10 ronu, 2010 r.; npepabotena Ha 27 centempy, 2010 T.

(Pe3tome)

W3cnenBaH e eeKThT Ha MOBBPXHOCTHATA MPEJBAPHUTENHA ITOJITOTOBKA BbPXY CBOWCTBATa HA OKCUIHHS QUIM U
HEWHOTO BIMSHHE BBPXYy KOPO3HOHHOTO MOBeAeHHEe Ha anymuHueBa ciuiaB AA 2024 B 3.5% NaCl pasrtsop.
W3cnenBaHeTo e MpOBEAEHO, Upe3 ONTHYHA M aTOMHO — CHJIOBA MUKPOCKOIICKH T€XHUKHU, ChUETAHU C EIEKTPOXUMUYHU
W3CJIeqBaHuA - JHHEHHa BonrtammnepoMeTpus (JIBA) u enextpoxummyHa nmnenancHa cnekrpockonus (EVC).
3a mpeaBapuTenHa o0paboTKa Ha OOpasIMTE ca W3MOJ3BAHM TPH IOJXO0Ja, KAKTO CIEABA: caMO oOe3MacisBaHe U
npoMuBaHe(0e3 OTCTpaHsABaHE Ha OKCHIHHMSA (MIIM), MEXaHWYHO IIOJMpPAaHE M KOMOMHAIMS MEXIy MEXaHHYHO
MOJIMpaHe ¢ elBaHe B ajKalHM pa3TBopu. IlapameTpure Ha KOPO3MOHHHMS MpOIEC (MONIPU3ALMOHHO CHIIPOTUBIICHHE,
MOTEHIMA] Ha MTUTHHI000pa3yBaHe M MMIICIAaHCEH MOJYJ M KallalluTeT) ca N3MOI3BAHU 332 KOJIMYECTBEHO OIpEJeIITHE
Ha e(eKTa OT MpeABapUTEIHATa IMOArOTOBKA. YCTaHOBEHO €, 4Ye Haii-peKkTHBHATa NpeABapHUTEIHAa MOBBPXHOCTHA
00paboTKa IO OTHONIECHHE Ha IPEeMaXBaHETO HA OKCHOHUS CIOH € MexaHW4YHOTo =onupase. IIpoBenenute
€NEeKTPOXMMUYHH H3CJIe/(BaHUS JO0Ka3axa, 4de MOAXONBT Ha €LBaHE B aJKaJHU Pa3TBOPH, H3IMOJ3BAaH Hal-4ecTo,
CBIVIACHO TOJSIM OpOM cTaTWW, NMpHUYMHSABA OOpasyBaHeTO Ha (WM, KOHTO He MOXe Ja ObJe MmpeMaxHar, upes3
npocBeTsiBaHe B paspeneHu pa3tsopu Ha HNO;. Ilpouenypara Ha enpaHe Ou Morna jJa € HOAXOAAIIA 3a JIPYTH
QTyMHHHEBH CIIJIABH, HO HE € TpeNopbhUYMTeNHa 3a citaBTa AA2024.
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Ultrananocrystalline diamond films have attracted great research interest due to their properties approaching those of
diamond. In a cycle of works we study the treatment of such layers in oxygen or ammonia plasma. In the first case the
treatment time is tracked; and in the second one we monitor the influence of different additions (fluorophore,
maleimide, etc.). In the current work the accent falls on the Auger analysis (AES). With a view to the electronic
spectroscopies, this is a research of the partial monoatomic overlayer. Since there is more than one adsorbate, it
suggests a solution for the general case of n adsorbed elements giving their fractional monolayer coverage. This
solution is an approximation for energy above 150 eV, however, it is exact in respect of the magnitude of the fractional
monolayer coverage.

The research showed a significant surface modification of the ultrananocrystalline diamond films in oxygen and
ammonia plasma. The fractional monolayer coverage is in the range of dozens of percentages. The monolayer coverage
model gives values for the adsorbed quantities about 1.9 times higher as compared to the values, obtained by the
homogeneous one. The comparison between AES and X-ray photoelectron spectroscopy (XPS) results for the
coverages, shows qualitative similarity.

The usage of realistic model of the adsorbed layer is crucial for the quantification.

Key words: ultrananocrystalline diamond films, Auger analysis, monolayer coverage

rather stable [3, 4, 6], i.e. they can not be easily
modified by simple chemical treatment in order to
achieve, for example, O- or NHy-termination, but
require photo-, thermo- or electrochemical
processes. Another possibility is the application of
plasmas, making use of their non-equilibrium
character, and the presence of highly excited
species.

In a cycle of works we report on the
investigation of the surface modification of UNCD
films by oxygen and ammonia plasmas by means of
surface sensitive analytical techniques, namely

INTRODUCTION

All types of diamond films (single-, poly-
(PCD), nano- (NCD), and ultrananocrystalline
(UNCD) [1, 2]) have recently attracted an
increasing interest ~ for  applications  in
biotechnologies, especially as a template for the
functionalization with biomolecules, e.g. for
biosensors or DNA chips [3-5]. Besides the
intrinsic extreme properties of the diamond films
such as the high hardness, the chemical inertness,
the high thermal conductivity, and the high optical

transparency which are to a large extent preserved
in the diamond films, and their general
bioproperties such as biocompatibility,
bioinertness, and non-fouling character, there are a
number of surface properties making the diamond
films extremely attractive for such applications.
They can be prepared either H- or O-terminated,
giving a way to either hydrophobic or hydrophilic
chemistries. Almost all diamond surfaces are H-
terminated after the growth, and these surfaces are

*To whom all correspondence should be sent:

E-mail: gspassov@clf.bas.bg

Auger electron spectroscopy (AES) and X-ray
photoelectron spectroscopy (XPS). With a view to
the electronic spectroscopies, this is a research of
the partial monoatomic overlayer. In the current
work the accent falls on the Auger analysis.

Theory

Seah [7] is the first to give accurate expressions
for the Auger signals in the monolayer coverage.
The model for substrate from element B with
coverage from the element A, considers Auger
signal from the substrate with two components: the
first from the non-covered (1 — &,) part and the

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 31
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second from beneath the covered part, @,. Analytic

expression binds the fractional monolayer

coverage, @,, with the Auger intensities I, and Ig.
For @, the equation [7, 8] is obtained:

O {L-exp[-a,/ A, (E)cosO} 1+ n,(E,) [1,/17 (1)
1-® {1-exp[-a,/ A,(Eg)cosO]} [1+1,(E,) |15/17

in which a, means characteristic linear size of
the atom A4; L(E;) and ry(E;) — respectively, the
length of the attenuation and the back-scattering
term of the electrons with energy E; in matrix

M; 1 —the Auger signal from a pure sample of the

element i, and cosé has typical value of 0.74 for the
cylindrical mirror analyser. For energy above 150
eV and if @, is small, Egns. (1) is reduced to:

_o. la/1Z
CDA_QABIB/IEO (2)

with a symbol Q for the matrix factor of the
monolayer coverage:

| Au(E,)c0s8 || 1+1,(E,)
QAB{ a, }L+I’B(EA)} ®)

We will point out that Eqgns. (1), (2) and (3) are
relevant for quantification of XPS data too, with the
only difference that in this case ry(E;) = 0.

EXPERIMENTAL

The ultrananocrystalline diamond films were
prepared by microwave plasma chemical vapor
deposition from CH.,/N, gas mixture with 17%
methane. UNCD films consist of diamond
nanocrystallites with diameters of 3-5 nm,
embedded in an amorphous carbon matrix with
grain boundary width of 1-1.5 nm. The volume
ratio between the two phases, the crystalline and the
amorphous, is close to one.

In the experiments with oxygen-plasma
treatment it changes the exposition time. In the
others we examine the influence of the combination
of O,- and NHs-plasma treatment with several
technologies. 1. NH3a/N2-plasma treatment (for 10
min.), marked in the text as “NHj3” (gas flows of 50
sccm of NHs and 950 sccm of N2); 2. SAMSA
attachment (SAMSA concentration of 2 mM, for 15
h), marked in the text as “FI” (the thiol-bearing
SAMSA fluorescein is prepared from 5-((2-(and-3)-
S-(acetylmercapto)succinoyl) amino) fluorescein,
A-685, Invitrogen, dissolved in NaOH, neutralized
with concentrated HCI, and buffered with sodium
phosphate); 3. Mitsunobu reaction after Oz2-plasma

32

treatment, marked in the text as “O, + M”
(Triphenylphosphane PhsP  was diluted with
tetrahydrofuran (anhydrous) THF. Di-isopropyl-
azodicarboxylate DIAD was added at 0 °C and the
samples with oxygen terminated UNCD/a-C
composite films were immersed into the mixture for
1 min, and stirred for 5 min. Then, N-substituted
maleimide (0,029 g) was added as a solid to the
reaction mixture. It was kept for about 5 min at low
temperature for maleimide dissolving. The reaction
mixture was stirred owvernight at ambient
temperature); 4. Mitsunobu reaction and SAMSA
attachment after O2-plasma treatment, marked in
the text as “O, + M + F1”; 5. SSMCC attachment
after NHs/N2-plasma treatment (1.5 mM SSMCC
solution, for 24 h), marked in the text as “NH; +
SSMCC” (SSMCC (sulfosuccinimidyl  4-(N-
maleimidomethyl) cyclohexane-1-carboxylate)
dissolved in TEA solution (150 nM solution of
triethanolamine (TEA) in deionized water)).

More details for the experiment and for the
results from it can be found in our work [9].

The Auger analysis was performed in the
differential mode at primary electron energy E, = 3
keV (Ie = 0.07 pA, Vimog = 4 Vo, AE/E = 0.3%).
The most intense Auger peaks of C (272 eV), N
(381 eV), and O (510 eV) were monitored, as well
as those of Si (92 eV), S (152 eV), and F (650 eV);
the concentration of the last 3 elements was below
the sensitivity of our analysis. (lon milling of the
surface was not performed in order to prevent its
amorphisation and/or graphitisation.) The analyzed
area is with a spot size of ~ 5 um. Usually, the
analysis is performed in 5 points from the sample
surface, after which the values of the measured
intensities are averaged, if there are not any major
differences between them. Otherwise, more
analyses are made, up to 20. The intensity is
measured “peak to peak”. The quantification is
made by comparison with the standard samples of
SiO,, AIN, and graphite.

RESULTS

Generalized formulae for monolayer coverage in
the case of several adsorbates

In the case of n adsorbates of the elements A,
covering the substrate (B), analogically to the
reasoning [8] behind the deduction of Eqgns. (1), we
reach a system of N equations for the degree of
coverage &y For energy above 120 eV, the system
becomes linear. Its solution is:
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°, ZFAK (EAK)COSH}{1+ N (EAK):I If\“?:g

a 1+ rB(EAK)

Here & is the fractional monolayer coverage
of the element 4, while the other symbols are as
in Egns. (1), juxtaposed to the element with the
corresponding index.

i //i’Ai(EB) 1+rB(EAi) IB/IQO

In our case of three elements (O and N above
C), the common denominator in the matrix factor
of Eqgns. (4) is:

Ao(Eo) 1415(Eo) 1o/15 , Av(En) 1+ (Ey) h/Ii |

Q ={1+

Experimental Auger data

The measured relative intensities from the
experiments with an oxygen-plasma treatment are
shown in Fig. 1, while those with an NH;-plasma
treatment in Fig. 2.

Quantification

The data from Fig. 1, quantificated by Eqns. (2)
and (3), are presented in Table 1, while those from
Fig. 2, quantificated by Eqgns. (4) and (5), are
presented in Table 2. In the tables @& is a symbol
for the degree of coverage with the element Kk,
normalized to the area of the atom (In terms of the
model, this is the square of his covalent diameter.).
The symbol &y, is for degree of coverage, defined
as ‘number of adsorbed atoms on atom from the
substrate’.

The data from the XPS analysis are presented in
the last column of Tables 1 and 2.

—-
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Fig.1. Dependence of the relative intensity of the oxygen

Auger signal (towards the carbon) from the time of
treatment with oxygen plasma.

Ao(Eg) 1+15(Ee) 1./12

A (E)) 11y (E0) Ic/ls} ©

0,20

= N/C I
e 0O/C |

0,154 4

0,10
)

0.05 4 i L)

Relative Auger Intensity
-

0,00

02+M+FI  02+M NH3+SSMCC

Treatment
Fig. 2. Relative intensity of the oxygen and nitrogen

Auger signal (towards the carbon) for different
treatments with ammonium plasma.

The attenuation lengths, appearing in the
formulas, are obtained from a predictive formula of
TPP-2M in the database [10]. The covalent atomic
radiuses of oxygen and nitrogen are taken from the
NIST database. The back-scattering term
calculation, necessary for the matrix correction, is
done according to [11]. More procedure details are
presented in section ‘Discussion’.

Table 1. AES data quantification of the oxygen-plasma
experiments (The notation is in the text).

Time, min @y, %  Co,at.% O/C-atom Og(';‘;)%
1 76 45 014 1545
5 10.6 6.2 020 1410
10 9.4 55 018 1507
15 71 42 013  16.00
20 7.2 42 014 1502

33



G. S. Spasov, C. Popov: Auger analysis of plasma treated ultrananocrystalline diamond films

Table 2. AES data quantification of the experiments combined O,- and NHz-plasma treatment with

several technologies (The notation is in the text).

Adsorbed Oxygen

Adsorbed Nitrogen

Treatment

Do, Co, O/C- Olsat.% @y, Cn, N/C-  Nlis,at. %
% at. % atom (XPS) % at. % atom (XPS)
NH; PI (10 min) 2.8 1.8 0.05 3.12 10 4.8 0.17 7.39
Fl 3.5 2.2 0.07 5.97 2.4 1.1 0.04 1.35
O,PI+M+FI 7.2 45 0.14 12.30 1.6 0.74 0.03 1.21

0O, Pl (10 min) + M 7.7 4.8 0.14 - 2.7 1.3 0.04 -
NH; Pl + SSMCC 55 3.4 0.10 8.18 12 5.6 0.20 7.34
correction too, the detailed deduction

DISCUSSION

Although it remains semi-quantitative, the
surface evaluation, done by this method, is
much more accurate compared to that of the
homogeneous model of the surface (where
the matrix correction is disregarded). The
obtained numerical result of the surface is 2
to 8 times bigger [7] (we have an average of
1.9 in our case). By reason of interpretation
through ‘the common’ Auger quantification,
the atoms from the monolayer coverage are
looked at as distributed in greater volume
(determined from the information depth),
apparently their concentration is lower.

We would like to highlight, that the
formula derivation (4) is not linked with the
magnitude @&;, i.e. Eqns. (4) are always valid,
and are not approximated to ;. This is
important  because in the case of
heterogeneous coverage, it can turn out that
the total degree of the coverage is not small,
although every of its components is small
(i.e., & << 1, but not T, ~1).

The used model suggests covering the
substrate with the material from the standard
sample (‘overlayer’ experiment). The
calculated degree of coverage measure is the
average atom size from the standard, a. All
of this is clearly defined in the deposition of
metal over metal. The adsorption of an
element, for which there is no elemental
standard (usually metalloid or gas), requires
a comment. The formal approach is to
assume coverage of hypothetical substance
which has the same structure as the standard
but consists of adsorbate atoms only.
However, we now have ® depending on the
standard which is disturbing at first sight. But
if we take in consideration that in the case of
other standard we have to introduce matrix
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according to the model gives us that @ ~ a*.
a reflects the atom density (in the volume 4°
there is one atom).The actually covered area
a® (‘occupied’ by single adsorbed atom), is
the S/a’-part, where S the actual size of the
atom, calculated with the corresponding atom
radius. That is to say that in such
normalization of the atom area, @ depends
on the type of the adsorbed atom only, but
not on the used standard.

In the discussed case (of adsorption of an
element, which does not have elemental
standard), the maximum degree of coverage
depends on the system (A, B) and the
conditions, in which the process takes place.
Maximum coverage is attainable in the case
of chemisorption, and it could be less than
the determined coverage through the atomic
radius (considered as 100%). If the object of
the experimental study is not the adsorption
itself, additional data for the physical
chemistry of the surface are necessary for the
determination of @, [12]. It may turn out to
be more useful if the result is presented as a
‘number of adsorbed atoms on atom from the
substrate’. In the studied case, the adsorption
of non-activated gas (oxygen of nitrogen) is
not present even in the case of atmospheric
pressure. Apparently, the plasma activates
the chemi-sorption. But a C-atom from the
surface has one free valance bond with which
it can connect to the adsorbed species. The
maximum degree of coverage can be
achieved if every atom from the surface joins
one adsorbed particle. For example, for the
last sample in Table 2 there is a particle at
three of every 10 surface atoms (two
particles, including oxygen atom and one,
including nitrogen atom).
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Main requirement for the accuracy in the
determination of degree of coverage is to
know the attenuation length of the electrons,
A. It would be best if reliable experimental
data are used. The lack of such for the
nitrogen standard used by us, made us use
the both standards with the same priority, i.e.
predictive formulae. (For instance, in [13]
through Elastic peak and reflected electron
loss spectrum (REELS) measurements 1.75
nm are obtained for SiO,; and 1.77 nm are
obtained through TPP-2. For SizN,; however,
the respective figures are 1.12 nm and 1.41
nm). In the case of metal over metal
deposition, A can be determined by overlayer
experiment, too.

The comparison between AES and XPS
results on the coverages shows similar
quality behavior. The quantity difference in
the results suggests for a systematical error.
The probable reason for this is the difference
in the readings of the surface carbon
contamination of both of the spectroscopic
methods [8]. The different composition of
standards, as well as the area and the place of
the analysis, may have significant
contribution. (In the case of XPS, the area is
400 x 700 um but the analysis is in three
points ).

CONCLUSIONS

The research showed a significant surface
modification of the ultrananocrystalline
diamond films in oxygen and ammonia
plasma. Chemisorbed oxygen and nitrogen
are observed. The fractional monolayer
coverage is of order of about ten per cent.
The comparison between AES and XPS
results for the coverages shows qualitative
similarity.

Oxygen and nitrogen content, calculated
by the model of the monolayer coverage, is
about 1.9 times bigger, compared to the same
obtained by using homogeneous model of the
surface.

The usage of realistic model of the
adsorbed layer is crucial for the
quantification.
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(Pesrome)

VYnTpa-HaHOKPUCTAJIHUTE TUAMAHTEHH CJIO€BE IIPUBIMYAT TOJSIM H3CIIENOBATEICKM MHTEpeC, IMOpaau
CBOHCTBaTa UM, OJM3KH 0 TE3W Ha JWaMaHTa. B IHKBJ HAaydHN TPYAOBE M3CIeIBaMe TPETUPAHETO Ha TaKWBa
CJIOEBE C KHCJIOPOIHA W aMOHSYHA TUIa3Ma; B IIPBUS CIIydaid — OT MPOABIDKUTEIHOCTTA Ha TPETUPAHETO, a BHB
BTOpHS — BIUSHHUETO Ha Pa3MIHU 100aBku ((hayopodop, Marenmun u T.H.). B HacTosmara pabora ymapeHHETo
nana Ha Oxxe aHanm3ute. OT TJI€HA TOYKA HA €JIEKTPOHHUTE CIIEKTPOCKOINH, TOBA € U3CIIEABAHE HA YACTHIHO
MOKPUTHE OT MOHO-aTOMEH cioi. ThH KaTro MPHCHCTBAIIUTE ancopOaTH ca MoBede OT €IWH, Ce Ipeiara
peueHue 3a o0Imus ciay4dai 3a N aacopOUpaHn XMMHYHH €JIEMEHTa, 1aBall0 TAXHOTO YaCTUYHO OT MOHO-CIIOWHO
nokputue. PemeHuero e B cuna 3a eHeprud Ha cieneHute Oxke mukose Hag 120 eV, HO TO € TOYHO CIIPSIMO
CTeTIeHTa Ha TIOKPUTHE.

W3cnenBaHusTa Moka3zaxa 3HAYUTEIHO MOBBPXHOCTHO M3MEHEHHE HA YITPaHAHOKPUCTAIHHUTE TUAMAaHTCHU
CJI0eBe B KHCJIOPOJHA M aMOHSAYHA ITa3Ma. YaCTUYHOTO MOHO-CIOWHO NMOKPUTHE € OT MOpsAabKa Ha JAeceTHHa
nporieHTa. To3u pe3ynTar (IPEeCMETHAT MO MOJENa 32 MOHO-CIIOWHO MOKPUTHE) ¢ O0KoJIo 1.9 mbTH Mmo-TosisM B
CpaBHGHHE C pe3yiTaTa, H3IOJI3BAIl XOMOTEHEH MOAEN Ha MNoBbpXHOCTTa. CpaBHeHHeTo Mexay Oxe
pe3ynTatuTe 3a TOKpHUTHATA W Te3u oT PentrenoBa PoroenextponHa Cnektpockomus (POC) mokassa
Ka4ecTBEHO Hogo0ue.

W3non3BaHeTo Ha peancTHYEeH MOJIEI 3a aacoOMpaHus CI0H € pelaBamio 3a KOJMYECTBCHNS aHaIU3.
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The influence of copper and ferrous ions on zinc recovery from sulphate electrolytes is investigated. It is found,
using cyclic voltammetry that simultaneous deposition of Zn and Cu begins at a potential (vs. SSE) of -1.450 V.
Simultaneous deposition of Zn, Fe, and Cu begins at a potential of -1.500 V. Deposition of Cu solely, takes place at
more positive potentials. The presence of Cu®* and Fe?* ions results in Zn redissolution, decreasing the current
efficiency of Zn electroextraction. Zn deposit, which contains 2.4 wt.% Cu and 0.25 wt.% Fe, is obtained upon 60 min
deposition at —1.600 V in an electrolyte containing Zn** — 50 g/L, H,SO, — 130g/L, Cu®* — 200 mg/L, and Fe** — 200

mg/L .

Keywords: copper; deposition; iron; potentiodynamic scan; zinc electrowinning; zinc recovery.

1. INTRODUCTION

A major problem during the Zn electrowinning
from waste streams is the harmful effect exerted by
metallic impurities such as Ni, Co, Fe, Cu, Cd, Sh,
Ge, Bi, etc. By advanced purification of the
electrolyte, the concentration of metallic ions is
decreased below limit, where their harmful effects
are no longer present. Another possibility is the
addition of wvarious organic and inorganic
substances to the electrolyte in order to improve the
deposit structure and to inhibit the discharge of H”
or the Zn redissolution process, and thus to increase
the current efficiency.

Stender et al. [1-2] established that the Cu®*
(100 mg/L) decrease the potential of the Zn cathode
with 50 mV (at 5 A/dm?) and the current efficiency
of hydrogen evolution increases with the increase in
the Cu®* concentration. Because of the small
overvoltage of Cu deposition on Zn, the Cu
deposits on the cathode, forming numerous
galvanic micropairs of intermetallic Zn—Cu
compounds and the Zn cathode dissolves as a result
of their action. According to Turomshina and
Stender [3, 4], Cu and Fe, codeposited with Zn, act
as microanodes or microcathodes in the galvanic
micropairs, depending on the geometric
configuration of the deposit. Thus, a small amount
of Fe is able to intensify the harmful action of the
noble Cu. The experiments show that such effect is
observed only at increased temperatures because at
a lower temperature, Fe is in passive state and acts

*To whom all correspondence should be sent:
E-mail: isivanov@ipc.bas.bg

as a microcathode in the galvanic micropairs. As a
result, the total effect of Cu and Fe on the Zn
electroextraction is a sum of their partial effects.
Maja et al. [5, 6] found that in the presence of 100
mg/L Cu?" the current efficiency of Zn decreases
from 90% to 0% after 4 h electroextraction at 60
mA/cm? and 40°C. According to Ault and Frazer
[7]1 5 mg/L Cu® decrease the current efficiency
from 975 to 96.7 %. MacKinnon [8] and
MacKinnon et al. [9] established that a significant
difference between the cyclic voltammograms for
the addition-free and Cu?*-containing (1 and 5
mg/L) electrolytes is the potential at which the
descending branch crosses the zero-current axis
(crossover potential). The crossover potential
occurs at or near the reversible potential of the
system so that any departure is generally caused by
impurity currents, side reactions such as H,
evolution or perhaps the dissolution of a Zn-Cu
alloy phase. Analysis of the coatings confirms that
Cu co-deposits with Zn. At the higher (5 mg/L)
Cu®*  concentration the voltammogram is
characterized by higher current in the potential
region prior to Zn deposition. At this concentration,
Cu strongly depolarizes the Zn deposition reaction
because the decomposition potential for Zn occurs
at a less negative cathode potential compared to the
Cu*-free electrolyte. The reverse scan is
characterized by an increasing cathodic current that
occurs after the anodic peak for Zn dissolution.
Muresan et al. studied the influence of metallic
impurities and the effect of additives on Zn
electrowinning from sulphate electrolytes and from
industrial waste product, known as the ‘blue-
powder’, containing: Zn (25-45%), Pb (20-25%),
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Fe (3-5%), Cu (0.5-1%), Cd (0.5-1%), Sb (0.05—
0.1%), and Bi (0.03%). They found that Al;(SO,)s,
animal glue or horse-chestnut extract (HCE) added
in the electrolyte increase the cathodic polarisation
and promote levelling. HCE has a beneficial
influence on the deposit quality, being a good
levelling agent. Aluminium sulphate influences the
reduction of Zn?, increasing the nucleation
overpotential and the deposition rate of Zn on the
cathode. The conjoint use of the studied additives
results in more uniform, slightly bright deposits
[10]. They established also that the presence of
Cu® leads to an acceleration of the cathodic
process. Copper is deposited before Zn, as indicated
by the appearance of a cathodic peak at about —0.4
V vs. SCE. The height of the peak increases with
Cu?* concentration in the electrolyte. The corrosion
potential of Zn in a Cu-containing electrolyte is
more positive than in an electrolyte without the
impurity and a second anodic peak, corresponding
to Cu dissolution can be observed in the positive
potential region during the reverse scan. The
cathodic deposit, obtained in the presence of Cu®*
ions, is non-adherent with the substrate, and
consists of porous microspheres [11].

There are numerous papers concerning the
influence of the Cu* and Fe®* ions on the process
of Zn electroextraction such as Znamenskiy,
Kardashevskiy and Stender [12]; Kiryakov [13];
Kiryakov and Baynietova [14]; Sheka and
Karlisheva [15]; Jurin and Pyunnenen [16];
Pahomova [17]; Jurin and Hafsi Azdin [18];
Pomosov, Krimakova and Levin [19]; Wever [20];
Akiyama, Fukushima and Higashi [21]; Ohyama
and Morioka [22]. However, the simultaneous
action of Cu®* and Fe”" ions is not well studied.

The aim of this study is to establish the
influence of Cu®* ions and the common action of
the Cu®* and Fe®* ions on the Zn electroextraction,
as well as the possibility of separate deposition of
Zn, Cu or Fe.

2. EXPERIMENTAL

The experiments were carried out in a
thermostated (37 + 1°C), three-electrode glass cell
without stirring of the electrolyte. The cathode was
of Al, containing 0.2% Fe, manufactured by the
Riedel de Haen (RdH-AIl) with an effective area of
1.0 cm?. It was placed vertical and parallel to the
symmetry axis of the cell. Both counter anodes
were Pt plates of 8.0 cm? total area. The reference
electrode (SSE) consisted of a mercury/mercurous
sulphate electrode in 0.5 M H,SO, (SSE), its
potential being +0.655 V (NHE).

38

The studies were carried out using a cyclic
potentiodynamic technique. Potential scanning at a
rate of 10 mV/s was performed with an EP 20A
Elpan potentiostat (equipped with an IR
compensator) and an EG 20 Elpan scanner. The
cyclic voltammograms (CVAGSs), were carried out
in the range of 0.000 V to -1.650 V, and were
recorded by Endim 622.01 X-Y chart recorder.

The composition of the base electrolyte (BE)
was: 130 g/L H,SO,, and 220 g/L ZnSQO,.7H,0 (50
g/L Zn?"). Cu® ions were added in the form of
CuSO,5H,0 to the Dbase electrolyte in
concentrations of 50, 100, and 200 mg/L . Fe** ions
were added as FeSO,.5H,0 to the electrolyte in
concentrations of 50, 100, and 200 mg/L.

The quantity of electricity (g — in Coulombs),
required for the dissolution of Zn or Cu, deposited
during the cathodic process, was determinated by
graphical integration of the respective anodic peak
on the CVAG. The deposition of Zn was carried
out at a potential of -1.600 V vs. SSE, and of Cu at
potentials between —1.010 V and —1.470 V vs. SSE.

2. RESULTS AND DISCUSSION

2.1. Separate deposition of zinc and copper
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Figure 1. Anodic peaks of dissolution of Cu layers,
deposited in an electrolyte, containing Zn®* - 50 g/L,
H,S0,-130 g/L and Cu® - 50 mg/L on an Al cathode at
potentials (vs. SSE): 1) -1.330 V, 2) -1.430 V, 3) -1.470
V. Time of deposition - 15 min. Scan rate - 10 mV/s.

Figure 1 shows the anodic peaks of dissolution
of Cu layers, deposited for 15 min in the base
electrolyte, containing 50 mg/L Cu®* at potentials of
—-1.330 V (curve 1), —1.430 V (curve 2), and —1.470
V (curve 3). A little peak at —0.725 V and large
peaks at potentials (vs. SSE) between -0.300 and -
0.400 V are observed on the curves 1 and 2. The
more negative peak (2-7 mA\) is, perhaps, a peak of
dissolution of an alloy Zn-Cu phase. The more
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positive peaks at potentials (vs. NHE) between
+0.255 V and +0.355 V are close to the reversible
potential of oxidation of Cu to Cu** (+0.337 V vs.
NHE). In all cases the cathodic Cu deposits are
non-adherent with the substrate, and are easily
wiped and rinsed with water. The simultaneous
deposition of Zn and Cu begins at a potential of
-1.450 V (vs. SSE). Zn dissolution peak appears
after deposition at more negative (-1.470 V)
potential, and is much larger than the peaks of Cu
dissolution (curve 3). The peak of Zn-Cu alloy
dissolution is much higher (20 mA) than the peaks,
obtained at the lower cathodic potentials because of
the larger alloy amount.
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Figure 2. Anodic peaks of dissolution of Cu and Zn
deposits. Scan rate - 10 mV/s. Deposition potential
(vs. SSE): -1.470 V. Time of deposition - 30 min. 1) Zn**
- 50 g/L, H,S0,-130 g/L and Cu®*-100 mg/L, 2) Zn**-50
g/L, H,S0,-130 g/L, Cu®**-100 mg/L and Fe**-50 mg/L,
3) Zn**-50 g/L, H,S0,-130 g/L, Cu?*-100 mg/L and
Fe?-100 mg/L, 4) Zn*-50 g/L, H,SO,-130 g/L,
Cu**-200 mg/L and Fe®*-200 mg/L.

Figure 2 shows the anodic peaks of dissolution
of coatings, deposited for 30 minutes at a potential
of —1.470 V. Only one peak at potentials between
-0.200 and -0.400 V vs. SSE (+0.455 and +0.255 V
vs. NHE) is observed on the curves, obtained in the
presence of both, Cu?* and Fe?" ions in the base
electrolyte (curves 2, 3 and 4) which is close to the
reversible potential of the oxidation of Cu to Cu**
(+0.337 V vs. NHE). In all cases this peak is higher
and appears at more positive potentials than the
peak obtained in the presence of only Cu®* ions in
the base electrolyte (curve 1). The more negative
peak at -0.500 (curve 1) observed in the presence of
Cu? only (and due to the dissolution of Zn—Cu
phase) is absent in the presence of both, the Cu®*
and Fe?" jons (curves 2, 3 and 4). Peaks of Fe
dissolution are not observed in all cases. Obviously,
the potential of Fe dissolution is very close to the

potential of Zn dissolution. Because the reversible
potential of Fe dissolution to Fe** is —1.100 V vs.
SSE (- 0.440 V vs. NHE), it can be supposed that at
this potential the H, evolution takes place. Zn
dissolution is taking place at this potential, too
(Figure 1). Thus, the anodic peak of the Fe
dissolution is masked by the cathodic peak of the
H, evolution or by the anodic peak of Zn
dissolution. The deposition of Zn in the presence
solely of Cu** begins at a potential of —1.450 V, and
in the presence of both, Cu** and Fe®*, at —1.500 V.
For this reason, the peak of Zn dissolution appears
only on the curve, obtained at —1.470 V in the
presence solely of Cu** (curve 1).

2.2. Influence of Cu®* and Fe®* ions on zinc
deposition

Figure 3 shows the current efficiency of Zn
(CEZn) deposition in the presence of Cu** and Fe®*
as a function of time. The current efficiency is 2%
smaller (in the presence of 50 mg/L Cu®"), and
about 20% smaller (in the presence of 100 mg/L
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Figure 3. Current efficiency of Zn deposition at
potential (vs. SSE): -1.600 V as a function of time:
1) Zn**-50 g/L and H,SO4,-130 g/L, 2) Zn**-50 g/L,
H,SO,- 130 g/L and Cu®-50 mg/L, 3) Zn**-50 g/L,
H,S0,-130 g/L and Cu®*-100 mg/L, 4) Zn**-50 g/L,
H,S0,4-130 g/L, Cu?**-100 mg/L and Fe?*-100 mg/L.

Cu*, and 100 mg/L Cu* and 100 mg/L Fe*
simultaneously) than the CEZn obtained during
deposition in the base electrolyte.

Copper content in the Zn coatings, obtained
after one hour deposition at —1.600 V, is 1.75 wt.%
(in the presence of 50 mg/L Cu*") and 2.70 wt.%
(in the presence of 100 mg/L Cu®"). The impurity
content in the coatings, obtained from the
electrolyte containing 100 mg/L Cu®* and 100 mg/L
Fe?*, is 2.5 wt.% Cu and 0.1 wt.% Fe. The impurity
content from electrolyte, containing 200 mg/L Cu®*
and 200 mg/L Fe?, is 2.4 wt.% Cu and 0.25 wt.%
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Fe. In all cases the deposits of Zn are mat, grey in

color, rough, and with dendrites on the edges.
&‘ - — W
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Figure 4. SEM micrograph of pure Zn. Deposition
potential (vs. SSE): -1.600 V. Deposition time - 60 min.
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Figure 5. SEM micrograph of Zn, containing 2.4 wt.%
Cu and 0.25 wt.% Fe. Electrolyte: Zn®* - 50 g/L, H,SO,—
130 g/L, Cu®* - 200 mg/L and Fe*" - 200 mg/L.
Deposition potential (vs. SSE): -1.600 V. Deposition
time - 60 min.

Figures 4 and 5 show SEM micrographs of Zn
deposits, obtained in pure (base) electrolyte (Figure
4) and in an electrolyte, containing 200 mg/L Cu®*
and 200 mg/L Fe*" (Figure 5). It can be seen that Cu
(2.4 wt%) and Fe (0.25 wt.%) change the Zn
morphology and that dissolution takes place at the
edges of the crystal grains.

CONCLUSIONS

1. Simultaneous deposition of Zn and Cu begins
at a potential of -1.450 V (vs. SSE).

2. Simultaneous deposition of Zn, Fe, and Cu
begins at a potential of -1.500 V vs. SSE. At
potentials more positive than -1.500 V vs. SSE,
deposition of Cu solely, takes place.

3. The current efficiency of Zn deposition
decreases with the time due to the Zn redissolution
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which takes place in the presence of Cu** and Fe?*
ions. This process is a result of occurrence of
Zn/Cu and Zn/Fe galvanic microelements, formed
during simultaneous deposition of Zn, Cu, and Fe.
Zn dissolves because it is more electronegative
element than Cu and Fe.

4. Copper and iron, codeposited with zinc,
change the deposit morphology and deteriorate the
quality of the zinc produced.
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M3BJIMYAHE HA LIMHK OT CYJI®ATHU EJIEKTPOJIUTH, ChABPKALI MEJITHU 1
®EPONOHU

I'. Xomxaoriy, 1B. IBaHOB

Huemumym no gusuxoxumus, bvireapcka akademusi na naykume,yi. ,,Axao. I'. bonues”, 6n. 11, 1113 Coghus,
bvacapus

TTocTpnuna Ha 7 1ouu, 2010 r.; npepaborena Ha 29 okromspu, 2010 r.

(Pe3tome)

W3cnenBaHo € BIMSHUETO HA METHUTE U (PePOHOHHUTE BHPXY M3BIUYAHETO HA IIMHK OT CyJ(ATHH EICKTPOIHUTH.
C U3MON3BaHETO HA NUKIMYHA BOJITAMIICPOMETPHS € YCTAHOBEHO, Y€ €JHOBPEMEHHOTO oTiarane Ha Zn u Cu 3amousa
npu norenuuan -1.450 V (copsimo SSE). EnnoBpemennoto otnarane Ha Zn, Fe u Cu 3amousa npu noteHnuan -1.500
V. Tlpu 10-mOJI0KUTETHHA TOTeHIMANU ce otiiara camo CuU. B pesysiraT Ha HaIMYMETO Ha Cu®" u Fe? iionn poTHYa
MpolieC Ha 00paTHO pa3TBapsiHE HA OTIOXKEHHs ZN, KOETO MOHMKaBa 100uBa My 10 TOK. OTJIaraHeTo B MPOIbIDKECHHE
Ha 60 muH. npu -1.600 V B enextponurt, chabpxkam Zn>* - 50 g/L, H,SO,— 130 g/L, Cu®* - 200 mg/L u Fe?* - 200 mg/L
BOJIY JIO MOJTy4aBaHETO Ha ZN MOKpUTHUE, Chabpixkaiio 2.4 teri.% Cu u 0.25 rern.% Fe.
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Environmentally-clean Mg-air electrochemical power sources
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The main aim of this work is investigation, development, and implementation of electrochemical systems of the Mg-
Air type with salt electrolytes. The fulfilment of this primary aim will result on one hand in the construction of a
comparatively simple and easy to use emergency power source, and on the other, in the development of demo models
for training and popularization of the technology for obtaining of ecologically-clean energy.

This research covers:

- Selection of a hydrophobic material with optimal physical, chemical and electrochemical characteristics for the gas

layer of the air gas-diffusion electrode;

- Research and selection of a suitable catalyst for the electrochemical reduction of oxygen that occurs on the air gas-

diffusion electrode;

- Characterization of various Mg alloys as potential anode material in the Mg-Air system;
- Selection of a non-aggressive salt electrolyte with high ionic conductivity, operational stability, and comparatively
low corrosion activity. Design and test of apt constructions for emergency and demo Mg-Air cells.

Key-words: Mg-air cells, air gas-diffusion electrodes, environmentally-clean energy

INTRODUCTION

In the recent years a significant worldwide
attention has been paid to the development of new
types and novel generations of Electrochemical
Power Sources. The interest is mainly due to the
extensive search for efficient and ecologically-
friendly renewable power sources. The needs for
autonomous supply and quick reaction in
emergency situations predetermine the extensive
use of Chemical Power Sources (CPS) in almost
every technical field. Many different types of
Metal-Air  batteries, like primary, reserve,
electrically or mechanically rechargeable battery
configurations, have been explored and developed
over the last decades. Several metals such as Li, Ca,
Mg, Al, Zn, Fe, etc, have been considered for use in
the Metal-Air batteries. [1].

Generally the Metal-Air power source
comprises of an air gas-diffusion electrode and a
metal anode separated by electrolyte. The Metal-
Air elements can be viewed as hybrid systems.
Their metal anode works as the anodes in the
conventional Me/MeO elements, while the cathode
operates as a fuel cell. The electrochemical

*To whom all correspondence should be sent:
E-mail: joschi@abv.bhg
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reduction of oxygen upon an inert air electrode,
which is thin and light, results in significantly
higher values of the specific characteristics (Wh/kg
and Ah/kg) of the Metal-Air element, compared to
those, exhibited by conventional elements with an
identical metal electrode. The development of
Metal-Air systems, operating with non-aggressive,
safe and environmentally-friendly salt electrolyte
(NaCl, KCI, sea water and others), is of immense
practical importance. Despic et al. [2] were the first
to investigate Al-Air batteries using physiological
electrolytes. Promising results were obtained with
primary Al-Air cells in NaCl solution [3]. Despite
the good characteristics of the Al in the system,
some unsolved problems remained. These problems
are related to the high internal resistance of the
electrolyte, the formation of a gel of Al hydroxide,
and the anode passivation, which made the cleaning
of the cell difficult.

The concept of cells, working with sea water, is
well-known and has been covered by a number of
patents [4-10]. Cells with high energy density and
sea water electrolyte involved the use of alloys of
the Mg-Hg-Ga type [11]. Shinohara et al [12]
reported on the development of a system with sea
water for practical application in deep water tanks.
The advantages, according to [13], are high energy
density, low price, and long storage potential. A
joint research project between DGA/BEC (France)
and FFI (Norway) focused on the design of
autonomous vehicles, powered by semi-fuel cell

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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with oxygen as an oxidant, sea water as an
electrolyte, and Mg as fuel [14].

Promising results have been obtained with
Magnesium-Air  cells. The Mg-Air system
possesses a number of significant advantages. The
use of salt electrolyte is of immense importance for
preservation of the environment. The Mg-Air cells
are ecologically clean, Mg is non-toxic, no toxic
substances are generated during the operation, and
the salt electrolyte is chemically non-aggressive.
What is more, the Mg-Air cell has practically
unlimited storage life. The salt electrolyte can be
removed from the cell storage and when necessary,
it can be put back, thus making it instantly
operational. All of the above, along with the good
electrochemical characteristics and the
comparatively low price, turns the Mg-Air cell into
a very suitable emergency electrochemical power
source not only to suit our every-day life needs, but
also for application in both, the commercial and the
industrial fields. The fact that all components of the
cell are harmless and safe, makes the Mg-Air
system suitable for demonstration aims (children
included) in school labs, for training of students, for
specialized university courses, etc.

The Magnesium-Air cell is a conventional
electrochemical cell, containing one or two flat air
gas-diffusion cathodes, and a magnesium anode,
placed in NaCl-solution as an electrolyte. The air
gas-diffusion electrode for Metal-Air cell separates
the electrolyte from the surrounding air. The
electrode, developed in the IEEC, is a double layer
tablet, consisting of a porous hydrophobic layer and
an active layer, containing porous catalyst. A
special highly hydrophobic, electrically conductive
material is used to form the gas layer of the
electrodes [15, 16].

One of the most important tasks in the
development of air gas-diffusion electrodes is to
find proper catalysts for the electrochemical
reduction of oxygen, which ensures high
electrochemical characteristics  and long
exploitation time of the electrodes. In this respect,
the development of non-platinum catalysts for the
electrochemical reduction of oxygen is of great
interest. Various porous catalysts are tested in air
gas-diffusion electrodes, operating in saline
electrolytes. The carbon-supported pyrolyzed
macrocycles show good oxygen reduction reaction
(ORR) activity in alkaline electrolytes, and are
currently used in mechanically rechargeable Metal-
Air batteries [17-23]. One popular non-noble air
cathode is based on cobalt and iron
tetramethoxyphenylporphyrine  (CoTMPP  and
FeTMPP). CoTMPP has higher electrochemical

stability and promotes the two-electron ORR
pathway, while FeTPP has inferior ORR activity
and promotes direct four-electron oxidation. The
stability of the metal macrocyclic complex depends
on the metal, and it decreases accordingly:
Co > Fe > Mn. One common approach to combine
the advantages of a more stable CoTMPP and a
more ORR active FeTMPP is to fabricate a mixture,
FeTMPP/CoTMPP [24]. The ORR activity
increases due to the formation of a face-to-face
structure, accelerating the destruction of the O-O
bond in the oxygen molecule [25-28]. The effect of
heat treatment on the N4-chelate stability increase,
discovered by Jahnke et al. [29] in 1976, is
currently a very popular method for increasing the
stability of Co/FeTMPP-based catalysts.

The silver is a typical O, reduction catalyst, and
has a reasonable high catalytic activity for O,
reduction, competitive to platinum in alkaline
electrolyte [30].

Catalysts, containing mixed Ni-Co oxides,
prepared by impregnating active carbon with
solution of Ni-acetate and Co-acetate and
subsequent heat treatment, are investigated [31].

EXPERIMENTAL

Catalysts, based on different kinds of active
carbons, used as carriers, were investigated.

Four types of additional catalysts, introduced
into the active carbon, were studied.

VS50-CoTMPP-700 type was prepared while
dispersed SiO, (VS) was impregnated with a
solution of CoTMPP, and after removing the
solvent and drying, the material was treated at
700 °C in argon.

Pyrolysed CoTMPP catalyst is produced by
impregnation of a dispersed carbon material with a
solution of CoTMPP, drying and subsequent heat
treatment in Ar at 800 °C. The pyrolysis in Ar of
the pure compound of CoTMPP, results in a hard,
glassy-like product that practically could not be
used as catalyst, so that the presence of a highly
dispersed carrier in the production of catalyst seems
indispensable. During the heat treatment, the
CoTMPP-molecule is decomposed and the
pyrolysis residual products are formed in the porous
structure of the carbon support and are responsible
for the observed high electrochemical activity of
the catalyst.

ACCoNI catalyst was prepared by impregnation
of the NORIT NK active carbon with a solution,
containing both, the Co- and the Ni-acetates, dried
and heat treated at 300 °C in open air.

Magnesium possesses a comparatively high
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energy density and low specific gravity; its price is
not very high, so it could be used as a primary
anode in metal-air systems. Sheets of Mg or
magnesium alloys are used as anodes in the
developed Magnesium-Air cells. The behavior of
the air gas diffusion electrode is investigated in a
half-cell arrangement, when operating in solutions
of NaCl with different concentrations.

RESULTS AND DISCUSSION

Air Gas-Diffusion Electrode

The air electrode, used in the magnesium-air
cell, is a double layer electrode, consisting of a gas
layer made from a hydrophobic carbon/PTFE
material and a catalytic layer, made from mixture of
catalyst ?nd the same hydrophobic material.
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Fig. 1. Polarization curves of air electrodes with
different types active carbon catalysts
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Fig. 2. Polarization curves of air electrodes with
different catalysts in 3 M NaCl

Fig. 1 shows the polarization characteristics of
air gas diffusion electrodes in 3 M NaCl with
catalysts from different kinds of active carbon. It is
seen that pure active carbon can be used as catalyst
in air electrodes in saline solutions, but the
polarization of the electrode in this case is quite
high. On the other hand, the active carbon is
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suitable to be additionally activated with some
suitable compounds.

Four types of catalysts were used for the
catalytic layer: pyrolyzed CoTMPP, VS50-
CoTMPP-700, active carbon with Co and Ni
(ACCoNi), and AC with 4 % Ag. Fig. 2 represents
a comparison between the polarization curves of the
air electrodes and the investigated types of catalysts
when operating in 3 M NaCl. The comparison with
the polarization curve for the electrodes with
CoTMPP catalyst shows that the chelate-promoted
electrodes have also better current-voltage
characteristic.

The behaviour of one and the same electrode
with a pyrolyzed CoTMPP catalyst, is investigated
in a half-cell arrangement, when operating in

Air electrode
21°C
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-300

-400

S0 g M Nacl

® 2M NaCl
-600 |- 3M NaCl
v 4M NaCl

Potential vs.Ag/AgCl, mV

-700 r r r I N r r r N r r
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Current density, mA/cm’
Fig. 3. Current-voltage curves of the air-electrode
operating in NaCl solution with different concentrations.

solutions of NaCl with different concentrations
(Fig. 3). The difference in the obtained curves, in
this case, is probably and mainly due to the
difference in the conductivity of the NaCl solution
of different concentrations k = 0,074-0,217
[Q*tem™].
Magnesium anodes

Several types of magnesium alloys are tested:
pure Mg (99,99 %), MgAMG60 (94 % Mg, 6 %
Al), MgAM50 (95 % Mg, 5 % Al),
MgAZ91(90 % Mg, 9 % Al, 1 % Zn), and
MA8MO06 (~ 97 % Mg, 0,2 % Fe, 0,12 % Zn,
1,3 % Mn, 0,01 % Si, 0,12 % Al). The testing
of the different magnesium anodes is
performed in Mg-Air cells with two air
electrodes with pyrolyzed CoTMPP catalyst (S
= 65 cm?). The electrolyte is 3 M NaCl. Fig.4
illustrates a comparison between the current-
voltage characteristics of the investigated Mg-
Air cell and the different Mg-anodes. The
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comparison of the data shows that the Mg
99.99 % and the MA8M, which is produced
especially to be used in water activated batteries,
are the most suitable materials to be used as anodes.
The discharge curves at 0.6 Q constant load of the

magnesium-Air cells and different anodes are
compared in Fig.5.
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Fig.7. Current-voltage curves of Mg-Air cell (S =

44cm?).

Corrosion investigations on various types of
magnesium alloys were carried out in order to
optimize the performance of the mechanically
rechargeable Magnesium-Air cells. The behavior of
AZ 91 and MASM 06 alloys in respect to pure Mg
was under investigation. The experiments were
conducted in aqueous solutions of 4M NaCl and the
results are shown in Fig.6. It is obvious that
corrosion stability increases in the following order:
AZ91 < Mg < MA8BM. The corrosion stability is
described by the corrosion potential shift towards
more negative values and the corrosion rate,
expressed by the corrosion current.

Experimental Mg-air cells

Several types of experimental Mg-Air cells are
tested, differing in size (working area of the air
electrodes used) [32].

Fig. 7 presents the  current-voltage
characteristics of the magnesium-air cell with one
air electrode (S = 44 cm?). Magnesium MA8M 06
is used. It is covered with a protective current
conductive sheet from the side opposite to the air
electrode. The discharge curve of this cell at
constant load ca.0.6 Q is presented in Fig.8.

The investigated magnesium-air cells are
constructed as  experimental  mechanically
rechargeable cells. Once the magnesium anode has
been discharged, it is removed out from the cell
together with the electrolyte, and a new magnesium
electrode and fresh saline electrolyte are introduced
in it. After this mechanical recharge, the
magnesium-air cell is operational again. In this case
the essential feature is that the air electrodes in the
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cell are used many times. Investigation of both, the
current-voltage characteristics and the power curves
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Fig.8. Discharge curve of Mg-Air cell (S
constant load 0,63 Q.
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Current, A
Fig. 9. Current-voltage and power characteristics of the
Mg-Air cell (S = 223 cm?): initial and after 15
mechanical recharge.

of one and the same Mg-air cell, are performed
after its mechanical recharge. The cell comprises of
two air electrodes with a catalyst from pyrolyzed
CoTMPP (total working area of 223cm?), and Mg
anodes from the MA8MO6 alloy are used. 4M NaCl
solution is used as electrolyte. The initial current-
voltage curve and the current-voltage curve after 15
mechanical recharges of the same Mg-Air cell are
presented in Fig. 9. It is seen that currents up to
20 A could be obtained from this cell at voltage
higher than 1 V. The specific power of this cell is
ca. 20 W/kg. The results show also that the Mg-Air
cell can be recharged mechanically several times
without any significant loss in its performance.

More powerful Mg-Air cell with a total working
area of the air electrodes of 440 cm? and 660 cm®
are designed and investigated. They can be used as
emergency energy sources.
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CONCLUSIONS

Magnesium-Air cells, operating with non-
aggressive electrolyte, are developed. Air gas-
diffusion electrodes, suitable for operation in NaCl—
solution, are designed. Various carbon-based
catalysts for the ORR are tested. Magnesium alloys
suitable for use as anodes in Mg-Air cells are
found.

The  current-voltage and  the  power
characteristics of various types of magnesium-air
cells are investigated. The results show that the
mechanically rechargeable magnesium-air cell with
a NaCl-electrolyte is a prospective energy source.

The Mg-air cells are of substantially increased
power output. They could be used as primary and
emergency power sources for the residential,
commercial, and industrial purposes. It should be
noticed again that the magnesium-air cells are safe
and employ environmentally friendly salt-water
electrolyte, therefore, they can be used at school
laboratories for experiments and demonstrations.
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EKOJIOI'MYHU EJIEKTPOXUMWYHU U3TOYHUI HA EHEPT I MATHE3UI — BB3YX

M.JI. Munymesa, P.1. Bykypeuytuesa, C.M. Xpucros, A.P. Kanmesa

WuerutyT 10 enektpoxumus u enepruiinu cucremu, bAH, 1113 Codus, yn. ,,Axazn. I'. Bonues” 6. Nel0

IMocTenuna wa 7 ronu, 2010 r.; mpuera Ha 13 centemBpu 2010 T.

(Pesrome)

OcHoBHa 111 Ha paboTara € pa3paboTBaHe U pealn3upaHe Ha €NEKTPOXUMUYHU CUCTeMH Marnesuii-Bb3myx
ChC COJICBH CJICKTPOJIUTH, KOUTO Ca TMOAXOJSINM 3a ymoTpeda KaTo aBapUilHM HW3TOYHUIM HA CHEPrus u
JIEMOHCTPAMOHHE MOJIeTH 3a OOydYeHHEe U IMOIMYJSIPH3MPAHE Ha TEXHOJOTHs 3a MOJydaBaHE HA E€KOJOTMYHO YHCTa

CHCPIH.

3a peain3npaHe Ha OCHOBHATA LEJI Ca PCHICHU CIICIHUTE OCHOBHHU 3a1avu:
- I/1360p Ha XHﬂpoq)O6€H Marepuajl ¢ OIITUMAJIHU (1)I/ISI/I‘IHI/I, XUMHUYHHU U CIICKTPOXUMUYHHU XAPAKTCPUCTHUKHU 3a

ra3oBHs CIIOH Ha BB3AYLUIHUA CICKTPO,

- HU3CJICABAHC U HO,H60p Ha TMOAXOJsALl KaTajlnu3aTop 3a CICKTPOXMMHUYHATA PEAYKLHA Ha KUCJI0pOoAa,

MIPOTHYAIIA BEPXY BB3IYyIICH ra30u(y3noHEH eIeKTPOT;

- OXapakTepHu3upaHe Ha pa3nudar M( CIsIaBé KaTo aHOJIEH MaTepualt;

- 1300p Ha HEArpEeCHBEH EIEKTPOJIUT U CEIaparop;

- IpOEeKTHpaHe, U3pabOTBaHE U TECTBAHE HA aBAPHIHU M JJEMOHCTPAIMOHHHU KiIeTKH Marne3uii-Be3ayx.
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Study of the influence of nitrite anions on the electrode processes in ammonium
electrolyte for Ag-Cu deposition
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By means of the cyclic voltammetry (CV) the effect of nitrite anions (in the form of NaNO,) on the kinetics of
separate and of codeposition of Ag and Cu is examined. The effect of the electrode substrate and the proportion of the
basic components of the solution on the deposition kinetics and the powder formation of Ag-Cu alloys is also
established. It is found that the one step process of silver deposition in the absence of nitrite anions is fully reversible. In
presence of nitrite anions in the solution, the stage of reduction of the silver-ammonium complexes is preceded by
reversible chemical reaction of AgQNO, formation. The copper in nitrite ions absence and presence is deposited by two-
stage mechanism — incomplete reduction of the cupri-ammonium ions to cupro-ammonium ions and the main process of
electrodeposition of cupri-ammonium ions to elementary copper. As a whole the presence of NO, ions and the decrease
of the Ag*/Cu®" - ratio in the electrolyte impedes the Ag and Cu electrodeposition and results in production of more

fine dispersion Ag—Cu alloy powders.

Key words: electrodeposition of alloys, alloy metal powders, cyclic voltammetry

INTRODUCTION

The alloyed Ag—Cu powders find application as
components most of all in solder creams in the
electronics [1] and in electro-conductive pastes in
many areas of the electrical engineering [2, 3].

The electrolysis is a method which allows direct
preparation of alloyed metal powders of high purity
and dispersibility, controlled phase and component
composition [4-6]. The application of non-
stationary (impulse) current modes [7, 8], the use of
complex electrolytes and the introduction of special
additives [6, 8], affecting the crystal growth are
becoming more and more frequently applied means
in order to meet the high requirements for
achievement of maximum dispersibility and
morphological homogeneity of the powders.

The thorough analysis of the publications has
shown that the ammonium electrolyte may be
successfully applied for deposition of finely
dispersed Ag—Cu powder [9]. It is well known that
these electrolytes are stable during continued
operation and permit easy removal of the powder
coating from the cathode [9]. In most of the other
complex electrolytes for Ag—Cu deposition [10, 11]
the silver forms difficult to dissolve compounds,
and the electrolytes on their base are unstable.

* To whom all correspondence should be sent:
8E-mail: E-mail: vi21959@yahoo.com

The ammonium electrolytes are also of
theoretical interest for examination of the copper
reduction mechanism (the oxidation, respectively)
[12-16]. A previous publication of ours is related to
the study of this phenomenon in amino-nitrate
electrolyte [17]. There is no reference data about
the NO, effect on the kinetics and mechanism of
Ag and Cu deposition as well as on the structure of
Ag—Cu powders. Based on the arguments, pointed
out, the composition of the electrolyte, in which we
have carried out the present investigations, was
chosen.

The method of cyclic voltammetry with its
simple qualitative and quantitative criteria [18] is
particularly preferred for examination of the alloy
deposition. Thus, in the chosen electrolyte
composition, the Kkinetics of separate and co-
deposition of Ag and Cu on electrodes of copper
and silver is examined as well as the Ag-—Cu
powder formation.

2. EXPERIMENTAL

The electrolyte in which the studies are carried
out has the following composition: Ag — from 2.5
to 7.5 g dm* in the form of AgNOs; Cu — from 2.5
to 7.5 g dm* in the form of Cu(NOs),; 20-40 g dm™
¥ NH,NOs; 0-15 g.dm™ NaNO, and 25% NH; up
to pH=9+9.5. Due to the high solubility of the salts,
the preparation of the solution does not give special

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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problems. On addition of ammonium, initially at
pH 7+8, the solution becomes cloudy but reaching
pH values of 8.5-9 makes the solution transparent,
coloured in blue. According to [9, 19] in excess of
ammonia in the electrolyte, the silver and copper
are in the form of soluble ammonium complexes:
[Ag(NH3),]" and [Cu(NHs)]**, respectively .

The studies are performed in thermostated,
three-electrode cell with working electrodes made
of copper (99.97%) and silver (96.97%) in the
shape of disk with working area of 1 cm? The
counter electrode is a platinum plate with surface
area 30 cm?, and the working electrode is polarized
to different, constant potentials E in reference to a
Hg/Hg,Cl,, sat.KCl electrode.

The cyclic voltammograms are recorded by
means of potentioscan of "Wenking" type
(Germany) in a potential range from 0.600 V + —
1.400 V. The polarization is always from the
chosen initial potential in the cathode direction. The

rate of potential scanning in the presented
voltammograms is varied in the range between 10
and 50 mV.s ™.

The investigation of the alloys morphology is
performed by SEM of Oxford Instruments series,
JSM-6390 of JEOL.

3. RESULTS AND DISCUSSION

3.1. Voltammograms in Ag electrolyte.

Figure 1(a-c) present the cyclic voltammograms,
recorded on silver electrode in an electrolyte which
contains 7.5 g dm?®Ag in the presence of a
background electrolyte of 40 g dm® NH,NO;
(Figure 1a) and 15 g dm™ NaNO, (Figure 1b), as
well as in the parallel presence of both background
additives of 40 g dm?® NH,NO; and 15 g dm™
NaNO, (Figure 1c).
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Fig. 1. Voltammograms on Ag electrode in (a): 7,5gdm>Agand 40 gdm 2 NH,NO;; (b): 7,5gdm™ Ag
and 15 g dm® NaNO, and (c): 7,5 g dm > Ag; 40 g dm* NH,NO; and 15 g dm > NaNO,,( pH=9,0).

In the presence of NH;NO; only as a
background (Figurela), observed in the curves are
cathode and the corresponding to it anode current
maximums that grow proportionally to the rate of
potential scanning and the silver ion concentration
in the solution.

The current peaks observed are most probably
connected with the reduction/oxidation of the forms
of silver in accordance with the following reaction:

[Ag(NHg),]" + e = Ag+2NH; (1)

In the presence of NaNO, as a background, two
successive cathode maximums arise, and there is no
anode branch (Figure 1b). The detailed examination
of the processes in solutions, containing only

NaNO, (data not shown), shows that formation of
partially soluble product of AgNO, is possible at
more positive potentials than the steady one, on the
electrode surface in accordance with the following
reaction:

2Ag + NO; + 2H,0 = Ag* + AgNO, + 20H (2)

According to the data of Salt Lake Metals, USA
[20], the solubility product of AgNO, is kg =
6,0.10% and it is close to that of the AgSO,, (ks =
1,4.0.10’5). Then the first of the maximums in
Figure 1b will be resultant from the reaction of
AgNO, reduction to silver:

AgNO, +1e =Ag+NO,  (3)
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In the electrolyte, containing 7.5 g dm~Ag, as
well as the background additives: NH;NO; and
NaNO, (Figurelc), the patterns of relationship that
we found, for both background additives separately,
become apparent. In this case the electrode surface
is characterized by higher activity compared to the
electrolyte which contains only sodium nitrite
(Figure 1b), and therefore the observed current
maximums are higher.

The application of diagnostic criteria of the
method of cyclic chronovoltammetry [18]
demonstrates that in the electrolyte, containing
NaNO, together with NH;NO;, there is a CE-
mechanism observed, i.e. a reversible chemical
reaction (Reaction 3) occurs, which precedes the
reversible transition of a charge (Reaction 1). It was
established that in the electrolyte the potential
difference, corresponding with the cathode and the
anode currents maxima AE®?, increases with the
speed of potential V evolution; the function of the

current (I_/ \/V) decreases with v, and the ratio I./I,

increases with the v increase. The same criteria
applied for an electrolyte, containing only NH;NO;
as background, testifying for the occurrence of one
single reversible electrode reaction, and namely that
of the reduction/oxidation of the silver complexes
to silver, and vice versa.

1

3.2. Voltammograms in Cu electrolyte

€/ mY {SCE)

Fig. 2.Voltammograms on Cu electrode in (1): 40 g dm®
NH;NO; and in (2): 2,5 gdm~ Cuand 40 g dm™®
NH,NO; pH=9.0 (v=30 mV s™).

We reported in our previous publication [17] on
the results of the investigation of the processes of
Cu reduction/oxidation in an amino-nitrate
electrolyte. It is revealed that in the absence of
copper, when the initial potential is much more

50

positive than the equilibrium, (Eeq = 0.273V) two
successive cathode peaks (peaks I, and Il;) are
observed, along with the corresponding anode
peaks, peak Il and I, (Figure 2, curve 1). This data
correspond to those, obtained by other authors in
ammonia electrolyte [12]. The first cathode peak
(1), as it follows from the course of the curves, is
connected with the reduction of the copper cupri-
ammonium ions [Cu(NH;),]** to cupro-ammonium
ions [Cu(NHs),]" in accordance with the reaction
below (4):

[Cu(NH,),]* + 1e" = [Cu(NH3),]" + 2NH; (4)

On reaching the equilibrium concentration, the
obtained cupro-ammonium ions [Cu(NHs),]
immediately enter in a disproportioning reaction
(5):

Cu + [Cu(NH=),]** = 2[Cu(NH3),]* + 2NH; (5)

This does not lead to the current peak but rather
to its hold on certain level. The second cathode
peak (ll.) is connected with the direct reduction of

the copper cupri-ammonium complexes to
elementary copper according to the reaction:

[Cu(NH3)s]*" + 2¢"= Cu+ 4NH; (6)

The anode peaks |1, and |, are connected with a
run of reactions, opposite to reactions (6) and (4),
respectively. The entire mechanism of copper
deposition from amino-nitrate electrolyte is reduced
to ECE, running of two successive reversible

7.5

10

Fig. 3. Voltammograms on Cu electrode in (1): 2,5 g
dm= Cu and 40 g dm® NH,NO; and in (2) 2,5 g dm™®
Cu, 40 g dm® NH,NO; and 15 g dm~ NaNO,, pH=9.0
(v=30 mV s ™).

electrochemical reactions (4) and (6), and of
intermediate reversible chemical reaction of copper
disproportioning (5) [12, 17].
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Fig. 3 presents a comparison between the
voltammograms, recorded on copper electrode in
2.5 g dm® Cuand 40 g dm™ NH,NO; (Figure 3,
curve 1) and in the solution, containing 2.5 g dm™
Cu , 40 g dm™® NH,NO; and 15 g dm?® NaNO,
(Figure 3, curve 2). The comparison shows that the
addition of NaNO, in the solution results in current
increase which corresponds to the incomplete
reduction according to reaction (5). Besides, the
rate of the useful reaction, that of the cupri-
ammonium complexes reduction to copper (6),
decreases. An approachment of potentials,
corresponding to the two anode peaks, is observed
in the anode area. A probable shift of potentials,
corresponding to the origination and the respective
oxidation of the two complex forms of copper on
the anode area, takes place in the presence of
NaNO,. Figure 4 presents the voltammograms,
recorded in the presence of both background
additives and in the presence of copper ions as well,
at three different rates of potential scanning. The
rate increase of the potential scanning leads to the
increase of the current peaks to a different degree,
but for all of them the concentration polarization is
obviously determinative.

|

-10.0 |-

];mAcm-Z
1
N
u
T

Fig. 4. Voltammograms on Cu electrode in 2,5 g dm™
Cu, 40 g dm~ NH,NO; and 15 g dm® NaNO,, pH=9.0
at scan rates ,v": (1) 20 mV s7; (2) 30 mV s%; (3) 50
mV st

3.3. Voltammograms in an electrolyte for Cu and
Ag co-deposition

The voltammograms, shown in Figure 5, are
recorded in an electrolyte for the codeposition of
copper and silver on copper electrodes (curve 1),
and on silver ones (curve 2) in the presence of a

background just of 40 g dm™ NH;NO3. The change
of the electrode type leads to current decrease,
connected with difficulties in the deposition of
metal on an electrode, different in nature. Current
decrease is observed on the copper electrode which
[

i,mAcm'z
o

<01

n.;. o.'z 0 -0.2 -0.‘1. —0?5 —OI.B

EV(SCE)
Fig. 5. Voltammograms on Cu electrode (1) and on Ag
electrode (2) in 2,5 gdm™= Cu; 2,5 gdm™ Ag and 40 g
dm~> NH,NOs, pH=9,0 (v=30 mV s ).

il
-06 -08

EV (SCE)

Fig. 6. Voltammograms on Ag electrode in 2,5 g dm™®
Cu, 2,5 g dm2 Ag, 40 g dm™> NH,NO; (1) and in the
same electrolyte whit 15 g dm> NaNO, (2) ; pH=9.0
(v=30 mV s ™).

is connected with the reduction of the silver
ammonium complexes to silver, and on the silver
electrode, connected with the reduction of the
copper complexes.

The NaNO, effect on the kinetics of the Ag and
Cu codeposition is shown in Figure 6. The
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introduction of NaNO, (Figure 6, curve 2) results in
current decrease, connected with the silver and
copper reduction — an effect that is established also
in the separate deposition of the metals. In the same
time, the two-stage mechanism of
reduction/oxidation of the copper forms is more
clearly visible in the curves, made in the presence
of NaNO, (Figure 6, curve 2) than the curves, made
in the absence of NaNO, (Figure 6, curve 1).
Besides, a decrease of the cathode peak and a
significant increase (and shift in potentials) of the
anode peak, related to the forms of silver, are
observed. Obviously, NaNO, has a significant
influence on the joint mechanism

“(a)

dispersity is not sufficiently high (Figure 7a). On
the contrary, in the presence of NaNO,, the formed
powders are much more finely dispersed (the
average size of the particles is approximately 20
um, more homogeneous in morphological respect
(Figure 7b).

4. CONCLUSIONS

It was found that the addition of NaNO, to the
aminonitrate electrolyte for Ag—Cu alloyed powder
deposition through its participation in adsorption
and chemical processes on the electrode surface
changes significantly the mechanisms of both, the
separate deposition and the codeposition of the two
metals, which results in formation of more finely
dispersed Ag—Cu powder.
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N3CJIEABAHE HA BJIMAHUETO HA HUTPUTHU AHMOHU B AMOHAYEH
EJIEKTPOJIUT 3A OTJIA'AHE HA AG-CU

K. Urnaroga, /. CtoiikoBa

Y Xumuro-mexnonozuuen u memanypeuuen ynusepcumem, 0yn. Ce. Kn. Oxpuocku, 8, 1756 Cogus
%) Monemen dsop, Copust

ITocTenumna Ha 16 tonu 2010 r.; mpepadotena Ha 29 okromBpH, 2010 T.
(Pesrome)

C momomTa Ha MeTOJa Ha IMKIMYHATa XpoHoBoiTammepomerpuss (CV), € wu3cienBaHO BIMSHHETO Ha
HUTPUTHHUTE aHHOHM (TIox popmara Ha NaNO,) BEpXy KHHETHKATa Ha CAMOCTOSTEIHO H CHbBMECTHO OTiIaraHe Ha Ag u
Cu. UscnenBan e cpiio U edeKra Ha MpuUpojaTa Ha elekTpona (cpedpo W Meln) M CHOTHOIICHHETO Ha OCHOBHUTE
KOMITOHEHTH B Pa3TBOpa BbPXY KMHETHKATa Ha OTJIaraHe M Ha npaxooOpasysane Ha Ag-CU cruias.

Ycranoseno, ue B orcberBue Ha NO, HoHH, cpeOpoTO ce oTiiara eJHOCTaJAnItHO, KaTO MPOLECHT € HAIThJIHO
obopatum. B mpucsctBue Ha NaNO, B pa3rBopa, eTanbT Ha PeayKLHUs Ha CPEeOBPHOAMOHSIYHHTE KOMIUIEKCH Ce
npe/lecTBa OT oOpaTriMa XMMHYHA peakius Ha oOpa3dyBaHe Ha AQNO,, koiiTo ce peayuupa HpH MNO-OTPULATESIHU
MTOTEHITHATIH.

Menra B oTcheTBHE U B IpucheTBre HA NO, HOHM ce oTiiara 1o JABYCTaIMeH MEXaHW3bM — HEIIbJIHA PEYKLHsI
Ha KyNpHAMOHIYHHUTE 10 KYIPOAMOHSYHU HOHU U OCHOBHHUSAT IPOIIEC HA €JIEKTPOOTIaraHe Ha MeJ OT KyNPHAMOHIYHH
jiorn. Karo msno nmpucsererero na NO, u Hamanenmero Ha chotsomennero Ag'/Cu®* B emextpomura moarmcka
enekTpooriaraHero Ha Ag u CU u uma 3a pesynrat Gopmupane Ha no-¢puHoaucnepcHr Ag-Cu cIutaBHU IIPaxoBe.
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This paper exhibits the results, obtained during the examination of the effect of calcium modified zinc phosphating
compound on the processes of phosphate film formation on zinc surfaces. By means of gravimetric, chemical,
electrochemical, and physical methods the characteristics of the compounds (density, pH, conductivity, total and free
acidity) and of the produced coatings (thickness, phase and chemical composition, structure, protective capability) are
determined.

It is found that with the increase of the working solution concentrations (5-15 %vol.), the thickness of the phosphate
films increases, expressed stronger for the KAF-90 ZK compound; the medium temperature (20, 40, and 60°C) strongly
affects the phosphate coating thickness for both phosphating compounds. The coatings, formed at 20°C, have the
greatest thickness while the coatings, formed are at 60°C, the thinnest. The phosphate coatings consist of a single phase,
the hopeite, and contain mainly the elements of Zn, P, O, a smaller quantity of Ni and traces of Ca for the coatings,
produced in KAF-90 ZK solutions. The crystals nucleate from one center and grow spherulite-like. The phosphate
coatings have high resistance in 3.5% NaCl. Those, produced in the calcium modified compound, exceed the ones

produced in zinc-phosphate solutions.

Key words: zinc coatings, phosphating, carbon steels.

1. INTRODUCTION

During the past years, the production of zinc
coated sheet steels with a lacquer-paint, laid on the
surface, and polymer coatings, has considerably
expanded. The most important indicator which
determines the quality of such coatings is their
adhesion to the metal surface. Because the adhesion
of these coatings to metal has a physical and
mechanical nature, the significance characteristics
are the roughness and the surface tension.
Therefore, the best preparation before laying
organic coatings is to phosphate in such way that
will increase 3-4 times the surface roughness and
the surface tension. It provides good adhesion to
zinc even for materials possessing high surface
tension such as the polyethylene, polypropylene,
and some others [1-4, 5].

The formation of a phosphate coating is a result
of complex corrosion processes and of crystal
nucleation and growth, running on the zinc surface
Their speed and interaction determine the
crystallization Kinetics, the structure and properties
of the coating [3].

Compared to Cr®— passivation, phosphating
improves the zinc resistance several times [1-3].

* To whom all correspondence should be sent:
E-mail: : fachikov@uctm.edu
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The phosphate films are considerably more
resistant than the chromate at high temperatures.
They ease the deep drawing, stamping, and rolling
[4].

Optimum corrosion protection is achieved by
phosphating and subsequent painting [3, 7].

The effect of phosphating Zn—Fe alloy coatings
on the corrosion resistance is studied in [6]. It is
found that the crystal phosphating shows much
higher protection in comparison with the
amorphous.

This paper presents the results, obtained during
examination of the effect of calcium modified zinc
phosphating compound on the processes of
producing phosphate films on zinc surfaces.
Determined are the density, pH, conductivity, and
total and free acidity of the phosphating compound.
The effect of the phosphating solution
concentration and the temperature on the thickness
of the formed coatings, their phase and chemical
composition, is studied and their structure is
characterized.

2. EXPERIMENTAL
Materials and samples

The specimens have the shape of disk (0.001 m?)
and are made of mild steel sheet (0.17 % C) with
thickness of 1.0 mm. The specimens are zinc-

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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coated in chloride electrolyte, and the zinc coating
thickness is approximately of 12 pum.

The preparation of the specimens prior to the
tests covers in succession the following operations:
alkaline cleaning, washing, etching, washing, and
drying.

Solutions

The working media are water solutions of the
KAF-101 ZT zinc compound as well as of its
modified alternative of KAF-90 ZK, where 10 % of
the zinc phosphate is replaced by calcium
phosphate, and for which the ratio of P,O5 : NO3 =
1:3 is valid. The working conditions are as follows:

- concentrations: 5.0; 10.0; 15.0 % vol.

- temperatures: 20.0; 40.0; 60.0 °C.

- experiment duration: 5.0; 10.0; 15.0 min.

Methods of investigation

The gravimetric method. This method is used for
investigation of phosphate coating formation
kinetics in dependence of the effects of various
factors. Its essence, it consists of determination of
the specimen mass prior to phosphating m;, upon
formation of the coating m, followed by its
removal, ms, measured in grams. By the values of
my, My, and mg, the mass is calculated or to name it
as it is accepted: M; is the phosphate coating
thickness, M, is the dissolved substrate metal
quantity, and M; is the change of the specimen
mass during phosphating [9, 10].

The X-Ray structural method. It is used for
determination of the phosphate coating phase
composition. The investigations are performed
using the TUR-M-62 apparatus with source CuKa
600/1°C.

EDX. INCA Energy 350 System, Oxford
Instruments made, is used.

SEM. The analyses are carried out using the
JEOL JSM 6390 microscope.

The electrochemical method. Using PAR —
263A the change of the potential with time is
measured by exposure of the phosphatized
specimens in 3.5 % NaCl.

The preparation of the specimens, the equipment
used the investigations, and the methods of work
are described in details earlier [9, 10].

3. RESULTS AND DISCUSSION
Characteristics of the phosphating solutions

Table 1 presents the values of the most
important parameters such as the density, p; pH;

conductivity, o; total (K,) and free (K. ) acidity,
which characterize the phosphating compounds.
The data, given in the Table 1, exhibit that the
densities of the both compounds are very close in
value. However, the calcium modified phosphating
compound has lower conductivity, higher pH, and
possesses significantly lower total and free acidity.

Table 1. Characteristics of the phosphating compounds

Characteristic, P, pH o, Ko K
compound glem® mS/cm

KAF-90ZK  1.330 1.08 163.7 280 32
KAF-101ZT 1.335 1.00 168.7 320 40

Gravimetric studies

These investigations determined the effect of the
working solution concentration, the temperature,
and the duration of the phosphating process on the
thickness/mass of the produced coatings (M), the
quantity of the dissolved substrate metal (M,), and
the change of the specimen masses (Ms).

The parameters of concentrations (5, 10 and 15 %
vol.) and temperatures (20, 40, 60 °C) are defined
experimentally, criteria for their selection being the
production of a uniform and dense phosphate film
on the surface of the zinc coated specimens as well
as the stability of the working solutions.

Figures 1 and 2 show the typical
correlations of ‘thickness/mass of the coatings
— time’, obtained at different concentrations
and temperatures of the working solutions. It
follows from the movement of the curves, in
regards to the both examined phosphating solutions,
that coating of greatest thickness is formed at the
shortest time of specimen exposure to the working
medium, i.e. 5 min. In case of a longer stay, the
phosphate film mass/ thickness decreases or retains
comparatively constant. All this shows that the
phosphate coatings on the zinc surface form quickly
(up to 5 min) after which their reorganization
follows: interaction (exchange) with the
components in the solution, resulting in compaction
of the coatings and decrease in their mass. An
exception of the observed regularity is the change
of the specimens, obtained at 20°C, for all the
examined concentrations of the KAF-90 zK
product. That is probably related to the known in
the literature effect of the calcium ions on the
crystal nucleation and growth during phosphating
in zinc compounds, particularly at low solution
temperatures [1, 4].

Fig. 1 and 2 show that with the increase of
solution concentration, the phosphate film thickness
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grows in both phosphating solutions, being the
greatest at 20°C, and the smallest at 60°C. The
presence of calcium ions (KAF-90 ZK) in the
phosphating solution leads to the formation of
thinner coatings, compared to those, formed in the
pure zinc phosphating bath.

The wvisual observation (x 10) of the
phosphatized zinc surfaces shows that with the
temperature increase the uniformity and density of
the coatings, formed in both phosphating solutions,
increase.

The measurement of the mass (M,) of the
dissolved substrate metal (Zn) in the process of
phosphate coating production shows that this mass
increases with the time and with increase in the
working solution concentrations, which should be
expected from the phosphating process mechanism.
Besides the close values of M,, obtained in zinc
surface phosphating, it is also found that M,
decreases with the temperature increase in both
phosphating baths under other similar conditions.
The above observation is an indication for a faster
and more economical formation of phosphate films
by increasing the temperature of the working
solutions.
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X-ray phase analysis

The results of the X-ray phase analysis, unless
KAF-90 ZK is calcium modified, show the
presence only of Hopeite, (Zns (PO,),.4H,0) and
zinc in the formed phosphate coatings.

EDX — analysis

The EDX-analysis is performed on phosphatized
specimens for both phosphating products at 60°C,
in 15%vol. solutions, for 10 minutes (Fig. 3 and
Fig. 4).

Determined by this analysis, the basic elements,
contained in the coatings are Zn, P, O, and smaller
guantity of Ni. The latter is contained in the
solutions as an accelerator. The Ca contents in the
phosphate coatings, formed in the solutions of
KAF-90 ZK, are in the limit of error.

Electron microscope examinations

Fig. 5 shows photomicrography (SEM) of the
phosphate coatings, formed on zinc coated
specimens in the product solutions: (a) KAF - 101
ZT, and (b) KAF — 90 ZK, at a concentration of 15
%vol, for 10 minutes, and a temperature of 60°C.

It follows from the figure that the habitus of the
coatings is permanent. The crystals form out from a

(©)
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Satmple 1_In_BEC-z

Fig. 5. Microphotography of phosphate coatings: a - KAF-101 ZT; b - KAF-90 ZK

single center and grow spherulite-like. Cracks are compounds. The crystal sizes are between 0.2 and
observed in the phosphate films of both 100 um. The presence of more expressed and of
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larger dimensions ‘leaf-like” shapes of some of the
crystallites, formed in the KAF-101ZT, could be
pointed out as a more distinctive difference
between the coatings.

Corrosion tests

The corrosion resistance, and the protective
capability of the phosphate coatings, respectively
(concentration of 15%uvol., for 10 minutes at 60 °C),
is determined in a 3.5% NaCl. The test is made by
dipping the phosphatized specimens in NaCl. The
coating is considered resistant and completely
stable if there are no changes on the surface or
coloring of the solution for two hours. This test also
measures the corrosion potential of the specimens
(Fig. 6) and the change of a non-phosphatized
specimen potential is shown for a comparison.
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Fig.6. Dependence “potential, E — time, t”, during expo-
sure of phosphatized specimens in 3.5% NaCl, 20+2°C.

The figure shows that the non-phosphatized
specimen potential shifts to a negative direction,
and becomes stationary after 50 min in a value of
about —1050 mV (SCE). This evidences that the
zinc surface activates in the working medium in the
very beginning of the process.

The potentials of the phosphatized surfaces,
produced in both of the phosphating products
(KAF-101 ZT and KAF-90 ZK), shift sharply to a
positive direction immediately upon dipping into
the corrosion medium (expressed stronger for KAF-
90 ZK), and they become practically equal after
approximately 50 min for KAF-101 ZT, and 20 min
for KAF-90 ZK. The shift of the potentials to a
positive direction, most probably, is due to filling
of the pores in the coatings with corrosion
compounds.

4. CONCLUSIONS

The results, presented in this paper, suggest the
following general conclusions:
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- With increase of the concentration of the working
solutions (5-15%vol.), the phosphate film thickness
increases, expressed stronger for the KAF-90 ZK.
Coatings of the greatest mass/thickness are formed
within the shortest time of specimen exposure to
the solutions, i.e. 5 min for all examined
concentrations;

- The temperature of the medium (20, 40, and 60
°C) strongly affects the phosphate coating thickness
for both phosphating products. The greatest
thicknesses are formed at 20° C, and the thinnest at
60 °C.

- The mass of the phosphate coatings, produced in
the both phosphating compounds, is greater in all
specimen exposure times to the working solutions,
than the mass of the dissolved zinc.

- The phosphate coatings consist of a hopeite single
phase, and contain mainly the elements of Zn, P, O,
smaller quantity of Ni, and traces of Ca, for the
coatings formed in the solutions of KAF-90 ZK.

- The crystals nucleate from one center, and grow
spherulite-like. The presence of more expressed and
larger ‘leaf-like’ shapes of part of the crystallites,
formed in the KAF-101 ZT, could be pointed out as
a more important difference.

The phosphate coatings are of higher resistance
to a 3.5% NaCl. Those, formed in the calcium
modified product, have higher resistance than those
produced in zinc-phosphate solutions.
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DOOCPATUPAHE HA IIMHKOBU [TOBBEPXHOCTU B LTUHK-KAJILIMEBU ITPEITAPATU

J1. UanoBa, JI. ®aunkoB

Xumurxomexnonozuuen u memanypeuuer ynusepcumem, 1756 Coghus, oyn. “Kn. Oxpuocku 8, Bvreapus
[MocTenuna Ha 28 ronu, 2010 r.; npepaborena Ha 21 centemspu, 2010 .

(Pe3tome)

B mpencraBenata pabora ca mokazaHH pe3yJITaTUTE, MOJIYYEHH IPH U3CIIEABAHE BIUSHUETO HA MOAUGDHULINPAH
¢ KaJIUi IIMHKOB (ocdaTupall mpemnapar, BbpXy HpOIecHTe Ha MoidydaBaHe Ha (GochaTHH (QIIMH BBPXY IHHKOBH
NOBBPXHOCTH. IlocpeacTBOM TIpaBUMETPHUCH, XUMHYCH, CICKTPOXUMHYHM W (U3UYHH METOAM Ca OMpEACICHH
XapakTepUCTHKUTE Ha Tmpemaparute (TIbTHOCT, pH, mpoBommmocT, o0ma ¥ cBOOOTHA KHCEIWHHOCT) M Ha
MIOJTy9aBaHUTE MOKPUTHS (HeOennHa, (ha30B 1 XUMUYEH ChCTAB, CTPYKTYPA, 3aIIUTHA CIIOCOOHOCT).

VYcraHOBeHO €, 4e C yBelnYaBaHE Ha KoOHIEeHTpamwsaTta (5-15%) Ha pabGoTHHMTE pa3TBOpH, AeOenWHaTa Ha
docharauTe huamMu HapacTBa, IO-CUIIHO U3pa3eHo 3a npenapara KA®-90IIK; remnepaTypara Ha cpenata (20, 40 u 60°
C) oka3Ba CHIIHO BJIMsIHHE BHPXY AeOennHara Ha ¢ocaTHUTE NOKPUTHS | 3a 1Bara (ochaTupaiy npenapara. C Haii-
rojsiMa Jiebennna ca nmokputusra noxyuenu npu 20° C, a Haii-TeHKH - ipu 60° C; docdaTHUTE TOKPUTHS CE€ CHCTOAT OT
enHa (asa: XOMEUT U ChIbpKAT TIaBHO enementute Zn, P, O, B mo-mamko xommyectBo Ni u crmeam ot Ca, 3a
MOKpUTHATa MoixydyeHH B pa3tBopu Ha KA®-90IIK; kpucramure ce 3apaxaaT OT €IMH IIEHThp M HapacTBaT
cheponuTononodno. DocdaTHUTE MOKPUTHSA ca ¢ BHCOKa yctoidumBocT B 3.5% NaCl karo Te3u, Tmonyd4eHH B
MOJU(UIMPAHUS C KLU Mpernapar, IPEeBb3X0KAAT MOJYyYCHUTE B IUHKOBO-(DOC(HaTHUTE PAa3TBOPH .
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Electrodeposition of molybdenum oxides from weakly alkaline ammonia-molybdate
electrolytes
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Electrochemical deposition is a promising method for the production of thin and dense MoO, coatings, employed as
catalysts, selective solar absorbers and gas sensors. This work aims to investigate the processes of electrodeposition of
molybdenum oxides from alkaline baths and to characterize their chemical composition, electrical and electrochemical
properties. For the purpose, Mo oxides were deposited galvanostatically on Al substrates, coated by Zn to improve
coating adhesion. The chemical composition of the molybdenum oxide surfaces was characterized by X-ray
photoelectron spectroscopy (XPS). The stoichiometry of the oxide surfaces, their degree of hydroxylation, and the
atomic O/Mo ratio were estimated. The electrical and electrochemical properties of the obtained oxides were
characterized by voltammetry and electrochemical impedance spectra in a borate buffer solution. Tentative conclusions
on the influence of the deposition current density and the pH of the electrolyte on the composition, electrical and
electrochemical properties of the oxides are drawn on the basis of the obtained results.

Keywords: cathodic deposition, molybdenum oxides, alkaline electrolytes, electrochemical impedance spectroscopy

INTRODUCTION

Electric, photoelectric, and electrochemical
properties of molybdenum oxides are of primary
significancefor a number of important technical
applications in such materials as catalysts, selective
solar absorbers, and gas sensors [1 — 3]. One of the
promising methods to produce molybdenum oxides
with optimal properties is their cathodic deposition.
Electrodeposition of Mo oxides from acidic
electrolytes has been widely investigated [4 — 9],
whereas data concerning such deposition from
neutral and alkaline media remains relatively scarce
[10 — 13]. Alkaline electrolytes are supposed to
enable stabilization of molybdenum oxides of
mixed valency. This work aims to investigate the
processes of electrodeposition of mixed-valency
molybdenum oxides from alkaline baths and to
characterize their chemical composition, electrical
and electrochemical properties.

EXPERIMENTAL METHODS

Mo oxides were deposited on Al substrates
(99.99%, working area of 8 cmz), chemically coated
by Zn to improve the adhesion of the films. A
conventional three-electrode cell was used with a
platinum mesh as a counter electrode, located
symmetrically around the working electrode, and a
Ag/AgCI/3M KCI electrode as a reference (E =

*To whom all correspondence should be sent:
E-mail: manon@abv.hg

0.201 V vs. SHE). The pH of the electrolytes (8-10)
was adjusted by using an NH3;-CH;COONH, buffer,
the electroactive salt being (NH;)sM07,0,4.4H,0 (20
g I". Electrodeposition was conducted in a
galvanostatic regime at a room temperature (22+2
°C). The range of current densities was between
0.05 and 0.4 A dm™. The current efficiency of film
formation was estimated by a gravimetric method.
Steady-state  current-potential  curves  and
electrochemical impedance spectra (frequency
range of 0.01 Hz — 10 kHz, a.c. amplitude of 10 mV
rms) were measured by an Autolab PGSTAT
30/FRA2 apparatus, driven by GPES and FRA
software (Eco Chemie, Netherlands). The chemical
composition of the obtained molybdenum oxide
surfaces was characterized by X-ray photoelectron
spectroscopy (XPS). An Escalab Il spectrometer
with a monochromated Al Ko, radiation (1486.6 €V)
was used. The analyser pass energy was 100 eV for
the survey spectra and 20 eV for the high resolution
spectra, the photoelectron take-off angle being 90°.

RESULTS AND DISCUSSION

The dependence of the coating weight on the
current density in electrolytes with pH 8-10 is
presented in Fig.1. The deposition was conducted
up to a constant charge of Q = 240 C dm? The
weight of the coating decreases about 2.5 times
with the increase in the current density of the pH 10
electrolyte. On the other hand, the reduction of
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Fig.1 Dependence of the mass of the coating on current
density in electrolytes with different pH.

weight in the pH 9 solution is from 0.17 to 0.12 g

dm™, being even smaller in the pH 8 electrolyte.

The influence of the deposition current density on

the weight of the coatings can be explained by the

occurrence of two parallel reactions, the

molybdenum oxide formation and the hydrogen

evolution. It can be concluded that the highest

current efficiency is achieved in the pH 8electrolyte
at current densities of 0.05— 0.2 A dm™.
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Fig. 2 Detailed Mo3d and O1s XPS spectra at surface of
the film formed by cathodic deposition in a pH 8
electrolyte.
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Fig. 3 Distribution of the valence states of Mo as
depending on electrolyte pH and current density.

The chemical composition of the obtained
molybdenum oxide surfaces was characterized by
X-ray photoelectron spectroscopy (XPS). As an
example, the Mo3d and O1s spectra for oxides,
formed in an electrolyte with pH 8 at current
density of 0.1 A dm™. are shown in Fig. 2. The
results indicate the formation of mixed valency
oxides. containing Mo (1V), Mo (V), and Mo (VI).
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Fig. 4 Percentages of oxygen bound as oxide and
hydroxide as depending on pH and current density.

The surface fractions of Mo different valency
statesfor films, obtained in all the studied
electrolytes, are summarized in Fig. 3. The films
consist mainly of Mo (IV) (65%) and Mo (V) (25—
30%). The proportion of the valency states of Mo in
the film was not found to depend neither on the pH
nor on the current density within the experimental
error.

The surface concentrations of oxygen, bound as
oxide and hydroxide and calculated from the Ols
spectra for the three electrolytes are presented in
Fig. 4 as a function of the deposition current
density. The presence of a significant amount of
hydroxide (40%) for the films, formed in the three
electrolytes, is an indication for a hydroxylated
surface. The films, formed in the electrolyte of pH
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8 at both current densities, and the film, formed in
the solution of pH 9 at the lower current density,
are less hydroxylated than those, formed in the pH
10 solution. The values of the O / Mo ratio vary
between 2.5 and 3.2, which is another indication
that the Mo in the surface film has a mixed valence.
In general, the surface film can be denoted as
MoO,(OH), in accordance with the hypotheses of
other authors [14].

The electrochemical stability of the obtained
oxides with respect to oxidation was characterized
by measuring the steady-state current vs. the
potential curves in an inert borate buffer solution
(pH 7.3). The current vs. the potential curves of
MoO,(OH),, deposited at a current density of 0.2 A
dm? are presented in Fig.5. The open circuit
potential (OCP) of MoO,(OH), electrode depends
slightly on the pH of the film formation and is
located in the range of —0.87/-0.85V.
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Fig. 5 Current - potential curves of molybdenum oxides
in a pH 7.3 borate buffer as dependence on the pH of the

deposition electrolyte at a current density 0.2 A dm ™

At potentials less negative than the OCP, the
current density reaches a maximum. This maximum
is observed at the potential which is more negative.
It is more negative at higher pH values of the
forming electrolyte. The current-potential curves in
this area are similar due to the oxidation of Mo(IV)
in the film to a higher valency.

Fig. 6 shows the impedance spectra of MoO(OH),
films, obtained in the studied electrolytes at
different current densities, measured at the rest
potential in a pH 7.3 borate buffer The values of the
impedance magnitude at low frequencies are in the
range of 20-100 Qcm? i.e the films are fairly
ionically conductive, and the impedance spectra are
most likely dominated by the processes at the
film/electrolyte interface. The impedance diagrams
do not significantly depend on either the deposition
current density or on the pH of the electrolyte, in
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accordance with the fact that the films have almost
identical chemical composition.

Two to three time constants are observed in the
impedance spectra, the corresponding semicircles
in the impedance plane being significantly
depressed. This feature can be taken as an
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Fig. 6 Impedance spectra of MoO,(OH), in a pH 7.3
borate buffer at open circuit as depending on the pH of
the gi;eposition electrolyte at different current densities (A
dm™).

indication for the geometric and/or energetic
heterogeneity of the film/solution interface. The
processes that take place in an open circuit in an
inert electrolyte can be interpreted, due to the
oxidation of Mo (IV), to higher valencies coupled
with water reduction. Initial estimates of the
capacitance of the film from the high-frequency
semicircles indicate the presence of a thin layer
with semiconductor properties [14, 15]. At lower
frequencies, transport impedance is detected, most
probably due to the transfer of protons and
electrons through the mixed-conducting oxide.

CONCLUSIONS

Cathodic electrodeposition of molybdenum
oxides on Zn-coated Al from alkaline electrolytes
with different pH and current densities was studied
in this work. The electrochemical stability of the

o
N
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obtained oxides was characterized by voltammetry
and electrochemical impedance spectroscopy in a
plain borate buffer solution. The chemical
composition of the obtained molybdenum oxide
surfaces was assessed by X-ray photoelectron
spectroscopy  (XPS). The following main
conclusions can be drawn from the obtained results:
e The charge efficiency for cathodic deposition
of molybdenum oxide from alkaline
heptamolybdate baths is the highest at pH 8. The
effect of the deposition current density on the
charge efficiency is accordingly the smallest in
electrolytes with this pH value.

e The cathodic deposit can be described as a
layer with a good electronic and ionic conductivity
and of typical composition of MoO,(OH),.

e The electrodeposition regime (pH of the
electrolyte and current density) does not influence
substantially neither the composition of the coating
nor its electric properties.

e To clarify the mechanism of modification of
oxides during anodic polarization, additional
studies in a wider range of potentials, combined
with the determination of the surface chemical
composition, are needed.
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EJIEKTPOXUMUYHO OTJIAT'AHE HA MOJIMBAEHOBU OKCHU/IN N3 CIIABO
AJIKAJIHU EJIEKTPOJINTHU, CbABbPXAILLIM AMOHUEB MOJIMBIAT

MLJL. TlerpoBa*, M.C. boxwunos, 1.X. I'agxoB

Xumuxo-mexnonoeuuen u memanypeuyen ynueecmumem, 6yn. Ce. Knumenm Oxpuocku, 1756 Codus
[ocrermna va 21 roru, 2010 r.; npepadotena Ha 29 cenrremBpH, 2010 T.

(Pesrome)

EJIeKTpOXMUMHYHOTO OTJIaraHe ¢ €IWH OT Hai-00eIIaBaliuTe METOIM 3a MOJydaBaHe Ha THHKU W IUIbTHH MOOy
MIOKPUTHSA, KOUTO HAMHpPAT MPUIIOKEHHE KATO KATAIM3aTOPH, CEJIEKTHBHHU CIIbHUYEBH abcopOepu M Ta30BH CEH30PH.
Hacrostmmata pabota nMa 3a 1en aa u3clie[iBa MpoIeCUuTe Ha eIEKTPOOTIIaraHe Ha MOJMOJICHOBU OKCHAM OT aJIKaJTHU
€JIEKTPOJINTH, KaKTO W Ja XapaKTepu3upa TEXHHsI XUMHUYEH ChCTaB, €IEKTPHUYHU U EICKTPOXMMHUYHH CBOMCTBA. 3a
1eJsiTa, MOJMOJCHOBH OKCHIU Ca OTJIATaHU TaJIBAHOCTATHYHO BBHPXY ATYMHHHEBH CYOCTPaTH, MOKPUTH C KOHTAKTHO
oTIIOXEH ZN 3a moo0psiBaHe HA aaXe3usTa. XUMUYHUAT ChCTaB HAa MOJIYYCHUTE MOJIHOICHOBO-OKCHUIHA TOBBPXHOCTH
€ XapakTepu3HMpaH 4pe3 peHTreHoBa ¢oroenekTpoHHa crekrpockomnus (XPS). Onpenenenu ca CTeXHOMETpHATA Ha
OKCHUJIHUTE TOBBPXHOCTH, TSAXHATa CTENeH Ha Xuapokcuiupade u choTHomenuetro O/Mo. Enekrpuunure wu
CJICKTPOXUMHUYHU CBOWCTBA Ha (IJIMHTE ca W3CICABAHH 4YpPE3 BOITAMMETPHS H EJICKTPOXUMHYHA HMIICAAHCHA
CHEKTpOCKOMUs B OopareH OydepeH pa3tBop. Ha 0a3ara Ha moimydeHHTE pe3yiNTaTH ca HANpaBEHU IPEIBAPHUTEITHU
3aKJTIOUCHUS 33 BIMSHUETO Ha TUTBTHOCTTA HA TOKAa U PH Ha eNeKkTpoiuTa BbPXY XMUMHUYHHUS CHCTaB, EJICKTPHUYHUTE U
€JIEKTPOXUMUYHH CBOHCTBA HA OKCHUIIUTE.
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The electrochemical behaviour of two modified electrodes, Ni/Reg;-Co; and Ni/Res;-Cog; (electrodeposited Ni, covered
with a thin layer of electrodeposited Re-Co alloy), was studied with respect to the hydrogen evolution reaction (HER) in
a 6 M KOH solution. The data are compared with those of the pure Ni electrode. Cyclic voltammetry, polarization
measurements at various current densities, and the electrochemical permeation technique of Devanathan-Stachurski
were used. Kinetics parameters of HER were determined on the basis of the Tafel plots. The diffusion coefficient of
permeating hydrogen and the hydrogen concentration in the electrode subsurface were calculated on the basis of
permeation transients. Both modified electrodes show significantly higher values of hydrogen evolution rate and
exchanged current density than those of the pure Ni electrode. The values of HER overpotential on both modified
electrodes are similar, and most important is that they are much lower than the HER overpotential value on the pure Ni
electrode. The hydrogen permeation data are in accordance with the voltammetric measurements. Ni electrode,
modified by alloy with a lower Re content (Ni/Res;-Cos7), shows best electrocatalytic properties with regards to HER.

Key words: electrodeposition, rhenium alloy, hydrogen evolution reaction, alkaline water electrolysis

INTRODUCTION

Hydrogen with a high purity is produced
through water electrolysis, where Ni electrodes are
usually employed. However, the high energy
consumption is an essential disadvantage of this
process. The problem can be solved by decreasing
the overpotential of the cathodic and/or anodic
reaction, either by an increase of the catalytic
activity of the electrode or by an increase of its
active surface.

The use of new materials on the base of Ni, for
example alloys, is a possible way to decrease the
HER overpotential. In this respect, the Ni-Co [1]
and Ni-Re—Co [2] alloys are found to be effective.

The modification of Ni electrode surface with a
thin layer of alloys of Co and Re could be another
way for improvement of the properties of the Ni
electrode. It has been found recently that HER on
Ni/Reg;—Co; electrode  (electrodeposited  Ni,
covered with a thin layer of electrodeposited Re-Co
alloy with a relatively high content of Re), runs at a
considerably lower overpotential in 6 M KOH

* To whom all correspondence should be sent:
E-mail: : vpashova@ipc.bas.bg

solution, compared to the pure Ni electrode [3].
Due to the high price of Re, the decrease of the
amount of Re in the alloy is of great importance.

The purpose of this study is directed towards
obtaining and characterization of new Ni/Re-Co
electrodes with a low content of Re with respect to
HER.

EXPERIMENTAL

Two types of working electrodes were obtained
by electrodeposition of Re—Co alloy on one side of
the electrodeposited Ni foil with a thickness of 90
um, Ni/Re-Co with a high and with a low content
of Re. For comparison, a pure Ni foil was also
subjected to investigations.

The element composition of the electrodes,
before and after electrochemical measurements,
was determined by Energy Dispersive X-ray
analysis (EDX) (JCXA 733 Jeol, Japan). The
morphology of the samples was observed before
and after the electrochemical measurements by
Scanning Electron Microscopy (SEM) (JSM 5300,
Jeol, Japan).

The electrochemical measurements were carried
out in a three-electrode cell, equipped with Pt-
counter electrode and Hg/HgO reference electrode.
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6 M KOH aqueous solution (analytical reagent
grade) was used at a room temperature. Kinetic
parameters of HER were evaluated on the basis of
galvanostatic measurements at various current
densities. The cyclic voltammetric dependences
were obtained by scanning the potential beginning
from the open circuit potential to the vertex
potential in the cathodic direction, and to 800 mV
in the anodic direction with a scan rate of 25 mV/s.
All experiments were performed by using a
potentiostat/galvanosat model of 263A (EG&G
Princeton Applied Research, USA).

It was worth to investigate not only the
hydrogen evolution but also the ability of the
electrodes to absorb hydrogen, as well as the
process of hydrogen diffusion. For this purpose, the
Devanathan-Stachurski permeation technique was
used [4]. The Ni/Re-Co electrode was mounted as a
membrane in the cell. A thin Pd layer was
electrodeposited in advance on the exit side of the
membrane. Hydrogen was generated
electrochemically on the entry (cathodic) side of the
membrane under a galvanostatic control at 1,=10
mA/cm? in 6M KOH solution. 0.5 M NaOH
solution was introduced into the ionization cell and
280 mV (Hg/HgO) potential was applied there.
Both cells were equipped with a platinum grid as a
counter electrode. At the constant positive
potential, kept on the exit side of the membrane, all
the hydrogen diffusing through the membrane and
reaching the exit side of the membrane was
oxidized. The ionization current, recorded under
these conditions, was a direct measure of the
hydrogen permeation rate (l,). The permeation
current was recorded against time (transient) until
reaching a steady state (1,"). The I,/I, relation gives
the value of the permeation efficiency (l,). The
values of the diffusion coefficient (D) and the
concentration (C,) of the hydrogen, absorbed into
the first atomic layers of the electrode, were
calculated by the equations, given in [5].

e e
£ | Ll
20kV)' _X4,000  10pm 09 34 SEI

Ni/Regf-COﬁ

20kV - _X1,000 *10pm

RESULTS

According to the EDX analysis, the content of
both electrode systems is nearly as follows:
Ni/Reg;—Co7 and Ni/Res;—Cos;. The remaining part
to 100 % is oxygen.

The SEM images in Fig. 1 present the difference
in the morphology of the pure Ni electrode and both
Ni/Re-Co electrodes.

Pure Ni foil is characterized with a pyramidal
structure, while both Ni/Re—Co electrodes show
more grained structure than that of the pure Ni,
which means more developed surface. The
comparison between both Ni/Re-Co electrodes
reveals that the Ni/Res;—Cos; electrode has more
developed surface than the Ni/Reg;—Co- electrode.
The CV curves of both modified Ni/Re-Co
electrodes show a higher rate of HER, as well as a
larger maximum of hydrogen desorption, compared
to those of the pure Ni electrode, the effect being
more evident at the electrode with a lower content
of Re (Ni/Res;—Cog;) (Fig. 2).

The positive effect of the modifying layer
towards HER can be related with more developed
surface of the double-layered electrodes, as well as
with their higher catalytic activity.

Kinetics parameters of HER on the tested

electrodes were evaluated on the basis of the Tafel
plots (Fig.3).
Two different slopes are observed: first slope at a
lower c.d. than 50 mA/cm? and second slope at a
higher c.d. than 50 mA/cm?. The corresponding
values of the main parameters, characterizing HER,
are given in Table 1.

It could be concluded, based on the data, that the
limiting stages of HER for the three electrodes are
different in the first slope range. The Volmer
mechanism is valid for the pure Ni electrode
according to the values of b (118 mV/dec) and a
(0.5). In the case of Ni/Reg;-Cos, the limiting stage

¢ '.—N i/RGé}-éO37__.

B

B e ot
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7Ry " %1,000 " dopm

Fig. 1. SEM images of Ni, Ni/Reg;-Co; and Ni/Res;-Cos; electrodes.
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Fig. 2. CV curves of Ni, Ni/Reg;-Co; and Ni/Res;-Cos;
electrodes.
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Fig. 3. Tafel plots of Ni, Ni/Reg;-Co; and Ni/Res;-Cos;
electrodes.

Table 1. Kinetics parameters for HER on a pure Ni, Ni/Reg;—Co; and Ni/Res;—Cos; electrodes

Slope at lower cd than

Slope at higher cd than

Cathode 50 mA/cm? 50 mA/cm? M100,
material mV

b, mV/dec i, Alcm? o b, mV/dec i, Alcm? o
Ni 118 1,67*10° 0,50 428 8,39"‘10_3 0,14 475
Ni/Reg;-Coy 68 7,36*10™ 0,86 424 4,17*107 0,14 173
Ni/Res;-Coz; 91 2,63*10° 0,64 334 3,31*1072 0,18 169

Note: 1,00 —0verpotential of HER at 100 mA/cm?

of HER is the Heyrovsky electrochemical
desorption according to the values of b which are
near to 60 mV/dec, and the values of a which are
higher than 0.5. These are typical values of the
active electrodes, dissolving a large amount of
hydrogen [6]. No single rate-determining step is
observed in the case of Ni/Res;-Cos;. The second
slope of the Tafel plots is characterized with a
value, much less than 0.5, and b value, much higher
than 120 mV, for all electrodes, i.e. the mechanism
of HER is probably one and the same. Such values
of o and b are explained in the literature by
impurity adsorption, blocking the charge transfer
[7]. It could be suggested that the hydrogen bubbles
play this role prior their evolution to the electrolyte.

Both modified Ni/Re87'C07 and Ni/RE57—C037
electrodes show higher values of iy (7. 36*10™ or
2.63*10°°, respectively) than that of the pure Ni
electrode (1.67*107°), the difference being between
one and two orders of magnitude. The values of
HER overpotential on both modified electrodes are
similar, and most important, they are significantly
lower than the overpotential value of HER on a
pure Ni electrode (n190 in Table 1). The values of
the parameters ip and n reveal that the modification
of the pure Ni electrode with a thin Re-Co layer
leads to an increase of the catalytic activity towards
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HER, the effect being more pronounced in the case
of the Ni/Res;—Cos; electrode.

According to the permeation measurements
(Fig. 4 and Table 2), the values of the steady state
permeation rate (I,") and of the permeation
efficiency (l,) of both Ni/Re-Co electrodes are
higher than those of the pure Ni electrode, the
effect being more pronounced at the electrode with
a low content of Re in the alloy (about 3 times).

30
L I L

Ni/Res7-Cog7

25 —

20 —

15 —

Ni/Reg7-Coy

10 — —

Hydrogen permetion rate I,, pA/cm?

o _|
\ \ \

0 20 40 60 80 100 120
Time, min

Fig. 4. Permeation transients of Ni, Ni/Reg;-Co; and

Ni/Res;-Cog; electrodes, measured at a charging current
I, = 10 mA/cm? and at E; = 280 mV (Hg/HgO).
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The values of C,, corresponding to the modified
Ni/Re-Co electrodes, are also higher than that of the
pure Ni, and in the case of Ni/Res;-Cos;, the Cqy
value is one order of magnitude higher than that of
the pure Ni electrode.

These results are in accordance with the larger
maximum of hydrogen desorption in the anodic

Table 2. Steady state permeation rate (1,*), permeation
efficiency (1), diffusion coefficient (D), and
concentration (C,) of hydrogen in the subsurface layer of
the Ni, Ni/Reg—Co-, and Ni/Res;—Cos3; electrodes

Cathode material I lpe D Co
pA/em?® % cm?/sec Mol/cm®
Ni 60 0.06 1510°% 3.7.10°
Ni/Regs-Co; 105 011 2.0.10% 4.9.10°
Ni/Res7-C0g; 22 022 05.10% 4.1.10*

region of CV curves of the Ni/Re—Co electrodes
(especially in the case of the Ni/Res;—Cos;
electrode), compared to the pure Ni electrode.
However, the increase in the I,™, le and Cy in the
case of modified Ni/Re-Co is not considerable,
which means that it can not cause a considerable
loss of hydrogen in the volume of the modified

electrodes during water electrolysis.

CONCLUSION

The comparison between both modified Ni/Re—
Co electrodes (with high and low Re content) and
the pure Ni electrode reveals the following features:

The electrochemical behaviour, with regards to
HER, is characterized with a higher rate of
hydrogen evolution, higher exchange current
density, and lower hydrogen overpotential in the
case of the modified electrodes, the effect being
more pronounced at the electrode with a lower
content of Re (Ni/Res;—Co037). These properties of
the modified electrodes can be related to their more

developed surface, as well as to their higher
catalytic activity. The more intensive hydrogen
evolution at both modified electrodes is not
accompanied with a considerable loss of hydrogen
in the volume of the electrodes during the
electrolysis.

The modified Ni/Co-Re electrodes could be,
thereby, a promising electrocatalytic material for a
negative electrode in alkaline water electrolysis.
Further systematic investigations are needed in
order to clarify the role of the Re in the Re—Co
modifying layer, and to optimize the content of Re
in the alloy with respect to the parameters of HER.
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Ni/Re-Co KATO EJIEKTPOKATAJIUTUYEH MATEPUAJI 3A OTAEJIAHE HA BOJOPO/ B
AJIKAJIEH PA3TBOP

B. HaH_IOBal*, JL. MI/IpKOBal, M. MOHeBl, II. HOBaKZ, I. HaBpaT3

lHHcmumym no Qusurxoxumus ,,P. Kauwes”, Bvieapcka akademusi Ha Haykume, V. ,,Akad. I'. Bonues”, 6ok 11,1113
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2HHcmumym no Kkamanuz u Xumust Ha nogepxnocmma, Ioncka akademus na naykume, yi. Hezanwunaex, 8, 30239
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Tonwa

[octenmna Ha 6 roiwm, 2010 r.; mpueta Ha 7 aBryct, 2010 r.

(Pesrome)

H3y4yeHO € eNeKTpOXMMHUYHOTO MOBeAeHHe Ha 1Ba Moaudunupanu enektpoma Ni/Reg;-Co; u Ni/Res;-Cogy
(E7IeKTPOOTIOKEH HUKEN, MOKPUT C THHBK CIIOH eNneKTpooTiokeHa ciiiaB Re-C0) mo oTHoOmIeHHEe HAa peakiusra Ha
oTJessiHe Ha Bogopo B paztBop Ha 6 M KOH. JlanHuTe ca CpaBHEHU C T€3W Ha YHCT HUKEIOB eleKTpo. M3mon3sanu
ca UMKIMYHA BOJITAMIICPOMETPHS, MONSAPU3AMUOHHA H3MEPBaHUS MpPU PA3IMYHM IUIBTHOCTH Ha TOKA W
eNIeKTPOXMMHUYHATA MepMHUAIMOHHA TexHuka Ha Devanathan-Stachurski. Ha 6a3ata Ha TadenoBu 3aBucumocTd ca
OTpENICIICHH KUHCTHMYHHWTE MapaMeTpH Ha peaklusATa Ha OTHC/IsiHe Ha Boaopoa. Ha Oa3zata Ha MepMHUAI[MOHHHUTE
TPaH3UEHTH Ca U3YHCICHU AU(PY3NOHHUSA KOCHUIIMCHT HA IPOHUKHAIKS BOJOPO U KOHIIEHTpAIMATA Ha a0COpOupaHus
BOJIOPOJ B MOJ-MOBBPXHOCTHHSI CIIOW Ha eJeKkTpoja. J(Bata MOTU(UIMPaHU €IeKTPoJa MOKa3BaT 3HAYMTEIHO I1O-
BHCOKH CTOMHOCTH Ha CKOPOCTTa Ha OT/ICJITHE Ha BOJAOPO U HAa OOMEHHUSI TOK B CPaBHEHHE C TE3U HA YHCTUS HUKEIIOB
enektpo]. CTOWHOCTHUTE HAa CBPhXHANPEIKEHUETO HAa BOJOPOAHATA PEaKIis BbPXY JBaTa MOAUDHUIUPAHH EIEKTPOIH ca
MOJIOOHU ¥ Hal-Ba)XKHOTO, T€ Ca MHOTO TTO-HUCKH, OTKOJIKOTO ChOTBETHATA CTOMHOCT BHPXY YHCTHUSI HUKEIOB €ICKTPOI.
JlaHHUTE OT MEPMHUALMOHHUTE HM3CICIBAHUS Ca B ChIIIACHE C BOJITAMIIEPOMETPUYHHUTE 3aBUCHMOCTH. HHUKETOBUST
CNEKTPOJ,, MOAMU(HUIMpPAH ChC CIUIAB ¢ TMO-HUCKO chappkanne Ha Re (Ni/Res;-Cos7), mokaszsa mo-mobpu
€JIEKTPOKATATUTUYHYU CBOWCTBA 0 OTHOILICHUE Ha PEaKIMATa Ha OT/JCIISIHE Ha BOJAOPO/I.
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LR-3 rust converter is designed to convert the rust on iron and steel in a non-soluble and stable protecting dark-
colored layer. The converter contains organic solvents, mineral acid, complex forming agents and inorganic salts the
latter used as active additives for the converting process and distinguished with adsorption-oxidizing properties. The
high concentration of organic compounds strongly increases the wetting ability of the converter ensuring better
penetration in the finest pores and micro-cracks. This leads to a complete interaction with the rust as well as to a better
converting process and excellent adhesion to the metal substrate.

In order to characterize the corrosion resistance of the LR-3 converted layer, it is tested in a model medium of free
aerated 0.5M Na,SO,. The protective characteristics of the layer are investigated with electrochemical methods,
polarization resistance measurements and anodic potentiodynamic curves. Using the optical microscopic method, the
thickness and some special features of the appeared converted film are established. A certificate, confirming some
physical and functional characteristics of the LR-3 rust converter, is also presented.

This composition stands out as a product of new generation among the other known rust converters, and fully
adheres to the modern tendencies. It can find wide application in the agriculture, power-engineering, metallurgy,
mining, and in the chemical, military, construction, and transport mine industries, etc. Technological regulations for the
production of LR-3 and instructions for its application in real conditions are also prepared.

Keywords: rust converter, corrosion, polarization curves, polarization resistance

But yet, this film can inhibit the movement of
aggressive ions (the latter provoking the beginning
of dissolution or depassivation processes) from the
surrounding medium to the metal surface [1-4].

EXPERIMENTAL

The rust converter, used for these investigations,
is a multi-component mixture in a liquid phase, the
latter consisting of selected organic compounds and
negligible water content. Active additives for the
rust converting process are some specific inorganic
salts with adsorption-oxidizing properties and
complex forming agents. The obtained protective

INTRODUCTION

Iron and steel are the main materials for
construction in almost all technical and
technological branches. They are often subject of a
corrosion attack in an aggressive media. As a result,
their surface is covered with rust, the latter being
mainly a mixture of iron oxides and hydroxides in
different quantities. The newly appeared corrosion
products distinguish in general with a loose
structure, and do not fulfill the function of a
protective barrier film, aimed to inhibit the

corrosion processes in a sufficient degree. For these
reasons, the additional treatment of corroding iron
surfaces with rust converters is a promising
alternative for a better protection.

In most cases this treatment leads to appearance
of thin and dense film on the metal surface. This
film is resistant against corrosion in liquid and
gaseous phases even at wide regions of pH.
Nevertheless, this converted layer is not
impermeable  barrier  against metal ions
transportation from the film/metal adhesion zone.

*To whom all correspondence should be sent:
E-mail: nbojkov@ipchp.ipc.bas.bg

film can fulfill two main functions:

e Dbarrier — locks the development of the
destructive corrosion processes into the substrate;

e acts as a promising primer for the following
polymeric and other organic coatings.

The created rust converted layers are tested
with different methods, mainly electrochemical, for
example [5-9]:

- Polarization resistance and electrode potential
measurements in selected model corrosion media;

- Potentiodynamic polarization curves;

- SEM and optical microscope (cross-sections)
studies;

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 69
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- Accelerated investigations at laboratory, model or
natural conditions.

2.1. Sample preparation

The corroded samples (working area of 4 cm?)
are initially carefully scraped with a brush to
remove the loose part of the rusted layer.
Thereafter, they are treated with the LR-3 converter
and leaved for several hours. After this time, the
rust on the iron surface is converted to high-valent
iron oxides and phosphates, both compounds being
non-soluble, stable, and forming a dark-colored
protecting layer. The organic compounds, present
in high concentration in the solution, strongly
increase the wetting ability of the converter. This
ensures the complete interaction with the rust and
leads to excellent adhesion of the converted layer
and to metal substrate.

2.2. Polarization resistance (Rp) measurements

The protective ability of the ‘iron/converted
layer’ systems is estimated by polarization
resistance (Rp) measurements in the range of +/—
25 mV in relation to the corrosion potential. These
investigations are carried out in a three-electrode
experimental cell with Luggin-Haber capillary for
minimizing the ohmic resistance of the model
corrosion medium. Platinum plate is used as a
counter electrode while the corrosion potentials are
measured with respect to the saturated calomel
electrode (SCE). Stern-Geary equation is applied to
determine the value of the polarization resistance.
As arule, a higher Rp value corresponds to a higher
corrosion resistance and to a lower corrosion rate
[10].

2.3. Potentiodynamic polarization curves

Iron samples, covered with rust converted
layers or not treated samples were investigated
trough potentiodynamic polarization (linear sweep
polarization) using PAR Versa Stat equipment at a
scan rate of 1 mV/s.

2.4. Microscopic investigations

These investigations are aimed to study the
preliminary prepared cross-sections of selected
samples, treated with LR-3. The thickness and
some specific features, for example extend of the
conversion process of the newly appeared
protective films, are also established.

2.5. Corrosion medium

A model corrosion medium of free aerated 0.5M
Na,SO, solution (pH 6) at ambient temperature of
about 20 °C is used during the investigations.
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3. RESULTS AND DISCUSSION

3.1. Polarization resistance

The results concerning the polarization
resistance (Rp, Q.cm?) of the ‘purely’ rusty iron
samples (non-treated with the LR-3 converter) and
the additionally treated samples in a model
corrosion medium are presented below:

- Rp value for the rusty iron sample - 185
Q.cm?;

- Rp value for the sample with an additionally
converted film - 390 Q.cm®.

This data contain average results for 5 samples,
treated or not treated with the converter,
respectively. Similar are the results upon a
prolonged test for 6 days in the model medium. The
obtained values clearly confirm the better
protective characteristics of the converted rusty
sample, compared to the non-treated one in the
presence of sulfate ions as an aggressive
component.

3.2. Potentiodynamic polarization curves

i

I, Alem?
w
L

1 " 1 L "
-0,5 (1] 0,5 1,0 1.5

E, V (SCE)
Fig. 1. Anodic potentiodynamic polarization curves of
iron samples in 0.5 M Na,SO, solution (scan rate 1
mV/sec): 1 — “clean” iron; 2 — rusty iron; 3 — rusty
iron additionally treated with LR-3.

Figure 1 presents the anodic potentiodynamic
curves of 3 different sample types. Curve 1
demonstrates the anodic behavior of an iron plate,
initially cleaned from rust using an emery cloth,
degreased and thereafter anodically polarized.

Curve 2 shows that the presence of rust layer, as
a result of the corrosion process, affects, to a certain
degree, positively the anodic behavior. This is, for
example, the rate hampering of the active
dissolution in this medium (barrier effect) which
leads to easier passivation. In this case the
additional effects are: the shifting of the passivation
potential (Ep.ss) to a negative direction with about
350-400 mV, the wider passive zone, and the lower
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anodic current density. These are very important
signs that the rust, appearing on the surface,
inhibits, to a certain degree, the penetration of the
corrosive medium in depth in direction to the
substrate.

In the case when the whole surface is uniformly
covered with a compact rust converted layer, the
positive effects are clearly expressed (see curve 3):
slight shifting of E.s to a negative direction (faster
passivation process), wider passive area, compared
to the other two samples, and lowest anodic current
density value. Additionally, the obtained results
demonstrate the increased susceptibility of the
converted rusty layers to a passivation under anodic
polarization.

3.3. Microscopic investigations

Figure 2 demonstrates a metallographic cross-
section image, obtained using an optical
microscope. It can be concluded that the rusty layer
is of a loose structure, and its adhesion to the
substrate is not strong enough.

R T
PERSSE o ¢ Tust

Fe

Fig. 2. Metallogfaphic cross-section
(magnification x1000) of rusted sample.

. ‘. . ®
Fig. 3. Metallographic cross-sections (magnification
x1000) of rusted samples with different extent of rust

converting: A — low extent of converting; B — high
extent of converting.

In general, this is the reason for the initial
(preliminary) mechanical, and in some cases, the
electrochemical treatment of the sample. In
practical terms, this process is time consuming and
needs automation. In all cases, the strong adhesion
of the converted layer to the substrate is a very
important factor for its protective ability.

Additionally, selected areas with different extent
of rust converting are presented in Figure 3. Fig. 3A
(left) demonstrates when the conversion process
has been partially applied. The black zones are
these places where almost the whole rust is
converted, ensuring an improved corrosion
resistance. White areas are the places where the
process is not fully completed and where rusted and
converted sections exist at the same time. Figure 3B
shows a zone where the converting process is
almost complete.

treated

~ zone .
¥ l‘

Fig. 4. Images of rusted stud (left) and iron plate (right)
after treatment with LR-3.

Figure 4 demonstrates the decorative appearance
of some details and their surfaces after the
treatment with LR-3. It can be registered that the
application of the rust converter leads to some
changes in the color. The main result is the
disappearing of the rusted areas and the presence of
zones with dark color which are the places with the
protecting converted layer.

Table 1

No Parameters Requirements / Results from the

Values analyses

1 Appearance Light movable solution Corresponds
2. Color Green Corresponds
3. Sense of smell Acetone Corresponds
4. pH value About 1,5 1,3

5. Specific weight 09-11 0,97

6. Time for complete converting of 6 hours Corresponds

the rust
7. Heat-proof Up to 150 °C Corresponds
8. Frost-resistance Up to -40 °C Corresponds
9.  Corrosion resistance of the layer in Not less than 10 days without Corresponds
3% NaCl at 20 °C damages

10.  Transition resistance of the layer More than 1.10° 2.10°

after converting (Q/m?)
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3.4. Exemplary Certificate for LR-3

The exemplary Certificate for some physical and
functional parameters of the investigated rust
converter is presented in Table 1.

4. CONCLUSION

As already mentioned, the received protective
film can perform two main functions: 1) to lock the
destructive corrosion processes in depth; 2) to act
as a promising ground coat for an additional
treatment such as painting, coating, etc.

Possessing all these properties, this composition
brings an improved corrosion resistance of the
treated iron details, and refers to the modern
tendencies in the preparation of new rust converter
types. It can find wide practical application in
different industrial branches. Consumption norm is
approximately 50-100 ml/m? depending on the rust
amount on the corroded metal surface.

The treatment can be done by applying the rust
converter with a soft cloth over the surface or by
pulverizing. LR-3 can be easily packed in plastic
containers of 50 to 100L volume. The containers
should be hermetically sealed in order to avoid
evaporation of the organic solvents. Dissolution of
the inorganic solid substances is done under
electro-mechanical stirring. The production process
is carried out at 20°C under stirring of the
individual components. The addition of each single
component is done upon complete dissolution of
the previous one. The received solution must stay
for 24 h before usage.
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OXAPAKTEPU3HUPAHE HA KOPO3UATA U 3AIIIUTHUTE CBOMCTBA HA
[TPEOBPA3YBATEJI HA PBX/IA LR-3

' M. PaﬁquCKnl, JL. .HIOTOBZ, H.C. Boxkos!

1)HHcmumym no Qusuxoxumus, bvieapcka akademus na naykume, Cogpua 1113
2) Xumuuecku paxynmem, Coguiicku ynusepcumem «Ce. Knumenm Oxpudckuy, oya. [Howcetime Bayuep 1, Cogus

Ioctenmna Ha 8 1omm, 2010 r.; mpreTa Ha 5 okToMBpH, 2010 T.
(Pesrome)

Pwxnonpeodpasysarenst LR-3 e cb3nazneH ¢ nen npeodpasyBaHe Ha HaJIMYHATA PBXKIA BBPXY XKEJSI30 U CTOMaHa B
HEepa3TBOPUM M CTaOWIICH CJIOH C XapakTepeH ThMEH LBAT. [IpeoOpasyBarensiT ChAbp)Ka OPraHUYHH Pa3TBOPUTENH,
MHUHEpaJHa KUCEINHa, KOMIUIEKCOOOpa3yBallll areHTH U HEOPraHUYHU COJIM, KOUTO ca aKTUBHU J00aBKH B Ipolieca Ha
npeoOpa3zyBaHe U Ce OTIMYABAT C OKUCIMTEIHO-aJICOPOLMOHHH CBOiicTBAa. BucokaTa KOHIEHTpanus Ha OpraHUYHU
J00aBKM CHJIHO TOBHILIABa OMOKpSIATa CHOCOOHOCT M T0A00psiBa NMPOHMKBAaHETO W B Hal-GUHUTE TOpU U
MUKpOIyKHATHHU. TOBa BOJIU 10 €JHO KOMIUIEKCHO B3aUMOJEHCTBHE C PBXKIAaTa, KaKTo U J0 HEHHOTO MO-IIBJIHO
npeoOpa3yBaHe M OTIMYHA aXe3Usl KbM METAIHATa IOBBPXHOCT.

C nexn xapakTepu3upaHe Ha KOPO3HOHHATa yCTOIYMBOCT Ha obpaboTteHus ¢ LR-3 croli ca mpoBeseHN U3NUTaHUS B
MozenHa cpema Ha cBoOomHO aepupaH pastBop Ha 0.5M Na,SO,. 3amuTHHTE XapaKTepUCTHKH Ha
pBXKIONpeoOpasyBaHUs CJIOH ca OLCHECHH C CJICKTPOXUMHUYHH METONW, H3MEpBaHE Ha MOJIAPH3ALHUOHHOTO
CBIPOTHBJICHHE W aHOJHH NOTCHIMOANHAMHUYHY KpHBH. [lebennHaTa U HIKOW OCOOCHOCTH Ha HOBOOOpa3yBaHUs QUM
ca U3CJIe/IBaHH C ONTHYEH MUKpOCKomnu4ueH Mero. [IpencraBen e u cepTudukar 3a HIKOM GU3HYHU U (YHKIMOHAITHH
XapaKTEePUCTUKHU Ha CaMHs PBKAONPeoOpasyBarell.

HoBopa3paboTeHHsIT ChCTaB € OT HOBa IeHepalysi MPOMYKTH M U3ILUIO ClieBa ChbBPEMEHHHUTE TeHAeHUWH. Toi
MOXE Ja HaMepH IPUIOKEHHUE B 3EMENEIMeTO, METAyprusita, MUHHOTO /€0, KakTO M B XHMHYECKaTa, BOCHHATa,
CTPOUTEIHATA UTPAHCIIOPTHATA MPOMHUILICHOCTH. [IOATOTBEH € TEXHOJIOTHYEH PEerJIaMeHT 3a MPOU3BOACTBOTO Ha LR-3,
KaKTO ¥ MHCTPYKIIMH 32 HETOBOTO NPUJIOKEHHUE B PEaTHU YCIIOBHSI.
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This work is concerned with the preparation and the characterization of nano-structured composite electrocatalytic
material for hydrogen evolution based on Co as a hyper d-metallic phase and anatase (TiO,) as a hypo d-phase, both
deposited on a carbon substrate. The main goal is to replace the Pt as an electrocatalytic material, partially or
completely. Two types of support material were used: Vulcan XC-72 and multiwalled carbon nanotubes (MWCNTS).
Also two non-platinum metals were used as a hyper d-metallic phase: Ni and Co. The best performances were shown by
the Co electrocatalyst, deposited on activated MWCNTSs. This one approaches and even slightly exceeds the catalytic
activity of the traditional Pt electrocatalyst, deposited on Vulcan XC-72. To improve the disadvantages of this
electrocatalyst (instability in acid media and passivation in alkaline media) a precious metal (Pt or Ru) was added into
the metallic phase. Only 20 % of the precious metal in the metallic phase considerably improves the electrocatalytic
activity for the hydrogen evolution.

Co was shown to promote decreasing platinum particle size. From 12 nm in the catalyst with pure platinum as the
metallic phase, the size of Pt particles decreases to 3-4 nm in the catalyst with mixed metallic phase (80% Co + 20%
Pt).

Key words: hydrogen evolution, hypo-hyper d-electrocatalysts, Vulcan XC-72, multiwalled carbon nanotubes
MWCNTSs, metallic phase: Co, Ni, Pt, and Ru.

Jaksi¢  hypo-hyper d-concept [2]) and ii)
replacement of the traditional carbon support
materials (e.g., Vulcan XC-72) with carbon
nanotubes [1, 3].

According to Jaksi¢’s interpretation [4-6] of
Brewer valence-bond theory [7], significant
synergetic effect of the catalytic activity can be
achieved by alloying metal on the right side of

INTRODUCTION

The innovation of non-platinum electrode
materials for water electrolysers/fuel cells is a very
important issue, within the hydrogen economy,
related to the most promising energy system in the
future. The commercial application of Pt, still the
leading electrode material, is limited due to its high

cost and limited reserves. It was estimated that
current Pt resources can cover only part of the
automotive needs [1]. Electricity demands are not
included in this estimation.

Therefore, the main goal of the modern
electrocatalysis and material science, employed in
the hydrogen economy, is to reduce or even to
replace platinum in the MEA, keeping the same
level of efficiency. There are two main approaches
to achieve this: i) exploration of synergetic mixture
of non-platinum electrocatalytic materials (e.g.,

* To whom all correspondence should be sent.
E-mail: pericap@tmf.ukim.edu.mk

transition series (good catalyst as an individual
metal) with metal on the left side (bad catalyst as an
individual metal). Bonding occurs between the
metal with more electrons on the outer shell (the
hyper d-component) and the metal with less valence
electrons, i.e. more vacant orbitals — hypo d-
component. Hypo and hyper d-components may be
not only in the elemental state but also in higher
oxidation states. Depending on the valence state of
the hypo and the hyper d-components, we can
divide these electrocatalysts into five main groups:
i) intermetallic catalysts, ii) metal-sulfides/
phosphides, iii) catalysts based on Raney Ni, mixed
oxides, and v) hypo oxide — hyper metal [8]. These

74 © 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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catalysts can be used with the same effectiveness
for both, the hydrogen evolution and the fuel cells.

The other approach to enhance the performance
of the electrode materials is the improvement of the
support materials. The support materials have to
possess several very important characteristics such
as the: i) highly developed surface area to provide
better dispersion of the nano-scaled catalytic
particles; ii) high electric conductivity to allow
efficient electron transfer to ions, involved in the
electrochemical reactions, iii) mechanical and
chemical stability; and iv) strong metal-support
interaction (SMSI) to improve intrinsic catalytic
activity of the active catalytic phase. In this context,
the carbon nanostructured materials, such as the
carbon blacks, are commercially the most used
support material [9, 10] due to their high surface
area, conductivity and compositional homogeneity.
Recently, the production of carbon nanotubes
(CNTs) as catalyst support became a subject of
intensive research [1, 3, 11]. CNTs show superior
surface characteristics (high surface area and pore
size  distribution), electronic  conductivity,
mechanical and thermal properties, etc. These
characteristics offer a great potential for
electrocatalyst support materials aimed to serve
both hydrogen electrolysers/fuel cells. CNTs
electronic conductivity is in the range between 10°
and 10* S-cm™. In comparison, the Vulcan XC-72
electronic conductivity is of 4 S-cm™. Furthermore,
the specific surface area of Vulcan XC-72 is 250
m?g ™", while that of the CNT is 200-900 m?g™.
Also, the pores in Vulcan XC-72 are smaller than 2
nm, while CNTs have not pores smaller than 2 nm.
So, the metallic phase may sink into pores that
reduce active reactive sites over the catalytic
surface [3].

Pathways for obtaining of non-platinum
electrocatalysts or electrocatalysts with reduced
amount of Pt are shown in this work. In this
context, TiO, (anatase) was added to the carbon
support, Vulcan XC-72 was replaced with
MWCNTs, and finally MWCNTSs were activated
before metallic phase deposition. Co, Ni, and
metallic mixtures of Co-Pt and Co-Ru were used as
catalytic metallic phase.

EXPERIMENTAL

The studied catalysts contain 10 % hyper d-
metallic phase, 18% TiO, as a hypo d-component,
and the rest is carbon substrate. For comparison, Ni,
Co, and Pt electrocatalysts were prepared only on
the Vulcan XC-72 catalyst support (10 % Me and
the rest is a carbon phase). Organometallics were

used as precursors to obtain a metallic phase, Me-
2,4-pentaedionate (Alfa Aesar, Johnson Matthey,
GmbH, Me = Co, Ni, Pt, Ru). TiO, was produced
from Ti-isopropoxide (Aldrich, 97%). Vulcan XC-
72 (Cabot Corp. Boston, Mass.) or multiwalled
carbon  nanotubes (MWCNTs,  Guangzhou
Yorkpoint Energy Company, China) were used as a
carbon substrate. The catalysts were produced by
sol-gel procedure, simplified in some steps by the
authors of this work [12, 13]. Firstly, TiO, was
deposited on carbon substrate, and further, the
modified support was thermally treated at 480° for
1 hin the H, + N, atmosphere. In the next step, the
metallic phase was grafted on the support and the
obtained mixture was thermally treated at 250°C for
2 h.

Activation/purification of the so-prepared
MWCNTSs was performed in a 28% (mass.) HNO:s.
The process was carried out at a room temperature
for 4 h. MWCNTSs were stirred into the solution by
magnetic stirrer. After filtering and washing, the
activated MWCNTs were dried at 90°C for 24 h.
Table 1 shows the composition of the studied
electrocatalysts.

Table 1. Composition of the studied electrocatalysts
Sample
No

Catalysts composition

10% Pt + Vulcan XC-72

10% Ni + Vulcan XC-72

10% Co + Vulcan XC-72

10% Co + 18% TiO2 + Vulcan XC-72

10% Co + 18% TiO2 + MWCNTSs

10% Co + 18% TiO2 + MWCNTs(a)

10% CoPt (4:1 wt) + 18% TiO2

MWCNTSs(a)

10% CoPt (1:1 wt) + 18% TiO2

MWCNTSs(a)

10% Pt + 18% TiO2 + MWCNTSs(a)

10% CoRu (4:1 wt) + 18% TiO2

MWCNTSs(a)

10 10% CoRu (1:1 wt) + 18% TiO2
MWCNTSs(a)

11 10% Ru + 18% TiO2 + MWCNTs(a)

12 10% CoRuPt (4:0,5:0,5 wt.) + 18% TiO2
+ MWCNTSs(a)

o OB WNE O
+

+

~

+

+

To identify the intrinsic changes, caused by the
modifications,  spectroscopic and  structural
techniques were employed. XRD and SEM
techniques were used for structural
characterization. XRD measurements were carried
out by Philips APD 15 X-Ray diffractometer, with
CuK, radiation, while SEM observations were
carried out by JEOL Scanning Electron
Microscope, model JEM 200 CX. Infrared
spectroscopy was employed to determine the
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strength of hypo-hyper d- interaction (TiO,/Ni)
using FTIR spectrometer, model Bruker Vector 22.

Catalyst surface area was determined trough
double layer capacity, measured by cyclic
voltammetry [14, 15]. The ratio of real versus
geometric surface area of the electrodes was
determined as a quotient of catalyst double layer
capacity Cgy versus double layer capacity Cgy, Of a
pure oxide surface.

Further, the produced catalysts were
electrochemically tested for hydrogen evolution
reaction. Porous electrodes aimed for three phase
operation (solid electrode, liquid electrolyte, and H,
gas as a product) were prepared. They consist of
two layers: i) catalytic layer facing the electrolyte,
covered by catalyst with a low amount of PTFE,
and ii) gas-difussion layer facing the gas side,
consisted of Vulcan XC-72 (or MWCNTS) bonded
with PTFE. The procedure of electrode preparation
is described elsewhere [16]. Electrochemical
investigations were performed using AMEL
equipment (AMEL 568 Function Generator,
Potentiostate/Galvanostate 2053 and a
SOFTASSIST 2.0 software package). The counter
electrode was of platinum wire and the reference
electrode of Hg/HgO. The electrolyte comprised an
aqueous solution of 3.5 M KOH (p.a., Merck) at a
room temperature.

RESULTS AND DISCUSSION

The first step of the study was the preparation and
testing of non-platinum electrocatalysts, deposited
on the most used support material, the Vulcan XC-
72. Ni and Co were used as metallic phase. Why Co
and Ni? Ni is a non-noble metal of platinum group,
while Co is near the Ni in the periodic table, having
similar properties. It was expected that both
catalysts will show close catalytic activity for the
hydrogen evolution. But, the Ni-based catalysts
(sample 1) showed very inferior activity related to
that of the Co-based one (sample 2, see Table 2).

-1-1-}
1 Carbon 10%Co + Vulcan XC-72

Boo0

oo

500

Intensity, cps

oo
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Fig. 1. XRD spectra of the a) Ni- and b) Co-based
electrocatalysts deposited on Vulcan XC-72.
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The difference in the overpotentials for hydrogen
evolution at a reference current density of 60
mA-cm™, was 150 mV. This is due to the much
higher size of the Ni particles, compared to those of
the Co. It was determined by the XRD analysis (see
Fig. 1) that Ni is crystalline with particle size of 15-
20 nm. There are no pronounced peaks in the Co
XRD spectra, which is a characteristic for
amorphous phases with particle size less than 2 nm.
Thus, the real surface area of the active catalytic
centers, dispersed over the catalyst surface, is
considerably higher in the case of a Co-based
electrocatalyst. Compared to the corresponding Pt-
based catalysts (sample 0), the activity of both non-
platinum samples is considerably lower. The
improvement of the Co-based electrocatalyst is
discussed further down.

Table 2.
Sample i 77601
No Catalysts composition v
0 10% Pt + Vulcan XC-72 220
1 10% Ni + Vulcan XC-72 530
2 10% Co + Vulcan XC-72 380
10% Co + 18% TiO2 + Vulcan XC-
3 72 265
4 10% Co + 18% TiO2 + MWCNTSs 235
5 10% Co + 18% TiO2 + 215
MWCNTSs(a)
6 10% CoPt (4:1 wt.) + 18% TiO2 + 135
MWCNTSs(a)
7 10% CoPt (1:1 wt.) + 18% TiO2 + 115
MWCNTSs(a)

8  10% Pt+18% TiO2 + MWCNTs(a) 125
10% CoRu (4:1 wt.) + 18% TiO2 +

9 MWCNTSs(a) 145
10% CoRu (1:1 wt.) + 18% TiO2 +
10 MWCNTSs(a) 135
10% Ru + 18% TiO2 +
1 MWCNTSs(a) %0
0 ‘05" 0,
12 10% CoRuPt (4:0,5:0,5 wt.) + 18% 195

TiO2 + MWCNTSs(a)

Addition of anatase

First modification step of the new Co-based
electrocatalyst was the addition of hypo d-phase
TiO, (anatase). Hypo d- component has a
bifunctional role, as a catalyst support (with carbon
phase) and it contributes to the catalyst overall
synergetic effect by the so called Strong Metal-
Support Interaction (SMSI). The unique role of the
anatase form of titania in the improvement of the
catalytic activity in both, the heterogeneous
chemical catalysis and the electrocatalysis, has been
noticed by other authors [17, 18]. The addition of
anatase in the catalyst support, contributes to the
reduction of the overpotential for the hydrogen
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evolution even down to 115 mV (see Table 2). This
considerable rise of the catalytic activity of the
modified Co-based electrocatalyst (sample 3) is
resulted by the strong hypo-hyper d-interaction
between Co and TiO, This consequently increases
the intrinsic catalytic activity. The above is
illustrated by the FTIR spectra, shown in Fig. 2.

500 en”

Pure TiO! (anatase)

Absorbance

Wave nuraber, cra’
Fig.2. FTIR spectra of the Co hypo-hyper d-
electrocatalyst containing 10% Co + 18% TiO, + Vulcan
XC-72 (sample 3) and pure TiO, (anatase).

The maximum of TiO, band, originated from the
Co-based electrocatalyst, is shifted for a higher
value of the wave number (110 cm™) compared to
the maximum of band which originated from the
pure anatase. This shift is a result from the
interaction between TiO, and Co atoms [19]. The
higher the wave number shift is, the shorter is the
bond between TiO, and hyper d-metallic phase, i.e.
the higher the hypo-hyper d-interaction is.

Replacement of Vulcan XC-72 with MWCNTSs

Instead of the conventional Vulcan XC-72
carbon substrate, multiwalled carbon nanotubes
(MWCNTS) were involved in the next modification
step. Fig. 3 shows the SEM images of Co-based
electrocatalysts, deposited on both, the Vulcan XC-
72 and the MWCNTS.

The catalyst particles, deposited on Vulcan X-72
are of a spherical shape (Fig. 3a.). There is a
grouping of the particles in clusters (150 — 200 nm),
whereat good adherence between particles is
achieved. The particles are not uniformly
distributed, and a number of holes appear between
the aggregates. This contributes to the higher
specific surface area, and consequently, to a higher
electrocatalytic activity. Catalyst deposited on
MWCNTSs shows completely different morphology
(Fig. 3b.). The particles of oxide and metallic
phases, grafted on MWCNTs, are grouped in
smaller clusters than those on Vulcan XC-72. Their
inner structure, geometry, surface area, and
conductive characteristics are favourable for use as

(b)
images of Co

electrocatalysts deposited on a) Vulcan XC-72 (sample
3) and b) MWCNTSs (sample 4).

Fig. 3. SEM hypo-hyper d-

a carbon substrate of the nano-scaled
electrocatalysts. Their high developed surface area
enables better dispersion of active catalytic centres
across the catalyst surface. On the other hand,
MWCNT’s high inter- and trans-particle nano
porosity as well as its geometry (empty cylinders)
do facilitate the escape of hydrogen molecules from
catalyst surface [20]. Extra-conductive properties
enable easier electron exchange with the hydrogen
protons, which intensifies the formation of
adsorbed hydrogen atoms and further hydrogen
molecules. Estimation of real surface area by the
value of double layer capacity (Cg), measured by
cyclic voltammetry, showed that MWCNTSs have
twice higher developed surface area than Vulcan
XC-72 [21]. The decrease of hydrogen
overpotential in this modified catalyst (sample 4),
compared with the previous modified one (sample
3), isof 30 mV.

Activation of MWCNTS

Further, purification/activation of MWCNTSs
was made. During this operation, three main
processes occur: (i) removing of other
carbonaceous phases such as the amorphous
carbon, and (ii) rise of defect sites as a result of
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(b)

Fig. 4. TEM images of a) as-prepared and b) activated
MWCNTSs

shortening, thinning, and opening of the MWCNTs,
and iii) functionalization of MWCNTSs with oxide
groups. The opening and shortening of the
MWCNTSs, and the increased number of the
defective sites, results in the increase of their real
surface area and reactivity, which are suitable for
carbon substrates, used as electrocatalysts. This is
illustrated by the TEM images of MWCNTSs, before
and after activation, in Fig. 4.

These changes in the support material contribute
to a higher catalytic activity for the hydrogen
evolution of the Co-based hypo-hyper d-
electrocatalyst. In this case (sample 5) the hydrogen
overpotential decreases to 20 mV in relation to the
previous Co-catalyst (sample 4). This activity is
very close to that of the traditional Pt
electrocatalyst (Pt/Vulcan XC-72, sample 0). Thus,
the maximal activity of the non-platinum Co-based
catalyst approaches the Pt-based one, and slightly
exceeds it. The performance of these
electrocatalysts in the proton exchange membrane
(PEM) electrolyte at lower cathodic overpotentials,
however, was not so impressive, while at higher
overpotentials, their activity approaches the
performance of the traditional Pt catalyst [20].
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Addition of Pt in the metallic phase

Therefore, catalysts with mixed metallic phase
were prepared in the next phase of the
investigations. They contained 10 % CoPt (Co:Pt =
4:1, wt., sample 6 and Co:Pt = 1:1, wt., sample 7),
and a Pt-based catalyst (sample 8) with analogous
composition, produced under the same conditions.
These catalysts showed impressive catalytic activity
which considerably exceeded the activity of the
conventional platinum (sample 0). The catalysts
with mixed metallic phase, Co:Pt = 1:1, wt.,
(sanjpje 7), showed the best catalytic activity while

Fig. 5. TEM images of hypo-hyper d-electrocatalysts
containing a) 10% Pt + 18% TiO, + MWCNTSs(a)
(sample 8)and b) 10% CoPt (1:1 wt) 18% TiO, +
MWCNTSs(a) (sample 7).

the catalysts with mixed metallic phase, Co:Pt =
4:1, wt. (sample 6), are less active but still very
close to the activity of the pure Pt-based catalyst
(sample 8). It sounds as a paradox, at first sight,
when a catalyst with a double amount of Pt (sample
4) is less active. There is a logical explanation,
however, for such order of the catalytic activity.
Let’s assume that the catalytic activity depends on
the hypo-hyper d-interaction as well as on the
surface area (particle size) of the metallic catalytic
centres, dispersed over the catalyst surface. The
intrinsic hypo-hyper d-interaction is the same in all
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catalysts. They all have better porosity and
dispersion of the metallic phase as a result of
MWCNTSs usage as catalyst support as well. Thus,
the improved activity of the catalyst with less
amount of platinum, is obviously related to the
considerably lower size of the Pt crystallites in the
mixed systems. As it was shown from the XRD
analysis [22], the size of the Pt crystallites in
sample 8 is near to 12 nm, while in the mixed
systems (samples 6 and 7), Co promotes
considerably lower (up to 3-4 times) size of the Pt
particles. These results were confirmed by the TEM
analysis (see Fig. 5). The lower amount of Pt is
compensated by the highly developed surface of the
Pt-phase in the mixed systems.

Addition of Ru in the metallic phase

The catalyst with pure Ru metallic phase
(sample 11) has shown the best catalytic activity for
hydrogen evolution. The overpotential is 35 mV (at
reference current density of 60 mA-cm?) lower
than that of the corresponding catalyst with pure Pt
as a metallic phase (sample 8, see Table 2). Pt and
Ru have very close intrinsic catalytic activity for
hydrogen evolution. Also, the increase of intrinsic
activity as a result of hypo-hyper d-interaction with
TiO; is the same. Thus, the higher activity of Ru in
this case, is a result of smaller particles (near 6
times) than that of the Pt. This means more
developed surface area of the metallic active
catalytic centres on the catalyst surface. In the
catalysts with mixed CoRu metallic phase (4:1 and
1:1 wt, sample 9 and 10), catalytic activity
decrease to 55 and 45 mV respectively, compared
to the catalyst with pure Ru (sample 11). In this
case addition of Co (non-precious metal) with
particles almost equal with that of Ru, results in
corresponding decrease of catalytic activity. The
last studied electrocatalyst (sample 12, containing
20% precious metal mixture of Ru and Pt, and Co
in the metallic phase) shows better catalytic activity
than the previous electrocatalysts, containing CoRu
metallic phase (sample 9 and 19) for 20 and 10 mV,
respectively. Due to the presence of Co, the Pt
particles are very small (3-4 nm) and the catalytic
activity increases.

It is obvious that hypo-hyper d-electrocatalysts
(hypo-oxides + hyper-metals) are very promising in
the reduction of platinum in the electrocatalysts,
aimed for hydrogen evolution. In this context,
MWCNTs have considerable contribution as an
extraordinary carbon support.

CONCLUSION

The investigations, presented in this paper, were
motivated by the idea for reduction or even
replacement of Pt in self-developed electrode
material for hydrogen evolution. According to the
presented results, the following conclusions could
be done:

1) The catalytic activity for hydrogen evolution
of a Co-based electrocatalyst is considerably higher
than that of the Ni-based due to the smaller Co
particles (2 nm) vs. the Ni particles (15 — 20 nm),
and consequently the higher surface area of the
active catalytic phase;

2) Catalytic activity of electrocatalysts,
deposited on MWCNTS, is higher than that of the
deposited on Vulcan XC-72 due to better surface
characteristics (surface area > for twice, better
inter-particle and trans-particle porosity). Further
activation of the MWCNTs contributes to the
improvement of the catalytic activity due to the
shortening and opening of nanotubes, and
consequently, the rise of real surface area [4];

3) Co electrocatalyst, deposited on activated
MWCNTS, approaches, even exceeds the catalytic
activity of the traditional Pt electrocatalyst,
deposited on Vulcan XC-72;

4) Further addition of precious metals (Pt or Ru)
in the metallic phase (only 20%) considerably
improves the catalytic activity for hydrogen
evolution, considerably exceeding the activity of
the traditional Pt electrocatalyst, deposited on
Vulcan XC-72;

5) In CoPt-based systems, the electrocatalyst
with only 20% Pt in the metallic phase (sample 6)
shows activity close to that of the corresponding
catalyst with pure Pt metallic system (sample 8),
while CoPt electrocatalyst with Co:Pt = 1:1 (sample
7) exceeds the activity of sample 8. This is due to
the smaller particle size (higher surface area) of Pt
in mixed metallic systems (3-4 nm) than that in the
pure Pt system, where the size of the Pt particles is
12 nm [5];

6) The best performances for hydrogen
evolution showed the Ru-based catalyst. Its better
performances, related to the corresponding Pt-
electrocatalyst, are due to the smaller particles of
Ru (2 nm) than that of the Pt (12 nm). Further
addition of Co in the Ru metallic phase linearly
decreases the catalytic activity.
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Beaudoin, J.

He-1utaTiHOBH €NEKTPOIHU MaTepHaliv 3a JoOMBaHEe Ha BOJOPO.: e(heKT Ha
TIOJTO’KKATa Ha KaTaluu3aTropa U Ha MeTajaHarta ¢as3a

II1. HayHOBqu*, . CToeBCKa-FOFOBCKal, 0. HOHOBCKI/IZ, . PaﬂeBs, E. Ke(bTepOBa?’, E. CnaBtIeBas,
A.T. I[I/IMI/ITpOBl, C. Xamxulopnanos

'Daxynimem 3a mexnonoeus u memanypeus, Yuusepcumem “Ce. Kupun u Memoouii”,yn. Pyzep
Bowrosuul6, Cronue ,Penybruxa Maxeoonusl6 Ruger Boskovié St, 1000 Skopje
2 Boenna akademusi, Y. Muxaiino Anocmoncxu, 1000 Cronue, Penybiuxka Maxedonus
3 Uncmumym no enexmpoxumus u enepeutinu cucmemu, BAH, yn. Axao. I'. Bonues, 6. 10, 1113 Cogpus

ITocrennna Ha 17 tonu, 2010 r.; mpuera Ha 11 centemBpu, 2010 .

(Pesrome)

Pabotata pasriexia NPUTOTBSHETO M OXapaKTepH3MPAHETO HAa HAHO-CTPYKTYPHPAHH KOMIIO3UTH Kato
CIIEKTPO-KATAINTHYCH MaTepHal 3a JOOWBAHETO HA BOJOPOJ, OCHOBAH Ha KOGANT Karo xumep d-meranHa ¢asa u aHaTa3
(TiO,) xaro xumo d-aza, U IBETE OTIOKEHH BBPXY BBIJIEPOICH HOCHTEIN. [ TaBHATA IIeJT € Ja Ce 3aMEeHH IIaTHHATA
KaTO ENEKTPO-KATAJUTHYCH MaTepuajl, OTYaCTH WM HambiHo. M3mon3BaHu ca nBa Tuna Hocutenw: Vulcan XC-72 u
MHOTOCTEeHHH BbIiiepoanu HaHO-TpbOu (MWCNT). OcBen ToBa kato xumep d-metanHa (asa ca U3MOJ3BAaHH JABa He-
IUIATUHOBHU MeTana: HUKeNn U kobant. Haii-noOpu nokasarenu ca nmokazaHu oT CO-eleKTpOKaTalIn3aTop, OTIIOKEH BbPXY
aktuBupann MWCNT. Toii ce no6GnmkaBa ¥ JOPHU JIEKO MPEBB3X0XKAA KATAIUTUYHATA aKTHBHOCT Ha TPaJHLHOHHHS
IUIATHHOB KaTanu3atop, oTioxkeH Bbpxy Vulcan XC-72. 3a mpeomossiBaHETO HAa HEIOCTATHUMTE HA TO3H EJIEKTPO-
KaTanu3atop (HecTaOMITHOCT B KUCENa Cpejia U IIaCHBUPaHe B aJIKaliHa) B MeTajHaTa (asa ce qo0aBs 61aropoaeH Metai
((Pt wmu Ru). Camo 20 % ot Giaropoanus MeTaia B MeTanHaTa (asa mogo0psiBaT 3HAYUTETHO €JEKTPO-KaTaIuTHYHATA

AKTUBHOCT 3a OTACIAHETO HAa BOJOPO..

Oxka3Ba ce, 4e KoOAIThT IPOMOTHPA HAMAJSIBAHETO HAa pa3Mepa Ha INIATHHOBUTE YacTUIM — OT 12 NM mpu
KaTaJIn3aTop OT YKCTA IUIATHHA, pa3MEPhT UM ce HaMallsiBa 10 3-4 NM B katanu3atop cse cheras (80% Co + 20% Pt).
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This review summarizes the long time experience of the team at the Electrochemistry of Biocatalysts and Metal-Air
Systems Department in the field of the mediated enzyme electrodes. Investigated is the redox behaviour of a mediated
enzyme electrode depending on the kind of carbon materials, needed to produce the electrode (compact carbon material
— pyrolytic graphite or dispersed carbon material - carbon black), the type of mediators (ferrocene derivates,
nickelocene and benzogoquinone), and the type of enzyme (glucose oxidase and lactate oxidase).

Key words: mediator, enzyme electrode, pyrolytic graphite electrode, carbon black

INTRODUCTION

The research work in the field of the biosensors
has expanded very rapidly since the development of
glucose enzyme electrodes, which are of particular
interest in the biomedical analysis field [1, 2]. The
development of electrochemical biosensors which
combine the specificity and the selectivity of the
enzyme  catalyst  with  the  appropriate
electrochemical techniques is of a great interest for
the healthcare, the environmental control, the
agriculture, the food and other industries [3, 4].

The electrochemical biosensor is a complicated
device which converts a biological recognition
process into an electrical signal, the amplitude of
which is related to the concentration of the analyte.
The coupling of the electron transfer of the enzyme
with the electron transfer at the electrode poses a
major problem to the biosensor development. In
most cases the enzyme redox centres are essentially
insulated within the enzyme molecule so that a
direct electron transfer to the surface of the
conventional electrode does practically not occur.
The electrical communication between the redox
centres of the enzyme and the electrode requires
either the presence of oxygen and hydrogen
peroxide and their diffusion to and from the
enzyme redox centres, or the presence of a redox
mediator [5].

Glucose oxidase (GOD) is one of the first
enzymes used in the biocatalytic electrochemical
sensing elements [6, 7]. The specific substrate for
this enzyme, the B-D-glucose, undergoes oxidation

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

by oxygen producing of gluconolactone and
hydrogen peroxide.

glucose + 0, —22— gluconolactone + H,0, (1)

The detection principle is based on an
electrochemical reaction in which the H,0,
production or the O, consumption is detected. The
produced H,O, can be electrochemically oxidised
on an electrode at a constant potential, and the
generated anodic current is used to measure the
glucose concentration. Together with the natural
electron acceptor in reaction (1), oxygen, and other
low-molecular-weight compounds are used as
mediators between the enzyme and the electrode.
The mediator is a low molecular weight redox
couple, which shuttles electrons from the enzyme
redox center to the surface of the electrode. The
following scheme describes the reactions which
take place on the mediated electrode [8]:
glucose + GOD”™ — gluconolactone + GOD™  (2)

GOD™ + 2M* — GOD + 2M™ (3)
2M™ 5 2M% + 2¢° (4)

where GOD*™ and GOD™ are the enzyme in
oxidized and reduced form of its active center,
respectively, M® and M™ are the oxidized and the
reduced form of the electrochemical mediator. The
conjugation of the enzyme catalyzed steps (2) and
(3) is accomplished through the electrochemical
reaction (4).

The use of the electrochemical mediator in the
amperometric enzyme electrodes is connected with
two basic requirements to these electrodes: the
amperometric signal of the electrode must be
independent of the concentration of the dissolved
oxygen in the electrolyte; and the working potential
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of the enzyme electrode must be low enough so that
no organic compound in the electrolyte could be
oxidized simultaneously with the substrate [9].

Quinones, organic dyes such as methylene blue,
phenazines, methyl violet, Alizarin yellow, prussian
blue, thionin, azure A and C, toluidine blue, iron
complexes such as hexacyanoferrat, ferrocene and
their derivatives, act as mediators and have been
widely used in a number of biosensors [8, 10-15].
Sometimes the oxidized form of the mediator is
dissolved in a bulk solution, so that the
concentration of the mediator on the electrode
surface decreases. This results in a gradual
degradation of the electrode performance. This
process can be moderated by a covalent binding of
the mediator on the electrode surface by some
functional groups [16] or by including in a polymer
film, deposited on the electrode surface [17]. This
approach makes possible the stability improvement
of the mediated enzyme electrode.

The reduced forms of the mediators can be
electrochemically oxidized on an electrode at
potentials lower than that of the H,O, This gives a
possibility to design biosensors, operating at
potentials lower than those based on the natural
enzymatic reaction (1). It must be noticed that a
low working potential of the biosensor is preferable
in order to decrease the rate of oxidation of some
compounds, usually present in physiological fluids.
The oxidation of this compound results in an
electric signal, disturbing the signal, obtained by
the glucose oxidation. In this way the possible
interference with the amperometric signal of the
biosensor is reduced [5].

EXPERIMENTAL

A disk of pyrolytic graphite with a 5 mm
diameter is press — fitted into a Teflon holder. Prior
to use, the electrode was polished on fine emery
paper. After washing with distilled water, the
electrode is electrochemically activated in 0.1 M
phosphate  buffer by consecutive anodic
polarization at + 0,2 V (vs. Ag/AgCl) for 2 minutes
and cathodic polarization at — 0.5 V for 5 minutes.
Under this procedure, the pyrolytic graphite surface
is oxidized, and oxygen containing quinoidalic
groups are generated on it [18]. The presence of
such groups promotes a strong adsorption of the
enzyme and of the mediator on the pyrolytic
graphite electrode surface.

The enzyme electrode is prepared by the
application of mediator solution on the activated
pyrolytic graphite surface, and after drying in the
air, the electrode surface is covered with a GOD or
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LOD solution of the enzyme in a phosphate buffer
(pH 7). After drying at a room temperature, the
electrode is washed in a buffer solution. Between
measurements the enzyme electrode is kept at 4 °C.

The enzyme electrodes are prepared also by
consecutive application of a mediator and an
enzyme on the porous supporting layer of carbon
black-PTFE (polytetrafluorethylene) material. In
other cases, a porous matrix of carbon material, wet
proofed with PTFE, is embedded in a plastic tube
and covered by a thin layer of a mixture of the same
wet proofed material and mediator
(p-benzoquinone). This thin layer forms the face of
the electrode onto which the enzyme is
immobilized.

The electrochemical — measurements  are
performed in a two- or three-electrode cell with an
Ag/AgCl reference electrode and Pt counter
electrode. The electrolytes comprise of a 0.1 M
phosphate buffer solution and a 0.1 M phosphate
buffer solution, containing 0.1M KCI.

RESULTS AND DISCUSSION
Mediated enzyme electrodes, prepared from
electrochemically activated pyrolytic graphite
electrode

The quasi-redox potentials of the investigated
ferrocene derivatives are obtained from the cyclic
voltammograms of an electrochemically activated
pyrolytic graphite electrode, modified with the
corresponding compound. The obtained
experimental values of the quasi-redox potentials of
the investigated ferrocene derivatives are in a good
coincidence with the literature data, as well as with
our data, previously obtained with the same
ferrocene derivatives, adsorbed on another type of
carbon electrode [19, 20, 21]. The ferrocene
derivatives whose substituent displays a positive
(electron donor) induction effect (-CH3, -CH,OH,
-CH,COOH), possess a more negative quasi-redox
potential than that of the ferrocene. Ferrocene
derivatives, where the substituents have a negative
induction effect, posses a more positive quasi-redox
potential than that of the ferrocene. According to
the electron structure of the substituents in the
pentadienyl ring, the quasi-redox potential of the
corresponding  ferrocene derivative can be
prognosticated, and its suitability to be used as a
mediator in enzyme electrodes can be eventually
estimated.

The methanol-ferrocene possesses a more
negative quasi-redox potential than that of the
ferrocene, so that it is suitable to be used as a
mediator in glucose and lactate electrodes. The
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cyclic voltammogram is measured in a 0.1M
phosphate buffer (Fig. 1, full line) and in the same

T T T

3 mM Glucose

Current

Mediator: methanol ferrocene

scan rate 10 mV/s

1 1 1
-0,50 0 +0,50

Potential vs. Ag/AgCI, V

Fig. 1. Cyclic voltammograms of activated pyrographite
electrodes with adsorbed GOD and methanolferrocene:
in 0,1 M phosphate buffer (full line); in 0,1 M phosphate
buffer containing 3 mM glucose (dotted line).

buffer which contains 3 mM of glucose (Fig. 1,
dotted line). The observed increase of the anodic
peak in the presence of glucose is due to the
electrochemical oxidation of the reduced form of
the mediator on the electrode surface. The decrease
of the cathode peak is due to the consumption of
part of the mediator through oxidation of the
reduced form of the enzyme, obtained by the
enzymatic oxidation of glucose. This effect, called
the ‘mediator effect’, is observed also in the case of
enzyme electrodes with another type of metallocene
mediators [22].

The steady-state current of the investigated
enzyme electrodes, as a function of the substrate
concentration, is studied in both, the presence of
oxygen dissolved in the electrolyte, and after the
significant decrease of the dissolved oxygen
concentration by blowing argon through the
electrolyte. The behaviour of the lactate oxidase
enzyme electrodes with mediator
methanolferrocene or butylferrocene is also
investigated. In order to check if the substrate
(Li L-lactate) is directly oxidized on the electrode
surface, electrode is prepared from
electrochemically activated pyrolytic graphite,
modified with a mediator and with a covering layer
of Nafion. The steady-state current of these

electrodes at a constant potential of + 350 mV vs.
Ag/AgCl is measured in the presence of
Li L-lactate in the solution, and no amperometric
signal is observed, i.e. the substrate is not directly
oxidized on the electrode at this potential.

oo}
T
1

(o2}
T
1

= normal content of dissolved O,
e after purging with Ar

SN
T
1

Enzyme - LOD
Mediator - butylferrocene i
0,1 M phosphate buffer, pH 7
E=0,350V

Steady-state current, uA
N

0 1 1 1 1 1 1
0 1 2 3 4 5 6

Lactate concentration, mM

Fig. 2. Calibration curve of a lactate electrode with
mediator butylferrocene: when electrolyte is with normal
content of dissolved oxygen and after purging with Ar.

The calibration curve of a lactate electrode with
butylferrocene is presented in Fig. 2. It is seen that
the decrease in the oxygen concentration in the
solution does not influence significantly the steady-
state current of the electrode. This shows that the
amperometric signal of the investigated electrode is
generated mainly as a result of the action of the
electrochemical mediator.

Application of the mediated enzyme electrode at
a low working potential is preferable for the
biosensing. The investigations are oriented at
selecting those ferrocene derivatives which possess
a redox potential lower than that of the ferrocene.
Another way to achieve a mediated electrode with a
low working potential is to use a structural analog
of ferrocene which possesses a redox potential
lower than that of the ferrocene. Investigations of
the electrochemical behavior of the metallocenes in
non-agueous electrolyte have shown that the redox
potential of a nickelocene/nicelocenium couple is
ca. 0.4 V more negative than that of the
ferrocene/ferrocenium  couple [23, 24]. An
investigation of nickelocene as an electrochemical
mediator in GOD enzyme electrodes with low
working potential is described for the first time in
[25].

The stable cyclic voltammograms of the
electrochemically activated pyrolytic graphite
electrodes with adsorbed nickelocene and with
adsorbed ferrocene are juxtaposed in Fig. 3. Two
redox peaks, corresponding to the electrochemical
reaction (3), are observed on each of the
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voltammograms. The quasi redox potential of the
nickelocene/nicelocenium couple is ca. 0,300 V
more negative (cathodic) than that of the ferrocene/

sweep rate 0.05 Vis
Ferrocene

Nickeloceng

N,

e

~,
~_

Current

0.6
Potential vs. Ag/AgCl, V

Fig. 3. Cyclic voltammograms of ferrocene and
nickelocene adsorbed on activated pyrolytic electrode in
0,1 M phosphate buffer (pH 7.0).

ferrocenium couple (+ 0,230 V), obtained under the
same conditions. This result is in agreement with
the data for the redox potentials of the metallocenes
in non-aqueous electrolytes [23, 24].

T

T T T T T T
sweep rate 0,05 V/s

3mM
l~gucose

",
& ',
]

110 WA

Current

T — -

| 1 1 1
-0,6 -0.4 -0.2 o)
Potential vs. Ag/AgCl, V

Fig. 4. Cyclic voltammograms of nickelocene GOD
electrode in absence (full line) and in presence (dashed
line) of 3 mM glucose in electrolyte (pH 7.0).

A nickelocene-mediated GOD electrode is
prepared by adsorption of GOD on the
electrochemically activated pyrolytic graphite with
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adsorbed nickelocene. The cyclic volt-
ammogram of such mediated electrode is presented
in Fig. 4 (full line). In the presence of glucose
(dotted line) the anodic peak of nickelocene (—
0,105 V) increases, whereas its cathode peak
decreases. In the presence of the glucose, the
oxidized form of the GOD* enzyme is reduced to
GOD™ (2). The nickelocenium cations react with
the GOD™ as a second substrate, which results in a
decrease in their concentration (3), and
correspondingly in a decrease of the cathode peak
current of the electrochemical reduction of the
nickelocenium to nickelocene. On the other hand,
the nickelocene concentration increases due to
reaction (3), which results in an increase in the
anodic peak current of the electrochemical
oxidation of nickelocene. The steady-state current
of the nickelocene-mediated GOD electrode in
5 mM glucose solution vs. the controlled potential
is presented in Fig. 5. At potentials more positive
than the nickelocene redox potential (—0,105 V), the
steady-state current increases significantly and
reaches a plateau in the potential range between
0.0 V and + 0.2 V. In the absence of glucose
(background curve), the steady-state current is very
low and is practically independent of the potential
upto+0.2 V.
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Fig. 5. Polarization curves of nickelocene-mediated
GOD electrode in absence (background curve) and in
presence of 5 mM glucose.

Fig. 6 presents the dependence of the steady-
state amperometric response of the enzyme
electrode with a nickelocene mediator at a potential
of 0.0 V vs. Ag/AgCI as a function of the glucose
concentration in the electrolyte. The removal of the
dissolved oxygen in the cell by bubbling with Ar
results in a small increase (less than 10 %) of the
steady-state current in the whole investigated
interval of glucose concentrations. The obtained
calibration curve possesses a linear part of 0.05 mM
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up to at least 1.00 mM of glucose. From the slope
of the electrochemical Eadie-Hofstee plot the
apparent Michaelis constant is obtained to be
1.10 mM.

The low value of the nickelocene/nicelocenium
couple redox potential makes possible the use of
adsorbed nickelocene as an electrochemical
mediator in the amperometric glucose biosensors
operation at potentials of ca. 0.00 V (vs. Ag/AgCl).
This is important for the elimination of the
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Fig. 6. (a) Calibration curve of nickelocene-mediated
GOD electrode at E = 0,0 V vs. Ag/AgCl, (b) the same
data in electrochemical Eadie-Hofstee coordinates.

influence of interfering species in the real glucose
assay.

Mediated enzyme electrodes, prepared from PTFE
modified carbon black

PTFE modified carbon blacks are prepared as a
powder material by a special technology [26],
which allows the use of different carbon blacks, and
at a controlled carbon black/PTFE ratio. This
material possesses a very high porosity, combined
with an electronic conductivity, and a high
hydrophobicity. Enzymes can be immobilized
easily on this surface by adsorption. Mediators are
mixed with the PTFE modified carbon blacks to
form a powdered composite material. Porous tablet
with a significant mechanical strength are pressed
from this composite material without the use of any
additional binder. The electrode, of different shape
and dimensions, can be cut out from the tablet. [10]
describes the performance of the electrodes with
GOD, immobilized on a porous matrix of carbon
black wet proofed with PTFE, and p-benzoquinone
(BQ) as a mediator.

Fig. 7 presents the steady-state current of the
electrodes with constant amount of BQ (30 wt. % in
the mixture) and with increasing amounts of GOD
(from 0.05 to 0.35 mg per electrode) as a function

of glucose concentration. The current increases and
tends to a saturation value with the increase in the
glucose concentration. The saturation current and
the slope of the linear part of the presented curves
(at low glucose concentrations) increase with the
amount of GOD in the electrolyte. The
amperometric biosensor with mediated enzyme
electrodes based on GOD, and mediators, adsorbed
on carbon black surface, is described in [27]. The
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Fig. 7. Steady-state current of electrodes with 30 wt. %
BQ and different amount of GOD as a function of the
glucose concentration.

data, obtained with the mediator nickelocene, are
juxtaposed with the results, obtained with ferrocene
and its derivates. The data show similar
electrochemical behaviour of the investigated
ferrocenes whether applied on the carbon black
electrode or applied on the graphite electrode. The
obtained difference between the anodic and
cathodic peak potentials of the nickelocene,
ferrocene and their derivates on carbon black is
bigger by 0.1V than that obtained under the same
conditions on pyrolytic graphite. This can be
explained by the multilayer coverage of the
mediator on the carbon black surface. The
adsorption of GOD on metallocene modified
carbon black surface does not lead to a great change
in the cyclic voltammograms of the electrodes. An
insignificant decrease of the dynamic double-layer
capacity of the electrode is observed, probably due
to the partial blocking of the electrode surface by
the adsorbed enzyme [27].

Fig. 8 presents the calibrations curves of a
biosensor  with ferrocene and nickelocene
mediators. The figure shows that the nickelocene
mediated glucose oxidase electrode exhibits a
similar behaviour to that of the mediated with
ferrocene. However, the quasi-redox potential of
nickelocene/nickelocenium cation, which is by
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0.3 V more negative than that of any of the
investigated ferrocene derivatives, significantly
lowers the operating potential of the biosensor to
0.00 V vs. Ag/AgCI electrode. This is important for
direct glucose determination in the physiological
fluids (blood, urine), where an increased selectivity
of the assay is desirable. The close values of Ky*®
for nickelocene and ferrocene-mediated electrodes
are due to a similarity in the reaction mechanism.
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Fig. 8. (a) Dependence of the steady-state current of a
mediated biosensor on glucose concentration; mediators
ferrocene (E= + 0,300 V) and nickelocene (E = + 0,0 V).
(b) Corresponding electrochemical Eadie-Hofstee plots.

CONCLUSIONS

Enzyme electrodes of different range of linearly
dependent signal from the substrate concentration
and different sensitivity can be developed using
various mediators.

The results, obtained with the electrochemically
modified pyrolytic graphite or the PTFE modified
carbon blacks, show that the future application of
mediator enzyme electrodes (ferrocene, derivatives,
nickelocene, other) is possible in the field of
bioreactors and biofuel cell use.
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MEJIMATOPHU EH3MMHU EJIEKTPOIN

P. . EyKypemeeBal, CM. XpI/ICTOBl, N, MI/IJ‘IYIHCBal, I1.B. Atanacos?,
A.P.Kanuresa'

1 .
HUncmumym no enexmpoxumus u enepeutinu cucmemu, bAH
2
Yuusepcumem na Hro Mexcuko, Anbyxvpru, CALL]

Ioctenmna Ha 29 rouM, 2010 . ; MpepaboTena Ha 21 okromBpH, 2010 T..
(Pesrome)

B HacrosiiaTa 0030pHa ctaThs € 0000IIEH ABITOrOIUIIHHS OMUT Ha KOJCKTHUBA OT CEKIIUs ,,ENeKTpOXiMusl Ha
OMOKATATUTUYHUTE W METAIOBB3AYIIHA CUCTEMH B 00JIacTTa Ha MEIMATOPHUTE CH3UMHH eNeKTpoau. M3cineaBanu ca
OKHCIIUTEITHO-PEIYKIIHOHHUTE CBOMCTBA HA MEIMATOPHHS CH3UMEH EIICKTPO/] B 3aBUCHMOCT OT BHUJIa HA BBIIICPOIHUTE
Marepuanu (KOMIAKTeH BBIJIEPOJICH MaTepHal — NUporpaduT, Win AUCHEPCEH BBIVICPOJCH MaTepHal — BBIIICPOHU
CaX/1M); W3MOJI3BaHUTE MeauaTopu ((pepoleHOBH NMPOM3BOJHM, HHUKEJOIEH M OCH30XMHOH) M OT BHJAa Ha CH3UMa
(TII0K030-0KCHIa3a U JIAKTaT-OKCHAa3a).
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Literature data on silver, cobalt and silver-cobalt electrolytes are presented and discussed. The electrodeposition of
the silver-cobalt coating is carried out from appropriate cyanide-pyrophosphate electrolytes at 50 °C. The studies show
possibilities for deposition of compact silver-cobalt coatings with high cobalt content (up to 50%). The deposited
coatings could be successfully used for further investigation of their physico-mechanical and electrical properties.
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INTRODUCTION

The modern technology requires the
development of new materials with designed
properties. Often attempts were made to combine
some properties of different metals and/or alloys in
order to produce a new material with desired or
sometimes unexpected properties. The interest in
electrodeposition of silver-cobalt alloys is based on
the possibility to synergize the unique electrical,
thermal, catalytic and etc. properties of silver with
the magnetic, mechanical, catalytic etc. properties
of an element existing in two modifications and two
valence states, like the cobalt. In principle, both
metals are not miscible and dispersable in each
other and acting trough very high developed
interface they could offer very attractive properties,
like the observed giant magnetoresistance
phenomena, typical for this system [1].

A literature research is presented in this paper,
including the information about silver and cobalt
electrolytes. Data on known electrolytes for silver-
cobalt deposition, published previously [2] are
introduced again in order to complete the
information.

The  electrochemical  processes  during
electrodeposition of silver-cobalt alloys from
cyanide—pyrophosphate electrolytes carried out at
room temperature was presented in a previous
paper [2]. The electrolyte composition and the
electrolysis conditions allow the deposition of
smooth and compact coatings in a small range of
current densities.

In order to extend the working range of the
current  densities, investigations at higher
temperature (50 °C) were performed. Preliminary

* To whom all correspondence should be sent:
E-mail: snineva@ipc.bas.bg
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results of these investigations were briefly reported
elsewhere [3] .

More detailed investigations on the behavior of
the electrolyte at higher temperature and on the
composition and structure of the obtained coatings,
are discussed in the following two papers, the one
presented here is devoted to the morphological
characteristic of the obtained silver, cobalt and
silver-cobalt coatings, and the next, second one,
reviews the electrode processes [4].

REVIEW
Electrodeposition of silver

The excellent thermal and electrical
conductivities of silver retain when this metal is
deposited as a galvanic coating onto different
substrates. As result, the silver electrodeposition is
a widely applied and well researched process. One
of the first patents on silver deposition appeared in
1840 [5]. The cyanide electrolyte, described in this
patent, is one of the most used electrolytes up to
now. It is composed on the basis of potassium
dicyanoargentate with an excess of free cyanide
ions. A lot of other electrolytes are suggested —
onto nitrate, iodide, urea, thiocyanate, sulfamate,
thiosulphate, and other bases [6-15]. A
comprehensive review of the electrolytes for silver
deposition is presented in the theses of I. Krastev
[16, 17]. The electrochemical processes of silver
deposition are just marked in this paper, due to the
well presented and systematic literature data on this
topic.

Literature data about sulfamate, -ethylene-
diaminetetraacetate (EDTA), sulfosalicylate and
etc. electrolytes for silver deposition are known [6,
11-17]. Some data on the most used non-cyanide
silver electrolytes are presented in Table 1.

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Table 1. Non-cyanide (or without free cyanide) electrolytes for silver deposition.

Typ[eR(;:eerlee:;re(;;yte, Electrolyte composition Cong%nrg_a?:lon, A dJm2 T, °C Note
Ferrocyanide AgCl 20-40 1-15 60-80 Soluble anodes can not be used
[6] Ka[Fe(CN)g] 160-200 because of the silver passivation in
K,CO3 20 this solution
CO(NHp),
AgCI 15-40 05-1 20-60 One of the best substitutes for the
Ferrocyanide — thiocyanate K4 [Fe(CN)g] 30-60 hazardous cyanide electrolytes
[6] Na,CO3 20-35
KCNS 150
AgCl 40 0.2-0.5 15-25 Unstable electrolyte, fast
Sulfite K4[Fe(CN)g] 60 decomposition
[6] Na,CO3 25
Na,SO3 100-150
. Ag 25 05-1 15-25 Low throwing power
Thiocyanate NH,CNS 300
(6] H,BO; 20
Ag as AgNO; 15-90 0.5-3.5 room temper. The throwing power is low, but the
Pyrophosphate K4P,0; 100-350 quality of the coating — very good
[6] (NH,),CO; 20-145
lodide AgClI 30-60 0.1-0.25 20-40 Trend to electrolyte decomposition;
[6, 12, 14] KJ 400-450 the coatings absorb iodine
Gelatine 1-2
AgBr 40-50 13 18-20 Preliminary amalgam formation on
Bromide NH4Br 600 the substrate is necessary
[12] HBr 8
Gelatine 2-4
o Ag 30 1 20-70 Low tarnish resistance
Succinimide Succinimide K,S0, 12-55
[11, 14] 45
Ag 30 0.4-1.0 15-30 Weak adhesion of the obtained
Thiosulfate Na,S,03 300-500 coating, lower tarnish resistance, in
[6, 14] NaOH Up to pH 8-10 comparison with coatings, from

cyanide electrolytes

Electrodeposition of cobalt

The beginning of the industrial electroplating of
the cobalt dates back to the early 20th century [18].

In the beginning, the interest arouse from the
decorative and corrosion—resistive properties of this
metal [18, 19]. During the next 60 years of the 20"
century the interest in the electrodeposition of
cobalt and its alloys was renewed due to its
magnetic properties [19, 20].

The electrodeposition of cobalt is described in
details, including the applied aspects, in the review
of F. R. Moral [19] which is related to the period
before 1963, as well in some chapters in reference
books, and in the scientific journals [20-24]. Later,
Armyanov [25] carried out some investigations on
electrodeposited cobalt and cobalt alloy coatings,
connected with the magnetic properties of these
materials.

Cobalt is deposited from acid up to low alkaline
electrolytes — sulphate, chloride, sulfamate, fluoride
and fluoroborate, triethanolamine, gluconate,
citrate, pyrophosphate, hydroxide, and etc.
electrolytes.

The most cited and used electrolytes are
summarized in Table 2. Some other specified
electrolytes, like non-aqueous electrolytes and
chloride electrolyte, used for the investigation of
the oxygen evolution reaction [23, 26-28], are
mentioned in the literature.

An appropriate complex electrolyte for cobalt
electrodeposition is the pyrophosphate electrolyte.
The nature of the pyrophosphate compound of the
cobalt has been investigated in the first half of the
20™ century [39, 40], and some years later, the
information, concerning the usage of
pyrophosphate electrolytes for deposition of cobalt
alloys with tungsten and some ternary alloys [20,
37, 38], started to appear in the literature.

89



Table 2. Electrolytes for cobalt deposition.

Type of electrolyte,  Electrolyte composition ~Concentration, J,Adm? T,°C Note
[References] gdm
Sulfate, C0S0,.7H,0 0-504 4-17 20-45 The specified composition is the most
Ammonium sulfate Co(NH,),(SO4)2x 0-175 frequently used and cited in the
[19-21, 23, 29] 6H,0 literature. In some cases Na,SQO, is
NaCl 0-17 used; pH 5-6.5 [4]
H3BO; 0-45
With Sulfuric acid CoSO, 0.5 mol dm’® Up to 20 30 pH down to 2 (with H,SO,)
[24] H,SO,
Chloride CoCl,.6H,0 0-400 1-12 25-71 pH down to 5 (with HCI)
[19, 21, 23, 24, 30*, 31*] CoCl, 0-10mM * Electrodeposition at potentiostatic
H3BO; 0-25 conditions 1.18-1.28 V (SCE)
NH,4F.HF 0-86
NH,CI 0-1M
HCI
Sulfamate Co(SO3NH,), 250 - 450 05-6 25-40 pH 5.2-5.5
[19, 21] Antipitting additive 0-375
Formaldehyde H;BO; 0-30
0-30
Fluoride and fluoroborate Co(BF,), 0-160 41-65 25-50 pH 3.5
[19, 21, 23] CoF, 0-0.1216 mldm™®
0-15
H3BO; 0-0.623
HF
Triethanolamine C0S0O,4.7H,0 75 2 no data pH 2.6-6.6
[20, 21] N(C,H,OH); 70 mldm™® The coatings are bright; after prolonged
electrolysis Co(OH), precipitates.
Citrate Co0S0,.7H,0 0-0.36 0.33-2 25-75 pH 2-7
[32-35] CoCl, 0-0.50
NazCsHs0,.2H,0 0.08-0.19
CsHgO; 0.05-0.10
H,BO; mol dm?
Gluconate C0S0,.7H,0 20-100 2-3 25-50 *optimal amount of 50 g dm™
[36] Na-gluconate 10 - 100* pH 2-5
HsBO; 0-50
Pyrophosphate CoCl,.6H,0 6—60 Upto20 30-60 * Mainly used for codeposition of Co
[21, 37%*, 38*] Na,WO,.2H,0 3.3-165 with W;
K4P,0; 15.2 - 152
NH4CsH,0O7 10-12
Hydroxide Co(OH), 10 1.25-250 70-90 Electrolyte for flexible and well leveled
[21] NaOH 140 coatings
EDTA 64
Bone glue 0-10
Formaldehyde used as C0S0,4.7H,0 200 nodata  nodata The addition of Cd increases the
brightener NH,COOCHj; 30 brightness of the coating and improves
[20, 21] CH3;COOH 1 the leveling effect
HCHO 3
CdS0,.8H,0 0.2

Electrodeposition of silver-cobalt alloys

The electrodeposition of silver-cobalt alloys is
relatively rarely investigated. The existing literature
data on the deposition of this alloy are insufficient
and incomplete [41]. The reason for this is the big
difference between the deposition potentials of both
metals and the difficulties, connected with the
preparation of stable electrolytes with high metal
concentrations. Silver is a noble metal, more
positive than cobalt, and this is the reason for the
use of complex compounds to bring the deposition
potentials of both metals close together. Table 3
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shows the best known electrolytes for silver-cobalt
alloy deposition [2].

Most of the investigations, described in the
literature, are related to the silver-cobalt
electrodeposition  from  cyanide-pyrophosphate
electrolytes.

The electrodeposition of silver from cyanide
complex electrolytes, as well as the influence of
different anions onto the hydrogen evolution
reaction from such electrolytes are well researched
[5, 16, 48]. It is shown in the work of Haldar [40]
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Concentration, J,
Type of electrolyte, Electrolyte composition ~ . T, °C Note
[References] gdm A dm™
) Ag as Ag,SO, 2.2 0.3-0.7 18 Cathodic current efficiency — 50%
Cyanide Co as Co(CN), 0.6
[41] NaCN 12
Cvanide- Ag as KAg(CN), 1 01-1 20- Ag+Co<6gdm?
Y Co as C0S0,4.7H,0 5 60 Cathodic current efficiency -
pyrophosphate | K,P,0, 100 40 - 50%,
[6, 42] pH 7 — 10
C0S0,.7H,0 43 1-40 40-45 pH7-95
Cvanide- K4P,0, 120 mA cm”
Y Ag as solution containing: 0.15 (2 ml)
pyrophosphate Il KCN — 120 g dm
[43, 44] AgCN — 40 g dm3;
K,CO5 — 20 g dm™
) Ag as AgNO; 11 0.8 50 The coating is hard, brittle, and can
Thiocyanate Co as Co(NO;),.6H,0 6 not be easily polished
[41] NaSCN 98
. Ag as AgNO; 10 0.4 47 -
Nitrate Co as Co(NO3),.6H,0 18
[41] Thiourea 215
C0S0,.7H,0 5-16 1-10 85 pH 9.5
Citrate Ag,SO, NagCgHs07.2H,0 0.1-55 mA cm™
[45] N2,50,.10H,0 76
4
Co0S0,.7H,0 10 3.75 mA no pH<I
Perchlorate | 60% HCIO, 50 cm? data
[46] Thiourea 0.4
AgNO, 0.8
AgCIO, 0.01 - 25 pH 3.7;
Co(CIOy) 0.1 Electrodeposition at potentiostatic
Thiourea 0.1 conditions between -770 and -850
Perchlorate Il Gluconate 01 mv:
[47] H3BO; 0.3 The deposits are black and rough.
NaClO, 0.1
M/
Agl 0.01 100-700 no pH 2.3
2
lodide COSOé.I7HZO Oil Am data
[24] Cresol sulfonic acid 0.01
Jmol dm™/

that the pyrophosphate ions act as complexing
agents for the cobalt ion. Literature data about
silver-pyrophosphate complexes were found in the
study of Orechova, cited in Gmelin [49]. More
detailed investigations on the electrodeposition of
silver from pyrophosphate electrolytes are
presented by S. Pilauskene and V. Kajkaris [50].

EXPERIMENTAL

The electrolyte has a very low metal
concentration (sum of both metals — 6 g dm™),
without free cyanide and with an excess of free
pyrophosphate ions (the concentration of potassium
pyrophosphate is 100 g dm™®). The electrolyte is
alkaline (pH 9-10), stable, with very well
complexed ions of both metals, and it is appropriate
for their co-deposition.

The composition of the electrolyte is:

Ag as KAg(CN), — 1 and 10 g dm™ (0.009 and
0.09 mol dm™); Co as C0S0,.7H,0 varies — 5 and
10 g dm™ (0.085 and 0.17 mol dm™®); K,P,0;—100
g dm?® (0.3 mol dm?®). The electrolytes were
prepared using chemicals of pro analysis purity and
distilled water by the following procedure:

Depending on the desired volume, each
component was dissolved separately in distilled
water as follows: KAg(CN), and CoSQO,4.7H,0 were
dissolved each in water of about 1/5™ of the end
volume of the electrolyte. K4P,0; was dissolved in
a water amount of % of the end volume of the
electrolyte. After that, the obtained solutions were
mixed together as follows: the dissolved cobalt salt
was added under stirring into the pyrophosphate
solution which obtains a dark violet color. After
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that the silver salt was added therein. No changes in
the appearance of the electrolyte were observed. It
remains stable in time.

The experiments were performed in a 100 cm®
glass cell at 50°C without stirring of the electrolyte,
under galvanostatic conditions. Copper cathodes (2
x 1 % 0.03 cm) and platinum anodes were used. The
preliminary preparation of the copper cathodes
includes a standard procedure of electrochemical
degreasing followed by pickling in a 20% solution
of sulphuric acid. In order to avoid the contact
deposition of silver, the cathode was immersed into
the electrolyte under current.

The elemental composition on the coating
surface was measured by Energy-dispersive X-ray
spectroscopy (EDAX), and the surface morphology
was studied by Scanning electron microscopy
(SEM).

RESULTS AND DISCUSSION
The surface morphology of a silver coating,
obtained at 0.2 A dm? from the cyanide—
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pyrophosphate electrolyte, containing 1 g dm™ Ag,
is shown in Figure la. The coating is not compact
due to the low metal concentration in the
electrolyte. Generally (in the plating technologies),
the silver is deposited from electrolytes with higher
concentrations of the silver cyanide salt in order to
increase the effectiveness of the deposition process.
Such electrolytes are stable and do not precipitate.
The surface morphology of a silver coating,
obtained from cyanide—pyrophosphate electrolyte,
containing 10 g dm™ Ag, is shown in Figure 1b.
The well-formed silver crystallites are visible on
the electrode surface.

The surface needle-like morphology of the
cobalt coatings, deposited under galvanostatic
conditions from the pyrophosphate electrolyte, is
presented in Figure 2. The appearance of the
coating could be related to the morphology of the
cobalt coatings onto Cu- substrate, containing
mixture of hcp Co and fcec Co [51].

(b)
Fig. 1. SEM images of the surface morphology of galvanostatic deposited silver coating at 0.2 A dm from

- Ag; (b) - 10 g dm° Ag.

20kV //X5,000 ., bpym ',

. . . . (b)

Fig. 2. SEM images of the surface morphology of galvanostatic deposited cobalt coating at 0.3 A dm~ from an
electrolyte containing 100 g dm K,P,0; and: (a) - 5 g dm Co; (b) - 10 g dm™ Co.
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The silver-cobalt coatings from the cyanide—
pyrophosphate electrolyte, obtained at low current
densities (0.1 A dm™), are white and contain
practically only silver. With the increase of the
current density to up to 0.5 A dm™ the coatings
become grey and in the investigated range of
current densities remain dark-grey, but compact.

Figure 3 shows the morphology of an alloy
coating with a cobalt content of about 40 wt.%. The
coating has well-formed spheroids and the cobalt is
distributed uniformly. At cobalt contents more than
25 wt. %, the coatings are stressed and some cracks
appear. With the increase in the current density to
up to 0.4 A dm?, the deposition of coatings with up
to 50 wt. % cobalt is possible. They are
heterogeneous, consisting of light and dark regions,
but compact. The cathodic current efficiency is
about 70-80%.

Jum Arbeitsabstand = 9 mm

Dateiname = 3F07014R011 tif

(@)

Hochsp. = 15.00 kV
Datum :9 Jul 2007

Eaul

—
Detektor = RE

« 10 49 SEI

Fig. 3. SEM image of the alloy coating (1 g dm > Ag, 5 g
dm™ Co, 100 g dm® K,P,0-) deposited at 0.3 A dm .

20kV ~ X5,000 S5pm

Hm
fhm, Arbeitsabstand = 9 mm Hochsp. = 15.00 kV E
Detektor = RE Dateiname = 3F07014R013.tif Datum :9 Jul 2007

(b)

Fig. 4. SEM image of cross-sections of alloy coatings (1 g dm™ Ag, 5 g dm™ Co, 100 g dm K,P,0-) deposited at:
(a) - 0.3 A dm:Spectrum 4-14.37 wt.% Ag, 80.99 wt. % Co, 4.64 wt. % O;Spectrum 5-90,25 wt. % Ag, 9,75 wt.% Co;
(b) - 0.4 A dm™

Figures 4a and 4b present cross-sections of alloy
coatings, obtained at different current densities —
0.3 A dm?and 0.4 A dm, respectively. Some
layered structure of the coatings is observed. After
exhaustion of the more positive element in the
vicinity of the electrode during deposition of a
sublayer of about 2 — 3 um thickness, the
mechanism changes, and the formation of cobalt-
richer sublayers starts (Figure 4a). With the
increase of the current density, the influence of the
natural convection also increases due to the faster
exhaustion of the strong complexed metal ions,
discharging on the cathodic surface which leads to
a better defined multilayered structure (Figure 4b)
with sublayers of about 100-150 nm thickness.

CONCLUSIONS

On the basis of an extensive literature study the
possible electrolytes for deposition of silver, cobalt
and silver-cobalt alloy are reviewed. The
possibilities for deposition of compact coatings
with high cobalt content (of up to 50%), in a range
of current densities of up to 0.4 A dm2 at 50 °C, are
shown using a cyanide-pyrophosphate electrolyte.
Cross-sections of the alloy deposits show
spontaneous formation of structured multilayer
coatings. The electrolyte could be successfully used
for deposition of silver-cobalt compact coatings and
further investigation of their physico-mechanical
and electrical properties.
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EJIEKTPOJIMTHO OTJIA'AHE HA CPEBBPHO-KOBAJITOBU ITOKPUTHA.
EJIEKTPOJIUTU

C.JI. Hunesa, 11B.B. /lo6poBosncka, 1B. H. KpbcTen
Hucmumym no gpusuxoxumus “Pocmucnas Kauwes”, bvreapcka akademusa na naykume, Coghua 1113,Fvreapus

Ioctenmna va 13 rormu, 2010 r.; mpuera Ha 25 nekemBpu 2010 .

(Pesrome)

[IpencraBeHu ca M ca QUCKYTHPAHH JINTEPATypHU IaHHHU 32 €JICKTPOJIUTHU 3a OTIAaraHe Ha cpeObpHHU, KOOANTOBH U
cpedbpHO-KOOanToBH MOKpUTHs. [IpoBereHO € eleKTpooTiiaraHe Ha cpeOBbpHO-KOOANTOBH MOKPUTHA OT IHAHHIHO-
mupodocdatan enexktpomutn npu 50°C. Pesynratute OT HM3CienBaHUATA ITOKAa3BaT BB3MOKHOCTH 3a OTJaraHe Ha
KOMIIAaKTHH CIUIaBHH CJIOEBE C BIHCOKO ChABpKaHHE Ha KobOant (1o 50%). OTinoxeHnTe MOKpUTHS OWxa MOTIIH 1a ObIaT
YCHENIHO HW3MOJI3BaHM 3a II0-HATATBLIHO H3CJIeJBaHE HAa (M3MKOMEXaHMYHUTE W EJCKTPUYHU CBOMCTBA Ha Tas3M
cucrema.
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Electrodeposition of silver-cobalt coatings. The cyanide-pyrophosphate electrolyte
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The effect of the components in the cyanide-pyrophosphate electrolyte on the deposition of silver-cobalt
alloy was investigated by means of cyclic voltammetry and other physico-chemical methods of analysis.
Based on the results it could be assumed that the electrodeposition in the alloy electrolyte occurs from mixed
cyanide-pyrophosphate complexes of silver and pyrophosphate-hydroxide complexes of cobalt.

Keywords: cyclic voltammetry, electrodeposition, pyrophosphate, silver-cobalt alloys, nuclear magnetic resonance

(NMR)

INTRODUCTION

An extensive literature study about electrolytes
for electrodeposition of silver, cobalt and silver-
cobalt alloys was reported in a previous paper [1].
On the base of the literature data an electrolyte for
deposition of the alloy was selected. It was shown,
that compact coatings with up to 50 wt. % cobalt
could be deposited from the selected cyanide-
pyrophosphate electrolyte. However, the
mechanism of obtaining of these coatings was not
clarified, and the influence of the components in the
electrolyte was not extensively studied, as well.

The aim of this work is to investigate the effect
of the components in the cyanide-pyrophosphate
electrolyte on the deposition of silver-cobalt alloys
by means of cyclic voltammetry and other physico-
chemical methods of analysis.

EXPERIMENTAL

The composition of the used electrolyte is:

Ag as KAg(CN), — 1 g dm™ (0.009 mol dm™);
Co as CoS0,.7H,0O varies—3 and 5 g dm™ (0.051
and 0.085 mol dm); K,P,0;—100 g dm™ (0.3 mol
dm?). The electrolytes were prepared using
chemicals of pro analysis purity and distilled water
by the procedure, described in the previous part of
this study [1].

The electrode processes for the deposition and
dissolution of cobalt, silver and the alloy were
investigated by means of cyclic voltammetry. The
experiments were performed in a 100 cm® glass cell
at 50°C without stirring of the electrolyte. The

*To whom all correspondence should be sent:

E-mail: snineva@jipc.bas.bg

working electrode with an area of 1 cm® and two
counter electrodes were made by platinum. Prior to
each experiment, the platinum working electrode
was etched in a 50% HNO;. A reference electrode
Ag|AgCl (Epgagci = 0.197 V vs. SHE) was used. At
the time of the experiments, the reference electrode
was placed in a separate cell, filled with 3 M KCl
solution (Merck) and connected to the electrolyte
cell by a Haber-Luggin capillary through an
electrolyte bridge, containing also a 3 M KCI
solution. The dissolution of silver coatings (30 sec,
05 A dm? 10 g dm”’ Ag, 65 g dm”’ KCN,
galvanostatic conditions) in different electrolytes
was investigated trough linear polarization. The
experiments were carried out by means of a
computerized PAR 263A potentiostat/galvanostat,
using the Soft Corr II software with a sweep rate of
25mVs .

Infrared spectra of precipitates were registered
in the range of 1200-400 cm” on a Nicolet-320
FTIR spectrometer using the KBr pellet technique.

Nuclear Magnetic Resonance (NMR)
measurements were carried out on Bruker Advance
II+ 600 NMR spectrophotometer at 293 K
(Ultrashield™ magnet D 262/54, 14.09 T; Software
- Topspin 2.1, NMR Guide).

The thermodynamic ion-associative model
(software — PHREEQCI v.2.14) was used to
determine the existence form of the elements in the
cyanide-pyrophosphate electrolyte. The method is
based on the extended Debay-Hiickel equation for
the calculation of activity coefficients of complex
and simple ions in the solution. The used
thermodynamical constants are shown in Table 1.

Due to the absence of thermodynamic data about
the formation of Co(P,0;),"™* complexes in the

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Table 1. Termodynamic constants.

lgK Ref.

H++ CN-=HCN 9.21 [2]

Ag’ +2CN = Ag(CN), 20.48 2]
Ag' +3CN = Ag(CN),* 21.7 2]
Ag" +4CN = Ag(CN),* 20.6 [2]
Ag"'+H,0+CN =Ag(CN)OH +H" -0.777 [2]
Co*" +3CN = Co(CN)y 14.312 2]
Co®" + 5CN" = Co(CN)s* 23 2]
P,0,* + H = HP,0;* 0.82 [3]
P,O0,* +2 H = H,P,0* 1.81 [3]
P,0,* +3 H = H;P,0; 6.13 [3]
P,0,*+4 H' =H,P,0, 8.93 [3]

Ag' +2P,0;" = Ag(P,0,),” 3.74 (4]
Cu*" +2P,0,* = Cu(P,0,),” 12.57 [5]
Cu* + P,0;* = CuP,0* 8.80 [5]
Cu®" + 2HP,0,> = Cu(HP,0,),* 16.40 [6]
Cu?" + HP,0,> = Cu(HP,0;) 6.40 [6]

literature, the existing information about copper-
pyrophosphate complexes was used because of
some similarities in the behavior of cobalt and
copper pyrophosphate solutions [7, 8].

RESULTS AND DISCUSSION

Figure 1 shows the cyclic voltammetric curve
obtained in a water solution of potassium
dicyanoargentate and potassium pyrophosphate.

The only cathodic peak at the potentials of
around -600 mV results from the silver reduction
from the silver cyanide complex, which confirms
the previous results of silver deposition from water
solutions of potassium dicyanoargentate onto
different substrates [9]. This means that despite of
the quantity, the pyrophosphate does not influence
the polarization of the cathodic peak of the silver
from potassium dicyanoargentate complex in the
silver electrolyte. Two oxidation peaks are also
registered: the first one at about 440 mV, and the
second one, split in peaks at +160 mV and +405
mV. The dissolution of the coating occurs at the
potentials of the split anodic maximum, while the
first one is connected with the formation of passive
film of silver insoluble compounds [10].

In order to elucidate the nature of the split peak
in the anodic area, the experiment was carried out
with changes of the scan direction at different
cathodic potentials. Figure 2 shows the results. The
splitting of the peak could be connected with the
bonding of the dissolved silver by the different
anions existing in the solution — the cyanide and the
pyrophosphate ions. In the solution of potassium
pyrophosphate the silver coating is dissolved at
about +397 mV (Figure 3, curve 1). In the presence

of free cyanide ions in the pyrophosphate solution
(curve 2) the silver dissolution peak is shifted with
more than 250 mV in negative direction, which is a
result of the strong complex-forming effect of the
cyanide ions regarding to the silver. Curve 3 is
obtained during dissolution of similar silver
coatings in the solution of potassium
dicyanoargentate and potassium pyrophosphate, in
the absence of free cyanide.

1 : L . L . 1 . |
-1000 -500 0 500 1000
E, mV

Fig. 1. CV curves of an electrolyte containing 1 g dm™
Ag as KAg(CN), and 100 g dm™ K,P,0;.

8| :
|
£
Q 4+
<
£
<
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P
/ l L 1 L 1 L | . ]
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Fig. 2. CV curves of the electrolyte from Figure 1 with

changes of scan direction at different cathodic potentials.

The curves, presented in Figures 2 and 3, allow
for the conclusion that the dissolved silver, when in
small amounts, combines together with the cyanide
ions, released during its reduction in the cathodic
period. This results in the appearance of the
negative part of the split anodic peak. When higher
amount of deposited silver in the case of more
negative vertex potentials, is dissolved, the rest of
the dissolved silver combines with the
pyrophosphate anions, which results in the increase
of the positive part of the split anodic peak (Figure
2).
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Fig. 3. Dissolution of silver coatings in different
electrolytes. Curve 1 — pyrophosphate solution (K4P,0,
100 g.dm™); Curve 2 — in the presence of free cyanide
anions in the pyrophosphate solution (KCN,1.207 g dm™
and K,P,O,, 100 g.dm’3); Curve 3 — in the alloy
electrolyte in absence of cobalt (Ag as KAg(CN), — 1 g
dm™ and K,P,0, — 100 g dm™).

The increased amount of deposited silver is
connected with the longer deposition time when
shifting the vertex potential in a more negative
direction. Moreover, released cyanide ions during
silver deposition contribute to the formation of
silver complexes with more cyanide ligands [11].
The instability constant of the pyrophosphate
complex of silver has a value of about Ki,=10"
[4].

This is a weak complex of silver, compared with
the silver-cyanide complex, which constant is of
about K,=10%. In order to increase the
polarization of the silver deposition from
pyrophosphate electrolytes, the addition of a second
complex-forming agent is recommended [12].

In order to determine the effect of the
pyrophosphate ions on the strength of the bond
between silver and cyanide ligands, measurements
of the equilibrium potential of silver in
dicyanoargentate-pyrophosphate  solutions were
performed. The data, as well as the obtained cyclic
voltammetry curves in the presence of potassium
dicyanoargentate and pyrophosphate separately and
together, do not show any indications of a new
complex formation. In order to clarify the nature of
the possible chemical interactions of the silver
metal ion with cyanide and pyrophosphate ligands,
nuclear — magnetic resonance studies were
performed. The NMR spectra of water solutions of
potassium  dicyanoargentate and  potassium
pyrophosphate have been registered separately and
together. The techniques of the nuclear magnetic
resonance require very high concentrations. By
keeping the ratio of the investigated components
constant (as in the electrolyte for alloy deposition —
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100 g dm” K,P,0; for each gram of silver), the
concentrations have been increased up to their
solubility limit.

Figure 4a shows the spectrum of potassium
dicyanoargentate in water. One peak at about 562
ppm is observed.

Figure 4b shows the spectrum of potassium
pyrophosphate in water. Besides the peak of
pyrophosphate ions (— 6.82 ppm) some other
smaller peaks of unknown nature, most probably
corresponding to another protonic compounds of a
phosphorus, such as hydrogenphosphate, phosphate
and etc., are observed.

In the solution, containing dicyanoargentate and
potassium pyrophosphate, some shifting of the peak
with about 20 ppm — up to 583 ppm is observed
(Figure 4c).

In the literature, similar shifting of about 20 ppm

is reported and attributed to the ligand changes in
the complex. The confirmation needs additional
experiments, and therefore, the carbon spectrum of
the cyanide group in the water solution of
potassium cyanide has been recorded. The
comparison between both spectra confirms the idea
that the addition of pyrophosphate to the
dicyanoargentate ions do not result in the formation
of some mixed cyanide-pyrophosphate complexes
at a room temperature.
Figure 5 shows the cyclic voltammetric curve,
obtained in the solution of cobalt sulphate and
potassium pyrophosphate. Two maxima at about —
923 mV and -1107 mV are registered in the
cathodic region. The dissolution of the formed
coatings is represented by the peak at about —400
mV. The oxygen evolution reaction starts at very
positive  potentials. The existence of a
pyrophosphate complex of cobalt has been
mentioned in the literature [7], but data about its
instability constant have not been found. In order to
clarify the nature of the two peaks in the cathodic
area, additional voltammetric investigations were
performed.

An experiment, which was carried out with
changes of the scan direction at different cathodic
potentials, showed that the coatings deposited at
potentials of both, the first and the second cathodic
peaks, dissolve at the potentials of the mentioned
above single anodic peak. The difference in the
anodic behaviour is the deposit quantity which
depends on the reached cathodic potential.
According to Purin’s studies [13] the cobalt
electrodeposition from pyrophosphate electrolyte
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Fig. 4c. NMR spectra of water solution of 0.05 mol dm™ KAg(CN), and 1.65 mol dm™ K4P,05.
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Fig. 5. CV curves of the electrolytes containing 5 g dm™
Co as CoS0,.7H,0 and 100 g dm™ K4P,0,.

shows strong pH dependence. He concludes that the
main factors, determining the cathode processes
are: destruction of cobalt-pyrophosphate complex,
caused by alkalization in the vicinity of the
electrode, and the following formation of passive
layer which consists of hydroxide complexes and
hydroxides of the cobalt.

In order to confirm Purin’s conclusions, the
experiments with changes in the pH value of the
electrolyte were performed. The cobalt electrolyte
was alkalized using 2 g dm > KOH which results in
pH shifting up to 10.4 (initial pH value is 9.4). A
change in the violet electrolyte colour was observed
with intensification of the blue nuance. The CVA
curve of the alkalized cobalt electrolyte shows the
absence of the first cathodic peak, which refers to
cobalt deposition from cobalt-pyrophosphate
complex. This cathodic reaction is polarized
probably due to the cobalt electrodeposition from
mixed  hydroxide-pyrophosphate =~ complexes,
formed easily in the preliminary alkalized cobalt
electrolyte.

The obtained experimental results allow for the
suggestion that the cobalt-pyrophosphate complex
is destroyed by the alkalization and following
accumulation of hydroxides in the vicinity of the
electrode (as a result of simultaneous reduction
reaction of both hydrogen and cobalt). This leads to
formation of more complicated hydroxide-
pyrophosphate complexes as well as to passivation
effects on the cathode. As a result, the cobalt
reduction from such complexes runs at higher
polarization at the potential of the second cathodic
maximum.
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Fig. 6. CV curves in the alloy electrolyte (I g dm™ Ag,
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The temperature has a strong influence on the
destruction process of the cobalt-pyrophosphate
complex. During the previous experiments, carried
out at a room temperature [14], the existence of
well defined cathodic peaks was not established.
This study shows how the increase in temperature
results in intensifying of the electrode processes in
the cobalt electrolyte.

The cyclic voltammetric curves, obtained in the
alloy electrolytes with different concentrations of
cobalt — 3 g dm™ (curve 1) and 5 g dm™ (curve 2),
are presented in Figure 6. The first cathodic peak,
connected with the deposition of silver, is situated
at potentials of about —-400 mV, i.e. at about 200
mV more positive potentials, compared to the
electrolyte in the absence of cobalt (see Figure 1).
Probably the depolarization effect is due to the
changes in the silver complex type present in the
electrolyte, i.e. from stronger cyanide to a weaker
mixed cyanide-pyrophosphate. The depolarization
effect is smaller at a room temperature [14].

The thermodynamic ion-associative modeling
shows the possible existing ionic forms in the alloy
electrolyte (Table 2).

The results of these theoretical calculations
show the absence of a cobalt-cyanide complex and
silver pyrophosphate complex in the solution and
do not show any possibility of mixed complex
formation.

However, the depolarization during
electrodeposition of silver in the alloy electrolyte
assumes the conclusion that a process of
“recomplexation” of silver appears. The preparation
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Table 2. The possible existing ionic forms in the alloy electrolyte, according to thermodynamical ion-associative

modeling.

Agspecies %  Cospecies %  Kspecies %

P species %

S species %  CN species %

Ag(CN)Y>  99.9 Co(P,0,),* 73.87 K* 98.42
Ag(CN)OH™ 0.05 CoP,0~ 26.13 KSO, 158
AgSO,  0.03 - - - -
Ag' 0.02 - - - -

P,0,* 5127 SO  77.26
Co(P,0,),% 4141
CoP,04 732 - -

Ag(CN),  99.95
KSO, 2274 Ag(CN)OH 0.05

procedure of the alloy electrolyte includes a
formation of cobalt pyrophosphate, and an already
prepared cobalt electrolyte is added to the silver
electrolyte. We can assume that the cobalt ions
reduce the strength of the bonds between the silver
and the cyanide ligands, and due to this fact, a new
mixed cyanide-pyrophosphate complex of silver
appears. The depolarization of the electrodeposition
of silver in the alloy electrolyte at a room
temperature is less than at a higher temperature. It
could be assumed, that some destruction of the
cyanide complex of silver and a following “re-
complexation” could be the result of increase in the
operation temperature. Moreover, the influence of
the temperature onto the polarization of
pyrophosphate electrolytes is mentioned by other
authors [12].

The cobalt deposition peak is registered at about
~1160 mV (3 g dm cobalt), or 1150 mV (5 g dm™
3 cobalt) (Figure 6), i.e., at potentials, similar to
these in pure the pyrophosphate -electrolytes
(compare with Figure 5).

In the anodic part of the curve, the first
dissolution peak is shifted to a positive direction in
comparison with the peak, observed in the absence
of silver (see Figure 5). This shift suggests for
increased passivity of cobalt in the alloy electrolyte
or its ennoblement due to the silver contribution to
the cobalt phase. The increase of the cobalt
concentration in the electrolyte leads to the increase
of this dissolution peak, which is connected with a
higher amount of deposited cobalt during the
cathodic period.

The attempts to increase the metal
concentrations lead to precipitation. The
investigation of the precipitate with an IR-
spectroscopy shows that it consists mainly of
potassium sulphate. This allows for the conclusion
that by removing of the precipitation, the metal
concentration in the electrolyte could be
successfully increased, leading to extended working
conditions for electrodeposition.

CONCLUSIONS

Different experimental studies were performed
in order to establish the mechanism of the
electrodeposition of silver cobalt alloys from

cyanide-pyrophosphtae electrolytes. The obtained
results showed that: the increase in the working
temperature has a very strong influence on the
investigated processes; the electrodeposition in the
alloy electrolyte most probably occurs from mixed
cyanide-pyrophosphate complexes of silver and
pyrophosphate-hydroxide complexes of cobalt.
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EJIEKTPO-OTJIAI'AHE HA CPEEbPHO-KOBAJITOBU ITOKPUTHUA U3 IMAHUIHO-
I[MIMPODOCDATEH EJIEKTPOJIUT

Cs.JI. Hunesa, 1[B.B. [lo6poBosicka, B.H. Kpbcren
Huemumym no gusuxoxumus “Pocmucnas Kauwes”, bvieapcka akademus na naykume, Coghus 1113, Bvaeapus

[Toctenuna Ha 16 romu, 2010 r.; npepadotena Ha 25 nekemBpu 2010 T.

(Pesrome)

Upe3 MUKINYHA BOJTAMIICPOMETPHSI W APYTH (PU3UKOXMMHUYHM MCTOAM HA aHAIHM3 € W3CJICABAHO BIMSHUETO Ha
KOMITIOHEHTUTE Ha IHMAaHUTHO-MUPOdoCchATHUS EIeKTPONUT BBHPXY OTIAraHETO HAa CpeOBPHO-KOOANTOBATA CILIAB.
ChIi1acHO MOJyYEHUTE PE3yJITATH, MOKE J1a Ce MPUEME, Ye EIEKTPOXHUMHUYHOTO OTJIaraHe B M3CJICIBAHUS EICKTPOIIHT Ce
OCBILECTBABA OT CMECEH IHMaHUIHO-MpodochaTeH komIIeke Ha cpedpoTo u mupodochHaTHO-XUIPOKCUACH KOMILIEKC
Ha KobOaJrTa.
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The anodic depolarization of sulfur dioxide reduces the thermodynamic potential of water splitting from 1.23 V to
0.29 V at 50 % H,SO, wt. and temperature of 25°C. This process leads to hydrogen and sulfuric acid production. The
major problem of the electrolytic cell is the permeation of SO, into the cathode compartment where the parasitic’
reaction of SO, + 4H" — S + H,0 takes place, thus decreasing the hydrogen efficiency and poisoning the cathode
catalyst. The original idea, supporting this study, is to use gas diffusion electrodes (GDESs) as anodes, designed to
electrochemically oxidize SO,. Carbon GDEs have been developed and modified with cobalt phthalocyanine (CoPc).
The GDEs serve as a membrane attenuating SO, permeation. An electrolytic cell with GDE has been designed and
tested with: (i) different types of GDE; (ii) with and without membranes; and (iii) utilizing J7/J, as a mediator. It has
been found that when operating with gas mixtures which contain up to 20% vol. SO,, the main issue, namely its
permeation into the electrolyte, can be solved. This beneficial approach can be used to treat waste gases with low SO,

concentration which would have a favorable impact on the environment.

Keywords: hydrogen, sulfuric acid, electrolytic cell.

INTRODUCTION

The water electrolysis is a pollution free
technique for hydrogen production substituting the
hydrocarbon use. In the conventional electrolyzers,
the high operational voltage, caused by the kinetic
hindrances of oxygen evolution, increases the
production costs of the electrolyzed hydrogen
multifold in comparison with the hydrogen,
produced by the liquid fuel treatment. The anodic
depolarization of sulfur dioxide reduces the water
splitting thermodynamic potential from 1.23 V
down to 0.29 V at 50 % H,SO, wt. and a
temperature of 25°C [2]. This process results in
both, hydrogen and sulfuric acid production.

The process has deserved the research efforts of
many countries, and up to date number electrolyzer
designs of this type have been developed [2-8].
Their construction employs immersed electrodes
where the SO, enters the anodic space jointly with
the electrolyte. However, this immediately creates
one of the major problems, inherent to this type of
electrolyzers, namely the permeation of SO,
through the cation exchange membrane separating
the anodic and the cathodic spaces and the SO,
cathodic reduction according to the reaction:

SOZ + 4-HJr — S+ HZO

* To whom all correspondence should be sent:
E-mail: kpetrov@bas.bg

Another disadvantage, even for the well working
electrolyzers (E = 0,7 V at i = 200 mA.cm?), is that
the electrodes are platinum catalyzed, which makes
them quite sensitive to catalytic poisoning,
particularly to the sulfur dioxide content (SO,), due
to its penetration into the cathodic space. All efforts
to solve these problems are directed to the
electrolyzer design. An example of such design is
to using two cation exchange membranes with an
individual electrolyte circulation loop between the
cathodic and the anodic space. [1]. In such cases,
however, the problem with the intermediate
electrolyte clean-up of the surfaces arises [9].

Our original idea is to use gas diffusion
electrodes for electrolyzing cells which will operate
with waste gases, produced by many industrial
sources (thermoelectric power plants, enriching
factories in the mining industry, etc.). Thus, the
sulfur-acid electrolyzing method would be
employed in its full capacity for the hydrogen
production and SO, purification, and which is very
important this would be beneficial economically
and environmentally.

THE CELL DESIGN

An novel electrolyzing cell was designed based
on already developed immersed electrodes for
sulfur dioxide oxidation, catalyzed with tungsten
carbide.

Figure 1 illustrates the cell outline. The cell is
designated to produce hydrogen from sulfur-acidic

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 105
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solutions with SO, as anodic depolarizer. Other
electrolyzing cell modifications have also been
constructed with anodes, targeting at 95 — 100%
SO, utilization. The cell allows for utilization of
ion-exchange membranes which serve to separate
the anolyte from the catholyte and enables the
addition of KJ or HJ in the anolyte, aiming to

support the homogeneous catalytic reaction
between the SO, and the J.
1 H,SO,4 + H, 2
il A N <
— IT 1T I
[ |
so, «H || ! H> SO
| | =
| |
| [
| |
| |
| |
S0 b } ! < SO,
[ |
il |
1 LL _LL 1
5 ¢ ¢ .
- HzSO4 —

Fig.1. 1 - Cell housing, 2 — Gas diffusion anodes
catalyzed with active carbon; 3 — Tungsten carbide
cathode; 4 — Graphitized waddings soaked in potassium
iodide; 5 — Cation exchange membranes.

This particular design has its fundamental
advantages: 1) The GDEs serve as membranes,
hence the SO, concentration in the electrolyte is
considerably lower than the SO, concentrations
when immersed types of anodes are employed. The
membranes protect the cathodic space against
sulfur dioxide penetration; 2) The activity of the
cathode, manufactured with non-noble catalyst, is
not influenced by the low SO, concentrations that
may possibly penetrate into the cathodic space. The
components of this electrolyzing cell are made of
circularly shaped plexiglass. They are assembled as
a filter-press-type stack. This facilitates the
assembly of diverse modifications of the
electrolyzing cell featuring various electrode
positions, i.e, the distances between anode and
cathode, as well as including cation-exchange
membranes.

EXPERIMENTAL CONDITIONS

The experiments employed a three-electrode cell
with double layered working GD—electrodes [3], a
tungsten carbide catalyst, and a (Hg/HgO) in 4.5 N
H,SO, reference electrode. The controlling
electronic potentiostat was of the Radelkis type. All
measurements were taken at the range from 20 to
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70°C. The active electrode surfaces varied between
10 cm?and 200 cm?. The electrolyte circulation was
sustained by a peristaltic pump throughout the
experiment. The studies, related to the experimental
set-up operation with Air-SO, gas mixtures, were
controlled by Brooks 5850 gas-mixing equipment
which was used to mix precisely and maintain the
desired proportion of the gas mixture components.

EXPERIMENTAL RESULTS

The volt-amp characteristics have been taken at
different temperatures and long term studies were
also conducted. Throughout the measurements the
SO, quantity, penetrated into the electrolyte, was
controlled by iodometric analysis, and the produced
hydrogen quantity was determined by volume
exercising proper adjustments for the SO,

The oxidation efficiency for the SO, quantity,
oxidized onto the GDE to the total SO, quantity
within the anodic space, was calculated by the
following basic equation:

X = (1 —Cou /Cin) x 100 %, 1)

where C, is the SO, concentration at the outlet
of the gas chamber, and C;, at the inlet. The optimal
electrolyte flow rate was selected in a way to
prevent the penetration of sulfur dioxide from the
anodic compartment into the cathodic space, and its
reduction to sulfur. Figure 2 depicts the level of
reduction of the SO, concentration. SO, penetrates
into the catholyte and increases the hydrogen output
as a function of the electrolyte flow rate. Figure 2
illustrates also the fact that at the selected flow rate
of 5 -6 L/h the "parasitic" reaction of

SO, +4H" —* 5 S+H,0

does not take place practically. Taking this into

consideration, all measurements were conducted at
this electrolyte flow rate.
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Fig.2. Influence of electrolyte flow rate on the yield of
hydrogen (m) and oxidation of SO, (e). Sg.q = 10 cm?
20 % H,S0,, t =20 °C.
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Fig. 3a Temperature dependence for the same cell,
(m)—1=1A; (e)-1=2A.

Figure 3 shows the electrolyzer cell volt-amp
characteristics, taken at different temperatures.
Shown in the subsequent Figure 3a, a single
temperature rise of 10°C results to some 20 mV of
voltage reduction. It was calculated, based on the
individual electrode volt-amp characteristics, that
the ohmic losses are 30 mV at 1=1A and close to 60
mV at | = 2A, respectively.

The long term studies have demonstrated th at
the designed cell is functionally stable for 100
hours. The voltage necessary to support the
operation of such type of electrolyzing cell is with
some 0.5 Volts lower compared to the conventional
water electrolyzers, even for the most unfavorable
working conditions at 20°C [9]. The sulfur dioxide
penetration through the GDEs, resulting in its
reduction to sulfur on the cathode and in collector
corrosion in sustainable operational mode, could be
considered as disadvantage of this system,

particularly for electrolyzing cells with electrode
surface area of S, = 200 ¢cm? . In this case, the
sulfur dioxide practical utilization does not surpass
40%.

The experimental results have confirmed that
semi-permeable  cation-exchange = membranes
utilization does not lead to radical solution of the
problem, in spite of some SO, reduction within the
cathodic space (1.24 g/L in the anolyte and 0.280
g/L in the catholyte), but is still sufficient to back
up the SO, reduction to sulfur at a perceptible rate.

In order to solve the issue for the proposed
electrolyzing cell design, improved gas diffusion
electrodes were developed to attain practically a
75% sulfur dioxide utilization [3]. This aim was
achieved by means of variation of the active layer
composition. These GDEs of enhanced sulfur
dioxide utilization facilitate the cathodic space
protection against SO, penetration. Unfortunately
the 75% utilization, achieved up to date, is not
sufficient enough to solve the problem of SO,
permeation into the cathodic space.

Another approach was looked after, namely
employing the addition of a redox couple iodine-
iodine ion to the anolyte. It is well known [10] that
in this cases the following anodic reaction takes
place:

J —J electrochemically, 2

while the produced iodine oxidizes the penetrated
into the solution SO,:

2)+S™ 21 +5* (3)
which is a homogeneous catalytic reaction.

It is easily observed that the J,/J” couple serves
as a mediator for the SO, oxidation. These reactions
lower the anodic reaction potential, acquiring the
electrochemical potential of the redox couple.

To back-up the above reactions a new family of
GDEs were developed as well as a novel cell
design, where graphitized wadding, impregnated
with potassium iodide, were inserted behind the
anode. The iodide amount was experimentally
optimized, taking into account the penetration of
non-reacted sulfur dioxide trough the GDE. The
final optimal value is Cx; = 1.2.10™" moles/L.
Behind the anode, a cation exchange membrane has
been positioned to separate the anodic and the
cathodic spaces. Figure 4 is an illustration of the
relationship, describing the sulfur dioxide
utilization as a function of the current density. It is
observed that at a current density of 1 >70 mA/cm?,
the SO, utilization reaches the desired 100%. A cell
of such design with electrode surface area of 10
cm” was operational for 40 hours (1= 100 mA/cm?)
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Fig. 5. Long- term test of electrolytic cell operating with
homogenous catalyst potassium iodide. 20 % H,SO,; 20
°C; Ciy anolit = 2.5.10°M; Serg= 10 cm? usability SO, =
95 — 100 % ; i, = 100 mA/cm?.

without any registered presence of SO, in the
catholyte, circulating with a flow rate of some 0.3
L/h. The cell voltage throughout this study varied
from 750 to 810 mV, as seen on Figure 5.
Unfortunately, other problems occur either related
to the iodide separation from the produced sulfur
dioxide or to the metallic iodine blockage of the gas
diffusion anodes.

We searched an innovative solution to solve
finally the problems, associated with the sulfur
dioxide electrolysis, based on utilizing gas mixtures
of sulfur dioxide and air. As mentioned above our
original idea was to feed the GDE anode, employed
as electrolyzer, with waste gases, containing SO,
The waste gases utilization implies reduced SO,
partial pressure in the gas and the resultant decline.
Figure 6 shows the correaltion, describing the
current density and the SO, oxidation level on the
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Fig. 6 Relationship between current density and degree
of oxidation on the SO2 concentration in the gas mixture
(air + SO2) at constant potential; E=750 mV vs RHE; t
=25°C; 4.5 N H,SOy; catalyst: Norit — NK/CoPc.
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Fig. 7. Polarization curves of gas diffusion electrodes
operating with SO,+ air mixture; t =25 °C; 4.5 N H,SOy;
(@) Norit + CoPc, 0.24 % vol. SO,; ( m) Norit NK, 1 %
vol. SO,.

SO, concentration in the gas mixture at constant
potential of E=750 mV (RHE), at which as shown
in Figure 4, the electrodes maintain their stability. It
is again easily observed that the electrodes attain
current densities of 1=50 mA.cm? at SO,
concentration of Cgp=25 % vol. and | = 80
mA.cm at Cs0,=50 % vol. The other correlation
shown in Figure 6 and displays the 100% SO,
oxidation level at Cg50,=20 % vol. This result is
extremely important since it provides for solving
the major problem for sulfur-acidic electrolysis,
namely the SO, permeation into the cathodic space.
The plot shows also that this is accompanied by
reduction of the operational current density, too.

As mentioned above, the capability of the GDEs
to operate at low partial SO, pressures is of
practical significance from the environmental point
of view. Since the SO, concentration in the waste
gases of many chemical processes is below 1% by
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volume, comprehensive measurements were carried
out at these low concentrations. Figure 7 presents
the polarization curves for the SO, oxidation at
Cso2 = 0.24 vol. % on the catalyst with Norit +
CoPc and with Norit only. The current densities at
750 mV vs. RHE are from1.5 to 2.0 mA.cm? for
both catalysts. The Norit + CoPc exhibits high
catalytic activity and the above cited current density
had been attained at a fourfold lower SO,
concentration than in the case of pure Norit
catalyst. These polarization curves demonstrate the
GDE capability to operate at low SO,
concentrations, whereby the penetration of SO, into
the electrolyte is avoided, cf. Figure 6.

70

65

60

Degree of SO, purification, %

10 20 30 40 50 60 70

Gas flow rate, dm®.h™*

Fig. 8. Relationship between degree of SO2 purification
on the low rate of the gas mixture at constant potential:

E = 750 mV vs. RHE; t = 25 °C; 4.5 N H,SO,; GDE: S
=200 cm?; 1 vol % SO, in air; i ~ 2mA.cm .

In this manner specific amounts of waste gases
(at selected low gas flow rates in the gas chamber)
can be purified. Figure 8 illustrates the correlation
between the level of SO, removal by a GDE of 200
cm® surface area and the flow rate of the gas
mixture (SO, + air), supplied to the electrode. The
electrode potential was maintained at constant 750
mV vs. RHE. The attained current density of about
2 mA.cm? varied insignificantly with the gas
mixture flow rate. It is evident that under these
conditions the electrode removes some 50 to 70 %
of the SO, from the waste gas which initially
contained a concentration of C¢o,=1.0 % vol. This

implies a considerable environmental effect, even
with the less active Norit -NK catalyst.

CONCLUSION

The major problem, inherent to the sulfur-acidic
method for hydrogen production, namely SO,
permeation into the cathodic space, was
successfully resolved.

An innovative electrolyzing cell design was
proposed. This design involves an advantageous
GDE exploitation, providing for utilization of the
SO, containing waste gases. The feasibility of the
GDEs' operation at low SO, partial pressures was
demonstrated.

This inventive technique provides for both,
hydrogen production and harmful sulfur dioxide
pollutant purification.
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EJIEKTPOJIM3HA KIJIETKA 3A ITOJIYHABAHE HA BOJJOPO/ 1 CAPHA KHCEJIMHA

K. Ilerpos, 1. Hukonos, B. Hukonoga, I1. Unues, k. Y3yH, T. Butanos

Hucmumym no enexmpoxumus u enepeuiinu cucmemu,bvneapcxa akademus na naykume,yn. Axao. I'. Bonues, 611. 10,
1113 Cogpus

IMocTenuna Ha 15 maii, 2010 r.; npepaborena Ha 15 okromspu, 2010 r.

(Pe3tome)

AHo/iHaTa JIenoNspru3alys Ha CepHUs AUOKCH/I IOHIKAaBa TEPMOAMHAMUYHMS IOTEHIMA 3a pa3jlaraHeTo Ha BoJara
or 1.23 V 10 0.29 V B capuo-kucena cpeaa ot 50 % (terin.) H,SO, npu 25°C. To3u npolec BOAM 10 NOJTyYaBaHETO Ha
BOJIOPOJA U csipHa KucenrHa. OCHOBHUAT MPOOJIeM Ha eJIEKTPOJIM3HATA KJIETKa B TO3M Cilydail e npoHukBaHeTo Ha SO, B
KaTOAHOTO MPOCTPAHCTBO, KBJAETO MPOTHYA “mapasutHaTa” peakmus SO, + 4H — S + H,0, xato mpu ToBa ce
MOHMKaBa S(QEeKTHBHOCTTA IO BOJOPOA W C€ OTpaBs KaTOOHUS KaTaimsarop. OpuUTHHaNHATa HAes, NOPOIMIa TOBA
u3CleIBaHe € B M3MOJ3BaHETO Ha Tra3oBH audysuonHu enekrpoad (GDES) kato aHonM, mnpenHa3sHaueHHH 3a
oxucnennero Ha SO,. Pa3pabotenu ca Beraepoaan GDE-enexrpoan, kaTto ca MoauUITpaHH ¢ KOOANTOB(TATOMAHUH
(CoPc). T'az0BO-arhy3HOHHUAT €NEKTPO] CIYXH Karo MemOpaHa, 3abaBsiia npoHukBaneto Ha SO,. Pa3paborena e
CJICKTPOJIM3HA KIIETKa M € u3nuTaHa npu: (a) paziananu tunose GDE; (6) ¢ n 6e3 memOpanu u (B) U3MON3BALIN PEIOKC-
cuctemara J/J, kato mexuarop. Hamepero e, ye mpu paboTta ¢ ra3oBa cMmec, chabpixkaiia g0 20% (06.) SO,, ce pemasa
OCHOBHUS BBIIPOC, T.€. IPOHUKBAHETO HAa CEPHUS AUOKCHI B €IEKTPOINTA. TO3U MOAXOJ MOXE Ja Ce HM3IO0N3Ba 3a
TPETUPAHETO Ha OTMAAbUHU ra30Be ¢ OJaronpuaTeH eeKT BbpXy OKOJIHATA Cpesa.

110



Bulgarian Chemical Communications, Volume 43, Number 1 (pp. 111 — 114) 2011

Experimental metal hydride-air fuel cell
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Commercially available metal hydride alloys of the ABs-type and air gas-diffusion electrodes were used as anode
and cathode materials for the experimental fuel cell where NaBHj, is used as hydrogen supply.

Air gas-diffusion electrodes with identical gas-supplying layer, and catalytic layer from pyrolysed CoTMPP were
prepared, characterized, and selected as suitable for cathode material.

Experimental low-temperature borohydride fuel cell was constructed and optimized. The exploitation of the
developed cell is safe, since the fuel is dissolved in the electrolyte and there is no need to work with compressed or

condensed hydrogen.

The proposed fuel cell structure comprises an experimental plastic two-electrode electrochemical cell. The obtained
operational characteristics indicated for its possible application as a real fuel cell.

Key-words: metal hydride alloys, air gas-diffusion electrodes, borohydride fuel cell

INTRODUCTION

The fuel cell represents an electrochemical
energy transformer. It directly transforms chemical
energy into thermal and electric. There are different
types of fuel cells, each one having an optimal
application. They are classified mainly by the type
of used electrolyte or in terms of their working
temperature.

Methanol and sodium borohydride (NaBH,) are
important fuel candidates for portable and mobile
applications at an ambient temperature. Since the
late 1990s, NaBH, is presented as a promising
hydrogen storage material and an attractive fuel to
use in the so-called Direct Borohydride Fuel Cell
(DBFCs) [1-3]. The resent rapid progress in the
development of DBFCs is reviewed in [4].
However, the discussion of DBFC was brief. This
is not surprising since there is little literature
published before the year of 2000.

A direct borohydride fuel cell uses the NaBH,
solution as fuel, and electricity is produced via the
following reaction:

NaBH, + 20, — NaBO, + 2H,0 E’=1,64V

The DBFC can be compared,
thermodynamically and energetically, to the direct
methanol fuel cell (DMFC) and to the polymer
electrolyte membrane fuel cell (PEMFC). The
comparison is favourable to the DBFC technology

* To whom all correspondence should be sent:
E-mail: SHristov@bas.bg

[5]. The DBFC theoretical open circuit voltage of
1.64 V is higher than those of the DMFC (1.21 V)
and the PEMFC (1.23 V).

In principle, the DBFC can only work in an
alkaline environment because BH, is unstable in
neutral or acidic medium. The electrocatalysts for
both, the anode and the cathode in the DBFC with
alkaline fuel, are not necessarily limited to noble
metals [6]. Low cost catalysts can be expected to
result in a good performance. The research of
catalysts for the DBFC anode has been well
documented [7, 8]. Non-platinum cathode catalysts
such as MnO, [9], Co-porphyrins [10], perovskite
oxides [11], etc. have been studied extensively. Ma
and co-workers [12] demonstrated DBFC in which
iron phtalocyanine is used as a cathodic catalyst,
and hydrogen storage alloy can be used as an
anodic catalyst.

In this work we present an experimental metal
hydride air fuel cell which uses complex alkaline
hydrides as a fuel. This fuel cell will demonstrate
the possibility to use conventional metal hydride
alloys as anodes, on one hand, and air gas diffusion
electrodes as cathodes, on the other hand.

EXPERIMENTAL

The proposed fuel cell structure comprises an
experimental plastic two-electrode electrochemical
cell. The anode and the cathode are placed in an
electrolyte space, filled in with electrolyte. In most
experiments 6 or 7 M KOH, containing 1M NaBH,,
was used as working electrolyte.

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 111
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Three types of commercial ABs metal hydride
alloys, AKL-86, AKL-1002, and AKL-1519
(Triebacher, Germany) were investigated as a
potential anode material in the DBFC. The initial
alloys were pre-treated in a NaBH,; solution
(12-24 h), filtered, mixed with PTFE
(polytetrafluorethylene) paste, and coated upon Ni
foam.

The air gas-diffusion electrodes with gas layers
are prepared from a special hydrophobic material,
carbon black P 1042 and PTFE by a special
technology. Four types of catalysts are used for the
catalytic layer: VS 50-CoTMPP 700, pyrolyzed
CoTMPP, AC CoNi, and NORIT NK. The catalytic
layers of all electrodes are made from 20 mg/cm? of
catalyst. For the initial experiments, the air
electrodes are mounted on the experimental
electrochemical cell filled in with 7M KOH
electrolyte. The cell is equipped with Zn reference
electrode and counter electrode of stainless steel.
The characteristics of the electrodes are measured
when operating on air or on pure oxygen.

Round shared anode and cathode with geometric
area of 7.5 cm? and effective working area of about
5 cm? were prepared. The electrodes were sintered
at 280° C under pressure of 200 kg/cm? in the
course of 2 min. The electric current collector (Ni-
plated Fe grid) was pressed on each electrode.

The electrochemical measurements with the
described fuel cell were performed using
computerized potentiostat — galvanostat, GAMRY
module, and various digital multimeters.

RESULTS AND DISCUSSION

The polarization curves of the air gas-diffusion
electrodes, operating on air and pure oxygen in
alkaline electrolyte, are presented in Figure 1 (a.
and b.). The air electrodes are prepared with
identical gas-supplying layers. Four types of
catalysts are used for the catalytic layer. It is well
known that the performance of the air electrode is
influenced not only by the activity of the catalyst,
but also by all transport processes, taking place in
its porous structure. Transport hindrances in the
electrode are function not only of its overall
structure, but also of the porous structure and the
surface properties of the catalyst. Methods for
diagnostic the activity and the transport properties
of the air gas-diffusion electrode are proposed. It is
theoretically and experimentally shown that the
value AE = Eqyygen — Eair Can be used as a measure
for the transport hindrances in the air electrode [13,
14].
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The activities of the catalysts are compared
based on the experimental Tafel plots (Fig.2). It is
seen that the most active catalysts are the VS 50-
CoTMPP 700 and the pyrolyzed CoTMPP.

The effect of the cell structure upon the
electrochemical behaviour was studied in detail.
The long-term experience in the development,
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Fig. 1. Polarization curves of air electrodes with
catalysts NORIT NK, VS 50-CoTMPP 700, pyrolyzed
CoTMPP and AC CoNi, operating with pure oxygen (a)
and with air (b).
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Fig. 2. Tafel plots of the air electrodes with the
investigated catalysts.

Fig. 3. Photograph of the described electrochemical cell.
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testing, and construction of various types of power
sources [15] will serve as a base for the successful
construction of the experimental borohydride fuel
cell, presented in this work (Fig. 3).

The current voltage and the corresponding
power characteristics of the cell are given in Fig. 4.
The power values are over 140 mV for the cell
equipped with an AKL-86 anode.
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Fig. 4. Polarization and power characteristics of a
borohydride fuel cell
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Fig. 5. Discharge curves of the experimental fuel cell.

Borohydride participation in the electrode
reaction is clearly evident when we compare the
discharge curves, obtained in the alkaline
electrolytes which contain sodium borohydride
(Fig.5). The immersion of different type of
electrodes in sodium borohydride solution leads
probably to a hydrogen absorption or hydride
formation like the electrochemical charging does.
This also explains the appearance of the second
plateau on the curves as a result of the electro-
oxidation of hydrogen, absorbed in the electrode.

For the application in practice, however, more
detailed experiments and data analysis for
optimization of the operation conditions such as the

borohydride concentration, temperature, etc.,
should be performed with electrodes of AKL-86,
AKL-1002, and AKL-1519 alloys.

CONCLUSIONS

An experimental metal hydride-air fuel cell was
constructed, tested, and optimized. ABs — type
metal hydride alloys and air gas-diffusion
electrodes were used as electrode materials. The
current-voltage, power, and discharge
characteristics of the described system render the
characteristics suitable for use in low-temperature
borohydride fuel cells.
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EKCITEPUMEHTAJIEH I'OPUBEH EJIEMEHT METAJIEH XUJAPU/-BB3AYX
C. M. Xpucros, P. 1. bykypeuumesa, 1. JI. Munymesa
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(Pesrome)

Meran xunpuaHu cruiaBu T ABs W BB3AYIIHM Ta301u(y3MOHHHM €NEKTPOAM Ca CHOTBETHO AHOJTHH M
KaTOZHU MaTepHaly B eKCIiepiuMeHTaneH ropuseH esemenT. NaBH, e usnon3san 3a nocraBsHe Ha BOJOPO.

W3roTBeHn, oxapakTepu3HpaHH M CeJeKTHpPaHM ca MOJXOAAIIM 3a KAaTOJHH MaTepHald BB3IyLIHU
ra30auQy3nOHHHU eNeKTpoau. Te ca ¢ HISHTUICH Ta30B CIIOHW U KaTaJUTHIeH clioi ot muponusupan CoTMPP.

KoHCcTpynpan u onTHMH3MpaH € EKCIIEPUMEHTAJIeH HUCKOTeMIICpaTypeH OOpXWAPHICH TOPHBEH EIICMEHT.
[Momyuennte pabOTHM XapaKTEPUCTHKU IIOKAa3BaT BB3MOXKHOCTH 3a OBJCIIO NMPWIOKCHHWE KaTO peaJeH TOpHBEH
€JIEMEHT.
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Alloys with different composition were produced by electrodeposition dependence of electrolysis conditions. Alloys, rich in Fe
and Co or rich in Ni, were obtained due to anomalous electrodeposition of Co and Fe. The morphology and component distribution
were characterized by SEM and EDX analyses. The hydrogen evolution reaction (HER) on these materials was investigated by
galvanostatic steady-state curves in 6 M KOH. The catalytic activity is improved when the alloys contain more Fe and Co
than Ni and W, and especially in the presence of P, even in small amounts (3 to 3.5%). This significantly reduces
polarization for HER. This fact may be directly connected to the increase of the real surface of the alloys.

Keywords: electrodeposition, Ni—-Fe—Co alloys, hydrogen evolution reaction, polarization curves

Introduction

One of the most common electrode materials is
based on nickel and its alloys because of their good
catalytic activity for hydrogen evolution reaction
(HER). These electrodes play an important role in
various electrochemical processes. In order to
improve the properties of these materials and
increase their electrocatalytic activity, various
methods are applied such as alloying with other
elements, incorporation of composite components
and other changes aiming to obtain electrodes with
well-developed, rough or porous surface.
Codeposition of nickel with transition metals,
binary [1-3] and ternary alloys [4-7], which have
better catalytic activity, compared with the pure
metal, is one of the most popular methods.

Lupi et al. [3] studied the electrocatalytic
performance of Ni-Co alloy for HER, ranging the
composition from 0 to 100%. The hydrogen over-
potentials appear to be lower in the case of Co
concentration, ranging between 41 and 64 wt. %,
where the synergism between the catalytic
properties of the Ni (low hydrogen over-potential)
and Co (high hydrogen adsorption) is best
pronounced and which allowed obtaining of a
larger value of the exchange current density.
Electrodeposited iron is more active for the
hydrogen than the pure nickel, but Ni-Fe [5] alloys
show further high activity for the hydrogen
evolution. The carbon addition to iron or nickel

*To whom all correspondence should be sent:
E-mai rasho@ipc.bas.bg

trough the complexing agent (for example lysine),
into the electrolyte, remarkably enhances the
activity for hydrogen evolution and changes the
mechanism of hydrogen evolution. Ternary Ni—Fe—
C alloys show the highest activity for hydrogen
evolution compared with pure Ni and Ni-Fe alloy.
The Ni-P alloys also possess good catalytic activity
toward HER [8-9]. The activity of these electrodes
depended on the method of preparation and P
content [8]. The activity was higher for the
materials, deposited at lower temperatures and for
those, containing smaller amounts of P. It was
found that the crystal size is correlated with the
catalytic activity of the hydrogen evolution in
alkaline media. The activity increased when crystal
size decreased [9]. It is proposed that the increased
catalytic activity is caused by an increased amount
of amorphous phase surrounding the Ni crystals.
This phase is able to absorb large amount of
hydrogen.

The electrodeposition of the iron-group metals,

their binary and ternary alloys were published [4,
10-14]. Also, the anomalous behavior of these
alloys was studied [13]. The results revealed that Ni
was inhibited by the presence of Fe? and Co* ions
[14], while Fe deposition rate was enhanced by the
presence of Co®* and Ni** ions.
The aim of this work is to produce multiple
component systems, based on the iron-group metals
(including phosphorus) via electrodeposition, and
to compare their electrocatalytic behavior for HER

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 115
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EXPERIMENTAL

The samples were prepared by electrodeposition
under galvanostatic conditions in thermostatic glass
cell with and without magnetic stirring. The
electrolyte compositions are given in Table 1.

Table 1
Electrolyte compositions Electrolyte Electrolyte

g dm? | 1
NiSO,.7H,0 75 75
NiCl,.6 H,0 12.5 12.5
Fe SO,.7H,O 25 25
CoS0,.7H,0 25 25

Na,WO,.2H,0 30 30
Na;CeHs07.2H,0 125 125
NaH,PO,.H,0 - 25

The electrolysis conditions for electrolyte | and Il
are — 3, 5, 7 and 10 A/dm?, t = 50°C, stirring - 0
min* and 100 min™, pH-5.5. Copper plates with
geometric area of 2 cm* were used as substrates for
cathodic deposits, and Pt-Ti mash for an anode.
Electrochemical measurements for HER were made
in a conventional three-electrode cell with platinum
as a counter electrode and SCE as a reference in 6
M KOH.
The surface morphology of the alloys was analysed
by scanning electron microscopy (SEM) using Leo
1455VP and Leo Supra 55VP, equipped with
energy dispersion X-ray (EDX) detectors, Oxford
Inca 200. The element content in the deposit bulk
was determined by X-ray fluorescence analysis
(Fischerscope X-RAY HDAL).
RESULTS AND DISCUSSION

Alloys with different composition were produced
by electrodeposition dependence of the electrolysis
conditions. Alloys, rich in Fe and Co or rich in Ni,
were obtained due to anomalous electrodeposition
of Co and Fe. The alloys with different component
composition of the electrolytes, given in Table 1,
were electrodeposited. The component composition
of the alloy was determined by X-ray fluorescence
analysis (Fischerscope X-RAY HDAL). The results
(Fig.1a) showed that in the absence of stirring and
NaH,PO,, nickel and tungsten are predominant in
the obtained alloys. The amount of W increases
slightly (from 28 to 33 wt.%) with the current
density increase. The content of nickel increases,
while the amounts of the included Co and Fe
decrease with the increasing current density (to
5A/dm?), and then remains almost unchanged for
all three elements.
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Fig.1. Dependence of the weight % of alloy components
obtained from electrolyte | (Table 1) on the current
density by X-ray fluorescence analysis: a) — without
stirring; b)- stirring 100 min™

The current density increase leads to growth of the
nickel and tungsten content in the deposit (Fig.1b),
while the amounts of Co and Fe decrease by stirring
(100 min™). Thus, different composition of layers
is produced. For example, Fe-Co-W-Ni alloys are
obtained at 3 A/ dm” while Ni-W-Fe—Co alloys at
10 A/dm.

The content of W strongly reduces without
stirring in the presence of phosphorus in the
electrolyte (Fig.2a). The current density increase
does not influence essentially the composition of
the electrochemically obtained alloys. The nickel
content increases up to 40%, while the content of
Co and Fe decreases by stirring (fig.2b). The Fe—
Co-Ni-W alloys are obtained at a low current
density, while the Ni-Fe—Co-W alloys are prepared
at high current densities. It is interesting that the
amount of the main components (Ni—Fe—Co) is
approximately the same (about 31-34 wt.%) in the
alloy at 7 A/dm? (Fig.2b). The obtained results
show that qualitatively different alloy composition
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Fig. 2. Dependence of the weight % of alloy components
obtained from electrolyte 1l (Table 1) on the current
density in the presence of P by X-ray fluorescence
analysis: a) — without stirring; b)- stirring 100 min™
Table 2

Current density, Ni  Co W Fe P
Aldm? Wt% wt% wt% wt% wt %

3,stirring100min® 15 37 5 40 3
7,stirring 100 min* 32 30 4 31 3

10, stirring 100 min* 37 26 5 29 3
3, without stirring 425 25 6 23 35
10, without stirring 44 23 55 24 35

deposits can be obtained under the
conditions of the electrolysis process.

The X-ray fluorescence analysis does not allow
the determination of P, included in the deposits are
obtained from electrolyte Il. Therefore, some of the
samples were analyzed by the EDX method. The
data from the analysis are presented in Table 2. The
results show that independently of the electrolysis
process conditions (with and without stirring and
current density), the P content was approximately
the same (about 3-3.5 wt %).

varying

The method of polarization curves, as a criterion
for the catalytic activity of the material, was used to
study the HER. The deposited electrodes with a
geometric surface of 2 cm? were tested for HER in
6 M KOH. The experiments were carried out under
galvanostatic  steady-state conditions. Before
starting the measurements, the electrode surface
was polarized for 30 min by applying a relatively
high (100 mA/cm?) cathodic current. Then the
current was lowered to 10 mA/cm? The
reproducible polarization curves are presented in
Fig.3. The alloys, obtained from electrolytes | and
I1, with different content of basic components (Ni—
Fe—-Co-W), were selected. Polarization
dependencies of the pure nickel and nickel-tungsten
are also presented for a comparison. The NigsWas
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Fig.3. Polarization curves of some obtained alloys in 6
M KOH:1-Ni; 2-NigsWs3s; 3-NiygW3,Co15F€10;
4-Fe3;C028NiznW19;5-Fe40C037NiysWsP3;
6-NigC05Fe23WeP3 5; 7-NisFes CozgW4Ps.

alloy (Fig.3, curve-2), obtained under the
conditions given in [7], shows lower hydrogen
over-potential than the pure nickel. The addition of
Co and Fe to NiW alloys reduces the polarization
for HER. A similar dependence on the nickel-iron
and nickel-cobalt alloys was established by [3,5].
The catalytic activity is improved when the alloys
contain more Fe and Co (curve 4) than Ni and W
(curve 3). The presence of P, even in small amounts
(see Table 2), significantly reduces the hydrogen
overvoltage (curves 5, 6, and 7 in Fig.3). These
curves show similar catalytic characteristics,
although they have radically different composition.
Comparing the P containing alloys, the alloy with
approximately the same content of main
components (NizFes; CogW,4P3) shows the lowest
polarization. It is known that the high catalytic
activity of nickel alloys depends not only on the
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Fig.4. SEM images at
Ni32F€31CO30W4P3.

Ni32F931C030W4P3.

component composition but also on the component
real surface.

The alloy morphology, corresponding to the
polarization curves, is presented in Fig. 4 and 5.
SEM investigations were carried out at various
magnifications. A different size globular surface
structure of the obtained deposits at 5 000x
magnification for all alloys is observed (Fig.4). A
better performance of the surface and the crystalline
size is acquired at 100 000x magnification (Fig.5).

The availability of P in the alloys and probably
lower content of W leads to a strong reduction in
the size of crystals (Fig. 5¢ and d). This fact may be
directly connected to the increase in the real surface
of the alloys. Burchardt et al. [9] were fount also
that the differences in the electrode activities of Ni-
P alloys are principally due to differences in the
real surface area. Comparing figures 3 and 5, the
results show that Nis,FezCosW,4P3 alloy presents
the lowest polarization (Fig.3, curve 7), which
owns the finest surface morphology (Fig.5d). In
opposite, NigW3,CopoFe;p alloy has the largest
crystal grains (Fig.5a) and shows the highest
polarization dependence (Fig.3, curve 3) for HER
than the other multiple component alloys.

CONCLUSIONS

Alloys, based on Ni-Fe-Co with the addition of
W and P, were electrodeposited. It is shown that in
dependence of the electrolysis process conditions
rich of nickel and tungsten or iron and cobalt alloys
can be obtained. The hydrogen overvoltage is
reduced when the alloys contain more Fe and Co
than Ni and W in the layers without phosphorus.
The presence of phosphorus (3 to 3.5%) in the
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Fig.5. SEM images at 100 000x magnification: a)-NisW2,C015F€10;

b)'Fe32C023N ig

alloys significantly reduces the content of tungsten
in them. Polarization dependences of these alloys
show better catalytic characteristics for HER than
the deposits without phosphorus content. The
reason for such result is probably the synergy
between Ni and Co, from one hand, and the
reduction of the crystal grain size, from the other
hand, which determines a more developed surface.
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EJIEKTPOXUMMNYHO OTJIOXKEHU CIJIABU HA OCHOBA Ni-Fe-Co,
CBIABPKAILA W, P Y TIXHOTO OXAPAKTEPU3UPAHE 3A PEAKITMSITA HA
OTJIEJISTHE HA BOJIOPO/]]

B. BruBapos’, M. Apuaynosa’, P. Pamkos’, A. Iuonka’

1 «
Unemumym no guzuxoxumus ,, Axao. P. Kauweg ", Pvieapcka akademus Ha Haykume,
ya. ,,Axao. I'. Bonwes* on. 11, 1113 Cogpus
2
Hucmumym no 6arazopoonu memanu u xumusi Ha memanume, Llleeouw I mono, I'epmanus

Mocrenuna: 2 asryct, 2010 r.; npepaborena ua 14 okromepu, 2010 r.
(Pe3tome)

CuHTe3MpaHU ca eJIeKTPOXUMHUYHO Pa3JInYHU M0 ChCTAB CIUIABH B 3aBUCHUMOCT OT YCJIOBHATA HA €JIEKTPOJIN3a.
Crunagy, 6oratu Ha Fe u CO unu Goratu Ha Ni ca mosydeHu mopaau aHOMaIHOTO oTjiarane Ha Co u Fe. Mopdonorusra
U pasmpe/e/icCHUeTO Ha KOMIIOHCHTUTE ca oxapakrepusupanu upe3 SEM u EDX ananusu. Peakiusita Ha OTaeNsHEe Ha
BOJIOPOJI BBPXY TE3W MaTepUAId € H3CJICABaHA MOCPEACTBOM ranBaHoctatuunu kpuBu B 6M KOH. Kartamutnunara
AKTHBHOCT C€ T0100psBa, KOraTo CIjiaBTa chabpika noseue Fe u Co, orkonkoro Ni u W u 0co6GeHO B IPUCHCTBUETO HA
P B cnimaBTa, nopu B Masku kKonauuecTBa (3 10 3.5%). Ta3u koHIeHTpanus Ha P 3HaUNTENTHO MOHMXKABA MOJIIPU3aUATa
Ha peakuATa Ha OTACNTHE Ha BOHOpo.. To3u (akT BEpOSTHO ce IBDKU Ha YBEIMYCHHETO HA PeasHaTa MOBBPXHOCT Ha
CIUIaBTA.
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In this study the technique of the Differential Impedance Analysis (DIA) is applied for characterization of the proton
conducting material BaCeg5Y 01502925 (BCY15), which will be used in a new dual membrane fuel cell design. The
BCY15 was investigated in symmetrical electrolyte supported half cell with Ag electrodes. The impedance
measurements were performed in a temperature interval of 200 — 700°C. The combination of DIA and correction of the
measurement rig parasitic inductance and resistance (L-correction) ensured a good separation of the bulk and grain
boundaries contribution. The comparison of the results, obtained for the BCY15 proton conductivity, with the literature
data demonstrates the good quality of the developed material.

Keywords: Impedance Spectroscopy, Differential
(BaCeos5Y0,1502,925)
INTRODUCTION

The attempts for turning fuel cells into
commercially successful alternative energy sources
concern improvements towards lower cost, better
stability of the performance, and higher fuel
efficiency [1]. The main pathway for achievement
of those objectives in solid oxide fuel cells
(SOFCs) is the reduction of the operating
temperature down to 600 — 700°C [2, 3], since those
conditions will increase the cell stability, improve
the compatibility of the materials, and ensure
replacement of the ceramic interconnects with the
cheaper metallic alloys. However, dilution of the
fuel with water by-product is a principle
construction disadvantage of the classical SOFCs,
which is closely related to their lower efficiency. A
new concept for overcoming this problem, known
as the IDEAL-Cell after the acronym of the FP7
European project, is under development [4, 5]. It is
based on a cell design with three independent
chambers for hydrogen, oxygen, and water (Fig.
l1a). In addition the efficiency of the system could
be enhanced by an easy and independent
application of pressure on the water-free hydrogen
and oxygen electrodes. The proof of the proposed
concept is the first stage in the development of the
new design, for which a 3-chambered testing cell
has to be produced with routine raw materials.

The aim of this study is the impedance

* To whom all correspondence should be sent:

E-mail: milenazk@bas.bg

Impedance Analysis, Yttrium Doped Barium Cerate

characterization of the proton conducting yttrium
doped barium cerate (BaCeygsY 5029z5) for
application in the new dual membrane fuel cell
design as electrolyte in the hydrogen chamber and
in the porous mixed conducting central membrane
chamber (CM), where the water is produced and
evacuated.

EXPERIMENTAL

The BCYI5 electrolyte material  was
investigated in symmetrical electrolyte supported
half cell with Ag electrodes (Fig. 1b). Since the
central membrane consists of three phases -
BCY15, oxygen conducting electrolyte
Ce85Y0.1501.925 (YDC15), and pores, it is important
to study the behaviour of the hydrogen conducting
phase in the presence of both, the YDCI15 and the
pores. The investigations were performed on central
membrane supported half cell
Ag/YDC15010usTBCY 15,0000/ Ag  (Fig. 1c) which
ensured direct measurement of the BCY resistivity
in the central membrane.

The impedance measurements were performed
with a Solartron 1260 Frequency Response
Analyser in a temperature interval of 200 — 700°C,
at scanning range from 10 MHz down to 0.1 Hz,
and density of 5 points/decade. They were done in
two modes: potentiostatic and galvanostatic. The
change of mode and amplitude, which depends on
the sample resistance, ensures higher quality of the
measured data. Wet hydrogen (3% H,0), diluted

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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IDEAL Cell

o
anode cathode

Ag

(©)
Fig.1. IDEAL Cell: a) concept; b) symmetrical
electrolyte supported half cell Ag/BCY15/Ag;
c) symmetrical CM  supported  half  cell
Ag/YDCI15,600usTBCY 150100/ Ag

with nitrogen or argon and air/oxygen for
evaluation of the CM oxygen conductivity, were
applied. The experiments at lower temperatures
ensure information about the electrolyte behaviour,
including separation of the bulk from the grain
boundaries  contribution, while at  higher
temperatures the electrode reaction behaviour is
well pronounced. For more precise determination of
the BCY15 resistivity and activation energy, a
correction of the measurement rig parasitic
inductance and resistance was performed following
a well developed specialized procedure (Fig. 2) [6,
7].

0,5 o o LMHz
o JoMHAR" gaQ ®o,
g o fﬂiio k&lo kHz
:N 0.0 1 MHZ®
1 o

-0,5

o
1,5 20 25 30 35 40
Z'IQ
Fig. 2. Complex plane impedance diagrams of

Ag/CM/Ag half cell before (®) and after (m) correction
for parasitic resistance and inductance.
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For a deeper insight into the investigated
processes (recognition and separation of different
steps and characterization of the rate-limiting one),
the data were analysed by the technique of the
Differential Impedance Analysis (DIA) [6-9]. DIA
works with no preliminary working hypotheses,
because the information about the model structure
is extracted directly from the experimental data.
After a specialized mathematical procedure, the
initial data set (frequency w, real and imaginary
components of the impedance) is presented in new
coordinates, which give the frequency dependence

(v = lg ") of the effective parameters (P),
additive effective resistance 7., effective

resistance R, effective capacitance C, and

effective time-constant 7’=R C. The approach is
deterministic. The new form of presentation, called
temporal analysis, recognizes well sub-models with
lumped parameters. It also identifies frequency
dependent behavior, which can be additionally
analyzed by secondary analysis. More information
about the secondary DIA can be found in [6-8]. In
addition, the method has high selectivity and good
noise immunity. The application of DIA is
demonstrated in the example, shown in Fig. 3. It
represents a two step reaction (i.e. a process
described with 2 time-constants). The two plateaus,
observed in the temporal plots, exhibit the presence
of two time constants (Fig. 3b). They are separated
by a region of frequency dispersion, which
corresponds to the transition between the two
reaction steps.
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Fig. 3. DIA of simulated Faradaic reaction involving one
adsorbed species: a) complex plane impedance diagram;
b) temporal plots.
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Thus the presence of plateaus ensures the
recognition of the model, while their position
enables the parametric identification. This example
demonstrates also the good DIA selectivity, which
can distinguish two time-constants with high degree
of mixing.

RESULTS AND DISCUSSION

The impedance measurements of testing cell
with dense electrolyte, the Ag/BCY15/Ag (Fig. 4a),
were performed in a single gas flow (wet
hydrogen). The data were analyzed by DIA. The
grain boundaries contribution can be estimated by

the corresponding plateau in the R- plot (Fig. 4b).
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Fig. 4. Complex plane impedance diagram of symmetric
half cell Ag/BCY15/Ag at 200 °C: a) Z-plot; b) fad ©)

and Ié (o) temporal plots.

The contribution of the bulk is insufficient for
identification. However, the first plateau in the 7, -

plot recognizes this parameter, which is an additive
term in respect to the grain boundaries
performance. The combination of L-correction and

information, extracted from R and 7, temporal

plots, enables a good separation of the bulk and
grain boundaries contribution for the hydrogen
conducting electrolyte in a wide temperature range
[10]. The Arrhenius plot of dense BCY15 is
presented in Fig. 5. To be noticed here is the faster
decrease of the grain boundaries resistivity with the
temperature. Thus, at operating temperatures (600—
700°C), the bulk contribution is dominating.

Ig(p/ Qcm)
° = v ¥
\\

10 12 14 16 18 20 22
100071/ K1
Fig. 5. Arrhenius plots for dense BCY15: (e®) grain

boundaries (E,=0.71eV); (m) bulk (E,=0.36¢V) and (V)
total (E,=0.37¢eV).
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Fig. 6. Comparison of the BCY15 proton conductivity
(V) with data from the literature.

The comparison of the results, obtained for the
BCY15 proton conductivity using the literature
data, demonstrates the good quality of the
developed material [11-13] (Fig. 6).

The results obtained on CM half cells in a
single gas atmosphere were used for quantitative
estimation of the effect of the pores and the
presence of the second phase on the resistivity of
every electrolyte phase. This estimation does not
take into account the influence of the water vapor
formation and evacuation. The DIA procedure was
successfully applied for estimation of both, the bulk
and the grain boundary resistivity.

The grain boundary contribution was determined

from the R -temporal plot, although the
contribution of the bulk is invisible in the Z-plot

(Fig. 7 a). The first plateau in the 7, -plot, which

A

gives the sum of Ry, and R, ensured its estimation
(Fig. 7b).
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Fig.7. Complex plane impedance diagram and
corresponding DIA plots for measurements of symmetric
half cell Ag/CM/Ag at 300 °C in hydrogen: a) Z-plot; b)
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Fig. 8. Arrhenius plots for CM: (m) in H,: total E,.=0.74
eV; (@) in O,: total E;=0.70 eV

The corresponding Arrhenius plots summarize
the obtained results (Fig. 8). As it could be
expected, the resistivity of the CM is lower in the
hydrogen due to the higher proton conductivity of
BCY15.

CONCLUSIONS

The performed Differential Impedance Analysis
of the proton conducting electrolyte BCY15 proved
that it has stable performance in wet hydrogen
atmosphere, which makes it desirable material for
further application as a proton conductor in the
hydrogen compartment and in the central
membrane. The obtained results for the central
membrane are very promising. They will be used
for its further optimization by deeper insight into
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the effect of composition and microstructure on the
electrochemical performance.
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I[H@EPEHHHAHEH I/IMHEI[AHCEH AHAJIN3 HA BaCeo,85Y0,1502,925

M. Kpswmyancka, /1. Bmagukosa, I'. PaiikoBa, M. CnaBoga, 3. CtoitHOB

Hremumym no enexmpoxumus u enepeutinu cucmemu, bvreapcka akademus Ha HayKkume,
yia. ,,Akao. I'. bonueg” 6. 10, 1113 Coghus

Iloctenumna Ha 16 centemBpu, 2010 r.; npuera Ha 20 centemspy, 2010 1.
(Pesrome)

B ToBa n3cneaBaHe e npuiokeHa TEXHUKATa Ha AudepeHnnantus uMienances aHanus (JJMA) 3a oxapakrepusupane Ha
IpoToHHO npoBoauMus Marepuan BaCey g5Y, 1502, 925 (BCY15), ¢ 1en u3nonasBaHeTo My B HOBAa JBOMHO MeMOpaHHa
TrOpHBHA KJIeTKa. EKcClepuMeHTHTe ca NPOBEICHH B CHUMETpPUYHA MONIy-KJIeTKa ChC Ag-eneKTpoiu. MMmemaHcHHUTe
U3MEPBAHUA Ca NPOBENEHU B Temmeparypuus unTepBan 200 - 700°C. Kombunanusara or JTUA u xopekuusra 3a
napasiTHa WHIYKTUBHOCT M CHIPOTHBICHUE (L-KOPEKIH) OCUTYpsiBa J0OpO pas3zieisiHe Ha MPOBOJMMOCTTA Jb/DKAINA
ce Ha obema W rpaHMIUTe HA 3bpHaTa. CpaBHABAHETO Ha PE3YNTATUTE IOJyYCHH 3a MPOTOHHATA MPOBOAMMOCT Ha
BCY 15 ¢ nanHm o1 uTepaTypara mokasBa JOOPOTO KadecTBO Ha pa3pabOTEHNU MaTepHall.

124



Bulgarian Chemical Communications, Volume 43, Number 1 (pp. 125 —132) 2011

Synthesis and electrochemical properties of the electrode materials for
supercapacitors

M. Mladenov®’, N. Petrov®, T. Budinova®, B. Tsyntsarski®, T. Petrov’, D. Kovacheva®, R. Raicheff®

“Institute of Electrochemisty and Energy Systems, Bulgarian Academy of Sciences, Ac. G.Bonchev St., building 10,
1113 Sofia, Bulgaria
®Institute of Organic Chemistry, Bulgarian Academy of Sciences, Ac. G.Bonchev St., building 9, 1113 Sofia, Bulgaria,
¢ Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, Ac. G.Bonchev St., building 11,
1113 Sofia, Bulgaria
 University of Chemical Technology and Metallurgy, 8 St. Kliment Ohridski Blvd., 1756 Sofia, Bulgaria

Received: August 25, 2010; October 20, 2010

New electrode materials for supercapacitors - activated carbons, produced by carbonization of mixtures of coal tar
pitch and furfural, with a subsequent hydrothermal treatment, were characterized and tested electrochemically. The
microstructure, surface morphology and porous structure of the carbon materials were studied, and the main textural
parameters and micropore size distribution were determined. Symmetric sandwich-type supercapacitor cells, with
identical carbon electrodes and organic electrolyte, were assembled and subjected to charge-discharge cycling study at
different current rates. Four types of carbons as electrodes with different specific surface area (1000 — 1600 m” g™') and
texture parameters, as well as tree types of organic electrolytes (Et,NBF, — PC, LiBF, — PC, LiPF; — DMC/EC), were
tested and compared with an asymmetric supercapacitor, composed by graphitized-activated carbon (carbon foam) as a
negative electrode, and activated carbon/Li,TisO;, oxide composite as a positive electrode. The capacitance values of up
to 75 F.g"' were obtained for the symmetric supercapacitors, depending on the microstructure and the conductivity of
the carbon material, and about two times higher capacitance was obtained for the asymmetric supercapacitor, with good
cycleability of both supercapacitor systems.

Keywords: supercapacitors, electrode materials, organic electrolyte, nanostructured carbons, hybrid capacitor

while working, and an improved safety. Typically,
1. INTRODUCTION they exhibit much larger (up to 200 times)
capacitance than the conventional capacitors [1-5].

The integration of supercapacitors and batteries
in the energy storage systems gives a possibility to
combine the high transient performance of the
supercapacitors with the high steady-state
characteristics of the electrochemical power
sources, and thus to attain effective control within
the energy storage and consumption processes. The
obtained hybrid power source effectively supplies
energy for a long time, and in the same time, it is
capable to cover high power peaks in both, the
consumption and the charging.

Porous carbons are among the most attractive
materials for preparation of electrodes for
electrochemical capacitors. The main advantage of
these materials is the possibility to produce highly
porous structures with high specific surface area,
and to regulate the porosity texture of the
electrodes. On the other hand, the carbon materials
give also possibilities to develop various composite
electrode structures by adding electrochemically
active materials to the carbon matrix [6, 7].

In the last years the electrochemical double-
layer capacitors (supercapacitors) have attracted
worldwide interest of the research groups and
companies, working in the field of chemical power
sources, due to their potential applications as
energy storage devices. In the comparison of
different energy storage devices, the batteries show
the highest energy density (up to 200 Wh kg ') but
they have low power density (bellow 500 W kg ')
and a limited cycle life (usually less than 1000
cycles). The electrochemical capacitors tend to
have lower energy density (up to 10 Whkg"),
compared to the batteries, but they can provide high
power capability (above 1000 Wkg"'), high
reversibility (90-95% or more) and excellent
cycling characteristics (usually more than 10’
cycles). Other advantages of the supercapacitors,
compared with the rechargeable batteries, are their
extremely low internal resistance, high output
power, exceptionally low level of heat emmission

* To whom all correspondence should be sent:
E-mail: mladen47@bas.bg
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The electrochemical cells in the carbon-based
supercapacitors are usually symmetrical with
identical carbon electrodes. In order to improve the
energy density while keeping long cycle life,
asymmetrical cells, consisting of different types of
electrodes, were introduced. Thus, hybrid capacitor
configurations, consisting of active carbon as a
positive electrode and a negative electrode based on
metal oxides (nickel, lead or manganese oxides) [8—
10], conducting polymers [11], or Li intercalation
oxides [12-13], were suggested, and promising
results were obtained. An interesting approach in
this respect is also the so called Li ion capacitor,
using lithiated graphite and activated carbon for the
negative and positive electrodes, respectively [14].

Our previous studies [15, 16] showed that
nanoporous carbon materials can be synthesized
from waste biomass (apricot stones and spent
coffee grounds), and their pore texture could be
readily regulated by appropriate thermal and
hydrothermal treatment. The electrochemical tests
showed promising characteristics (capacity values
of up to 60 F.cm?, cycling efficiency of 85-90%)
of the symmetrical sandwich-type capacitor cells
with tested carbon electrodes and organic
electrolyte of Et;NBF, — PC.

The main objective of the this work is to study
the electrochemical properties of the newly
synthesized carbon electrode materials on the base
of waste biomass for supercapacitors. Another aim
of this work is to compare the capacitance
behaviour of the symmetrical carbon-based
supercapacitors with those of the asymmetrical
suprecapacitor, composed by carbon and carbon-
Li4TisOy;, oxide composite electrodes.

2. EXPERIMENTAL
2.1. Synthesis of activated carbons

The mixtures of coal tar pitch and furfural in
different proportions (ranging from 30 to 60 wt.%)
were treated with concentrated H,SO, (drops of
H,SO, were added to the mixtures with continuous
stirring) at 120°C until solidification. The obtained
solid product was heated at 600°C in a covered
silica crucible with a heating rate of 10°C min’
under nitrogen atmosphere. The obtained solid
product upon carbonization was further submitted
to steam activation at 800°C for 1 hour for
synthesizing the porous carbon. The samples were
labelled with C (carbon) and F (furfural) followed
by the content in furfural (CF-50 and CF-55). In
order to explore the effect of the high temperatures
on the electrochemical performance of the carbon
materials, selected samples were submitted to an
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additional heat treatment under nitrogen
atmosphere. The CF-50 sample was treated at
1100°C and the CF-55 sample — at 1400°C. The
samples, submitted to this additional heat treatment,
were labelled with H (CF-50H and CF-55H).

2.2. Morphological and physicochemical
characterization of the electrode materials

Powder X-ray diffraction spectra were
collected within the range from 5 to 80" 20,
with a constant step of 0.02° 20, on Bruker D8
Advance diffractometer with Cu Ka radiation
and LynxEye detector. The spectra were
evaluated with the Diffracp/lus EVA and
Topas-4.2 packages. The morphology of the
activated carbon was examined by means of a
scanning electron microscope, the JEOL-
Superprobe 733.

The synthesized carbons were characterized by
N2 adsorption at —196 °C, carried out in an
automatic volumetric apparatus of ASAP 2020 —
Micromeritics. The isotherms were used to
calculate the specific surface area, pore volumes
and pore size distributions; the latter - using the
DFT method.

2.3. Electrochemical tests

The carbon electrodes were prepared from a
mixture of 90°wt.% activated carbon powder and
10°wt.%. polytetrafluoroethylene (PTFE binder —
Aldrich, 60% suspension in water), and pressed on
aluminum discs (surface area of 1.75 cm?). The
active material mass was kept constant in all the
experiments (15 mg cm?). The electrodes were
soaked in the electrolyte before the cell assembly.
The sandwich-type symmetric capacitor cells were
constituted of two identical carbon electrodes of
comparable mass. The electrodes were electrically
isolated by a ceramic-mat separator, soaked with an
organic electrolyte, and the cell was assembled in a
dry-box under argon. Tree type of organic
electrolytes: Et,NBF, — PC (propylene carbonate),
LiBF; — PC and LiPFs — DMC/EC (dimethyl
carbonate/ethylene carbonate in ratio 1:1) (Aldrich
p.a.) were used.

The composite electrodes were prepared from
electrochemically active nanostructured LisTis0q;,
oxide, carbon CF-50 and a conductive material
(natural graphite NG—7 or acetylene black), in a
1:1:1 ratio. The asymmetric capacitor cell was
composed by activated carbon as a negative
electrode and activated carbon-Li,TisO;, composite
as a positive electrode with organic electrolyte
LiPFs— DMC/EC.
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The capacitor cells were subjected to
galvanostatic charge-discharge cycling at different
current rates using an Arbin Instrument System
BU-2000 [16].

3. RESULTS AND DISCUSSIONS
3.1. Physicochemical characterization

Powder X-Ray diffraction patterns of the CF-50
and CF-55 carbon materials are presented in Fig. 1.
Patterns consist of two main amorphous “humps”,
located at 20 values of about 24.5° and 43.5°
corresponding to the (002) and (100)+(101) peaks
of 2H-hexagonal crystalline graphite. Since carbon
materials consist of small packs of graphene sheets,
the positions of these two humps show the mean
value of the interplanar distances in directions
perpendicular to the sheets and within the sheets,
correspondingly. The width of the peaks is related
to the mean crystallite sizes within the
corresponding directions, as presented in Table 1.
The pattern of CF—-50H sample, which is treated at
higher temperature than the CF-50 sample, shows
several stronger peaks imposed on the main
amorphous-like powder pattern of activated carbon,
indicating the formation of graphite domains with
higher crystallite sizes.

Table 1. Main parameters obtained from XRD patterns of
the carbon samples.

Sample CF-50 CF-50H CF-55 CF-55H

carbon carbon graphite carbon carbon

(002)-position  3.719  3.732  3.379 3711 3.684
[A]
Distance[nm]
between
graphene layers
[nm]
(100)-position ~ 2.081  2.079  2.132  2.083 2.071

[A]
Distance[nm] 0.86(10) 1.42(7) 14(1)
between C atoms
in a graphene
layer [nm]

0.56(6) 0.75(13) 3.23(44) 0.51(9) 0.59(9)

1.23(10) 1.14(8)

Degree of
crystallinity ~10%

SEM-photographs of CF-55 sample, prior and
upon high temperature thermal treatment, are

_ Intensity [a.L:J.] i

E
e
=
3]
=
L.
E

- CF-55H

CF-55

-— 71—

10 20 30 40 50 g0 70 80

(b)
Fig. 1. X-ray diffraction patterns of the activated
carbons: a - CF-50 and CF-50H, b - CF-55 and CF-55H.

presented in Fig. 2. No significant changes of the
sample morphology are observed.

The pore structure of the carbons was
investigated by gas adsorption [17]. The nitrogen
adsorption isotherms at —196°C of the samples were
thus recorded (Fig. 3). The main textural
parameters of the carbons, obtained from the
analysis of the nitrogen adsorption isotherms, are
compiled in Table 2. It can be seen from the data in
the table that the furfural content has a strong effect
on the porosity of the resulting carbons. The sample
with the lower proportion of furfural (CF-50)
exhibits a type I isotherm according to the BDDT
classification, which is indicative for microporous
materials. As the content of furfural rises, the
isotherms gradually become of the I/IV type, with a
clear opening of the knee at low relative pressures.
This indicates for development of mesoporosity and
widening of the microporosity in the CF—55sample.
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Fig.2. SEM-photograph of carbon samples CF-55 (left) and CF-55H (right).
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Fig.3. Pore size distribution and N, adsorption isotherms of the activated carbons: a - CF-50 and CF-50H, b - CF-55 and
CF-55H.

This observation was confirmed by the analysis
of the PSD by the DFT method (Table 2 and Fig.3).
Rising the furfural content in the initial mixture
from 50% to 55% (CF-50 and CF-55) leads to
increase of the micropore and mesopore volumes
(cf. Table 2 and Fig. 3). It has been reported that
the presence of oxygenated groups enhances the

Table 2. Main textural parameters of the carbons
obtained from N, adsorption isotherms at -196°C.

a b b c
SBET VTOTAL VMICRO VMESO Wo NZ

Samples [m’g"'] [cm’g '] [em’g] [em’g "] [em’ g ']

CF-50 1173 0.551 0.374 0.033 0.533
CF-50H 1071 0.486 0.338 0.033 0473
CF-55 1613 0.761 0.492 0.177 0.604
CF-55H 1397 0.620 0.440 0.074 0.509

 evaluated at relative pressures of 0.99

¢ evaluated by DR approach

® evaluated by DFT method applied to N, adsorption data using
slit-shaped pore model
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inner resistance and the leakage current of carbon

electrodes [18]. Taking into account the large
amount of surface oxygen-containing
functionalities in the CF-50 and CF-55 carbons, due
to the incorporation of furfural in the synthesis [17],
it is reasonable to expect a high resistance in these
materials. Consequently, carbon samples were
submitted to high thermal treatment in order to
remove the surface functionalities (CF-50H and
CF-55H). On the other hand, it is also known that
heating at high temperature may favour internal
rearrangements in the carbon structure, which
(depending on the carbon precursor) can end up
with an increase in the electrical conductivity, if
graphite-like domains are formed during the
rearrangements. The thermal treatment, however,
may also cause some important modifications in the
textural and structural properties of the carbon
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skeleton (annealing effects). Thus it becomes
necessary to investigate the porosity of the samples
after such a treatment. The results show (Fig. 2) a
decrease in the surface area and pore volumes of
the treated carbons, which is more strongly
expressed in the case of CF-55H (treated at a
higher temperature), and more precisely for the
mesopore volume.

3.2. Electrochemical performance

Two-electrode symmetric cells were used to
evaluate the electrochemical characteristics of the
carbon electrode material of CF-50 in different
electrolytes: EtyNBF,— PC, LiBF,— PC and LiBF¢—
DMC/EC. The discharge capacities of the
capacitors with different electrolytes are compared
at different current rates (20 — 160 mA g ), in the
potential range between 1.2 and 2.5 V, Fig. 4. As
we can see, the capacity of CF-50 electrodes
decreases gradually with the increase of the
discharge current in all electrolytes, but this
decrease is more pronounced for capacitors with
electrolytes, containing Li" ions. At low current
rates (e.g. at about 20 mA g ) all three types of
capacitors have very close capacity values. At high
current rates, however, the capacitors with Li" ions
in the electrolyte demonstrate quite different
behavior in comparison with the capacitor cell with
Et,N" in the electrolyte, as the capacitance of the
latter is much higher than those of the other two
cells. Thus, the discharge capacity values of the
carbon-based symmetric capacitors, depending on
the employed organic electrolyte, can be ranked in
the following order: Et,NBF, > LiBF, >LiPF¢. The
effect of the electrolyte on the discharge capacity
may be related to the dimensions of the solvating
‘guest’ ions in the electrolyte. Additional
investigation, however, is required in order to
elucidate quantitatively the above effect. In the
following electrochemical studies on the carbon
electrode materials, Et;NBF, — PC was used as
electrolyte in the capacitor cells.

The good cycleability of all three capacitors is
illustrated in Fig.4. It shows the charge-discharge
profiles of the capacitors after 50 cycles. The cell,
using Et;NBF, electrolyte, demonstrates not only
the highest capacity but the most stable cycleability
as well. It should be noticed that the capacitor cells,
using Li'-base electrolyte, have not such high
capacitance as expected, and moreover, their
cycling performance is not so stable, especially at
high current rates, as compared to this of the cell
with Et,;N'— based electrolyte. Two-electrode
symmetric capacitor cells were assembled with

various active carbon materials (CF-50, CF-50H,
CF-55 and CF-55H) as well as asymmetric
capacitor cells, constituted by activated carbon (CF-
50) and composite electrode (carbon CF-50/
Li4TisO;, oxide with additive of natural graphite
NG-7).
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Fig. 4. Dependence of capacity on discharge current and
cycling performance for symmetric cells carbon CF-50
and different electrolytes.

The PTFE content in the active material was
kept constant (10 wt.%), and the organic
electrolyte was of 1.5 M Et4NBF, in PC in all
cases. The cells thus composed were subjected
to galvanostatic cycling at different current
rates (20 — 160 m Ag™).

The capacitance of the capacitor cell was
calculated from the slope of the potential — time
(V-t) curves:

C=I/(dV/dt) (1)

where C is the capacitance of the cell (F), / is the
discharge current (A), and dV7/dt is the slope of V-t
curve (V.s™).

In a symmetric cell, the specific capacitance
Cm y, (capacitance per unit mass activated carbon
material, F.g"') is related to the capacitance of the
cell C and the carbon mass m,, by the following
equation:

CmAM=2C/mAM (2)

Fig.5 presents typical capacity-current rate plots,
obtained during galvanostatic charge/discharge
cycling of different capacitor cells. We can seen
that all carbons show satisfactory capability of
charge accumulation in the electric double layer up
to current rates of about 150-160 mA.g'. The
capacitance values of the cell with carbon
electrodes of CF-50 (Sger=1170 mz.g’], Vu =
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Fig. 5. Dependence of capacity on discharge current for
symmetric cells with different carbons and Et;NBF,
electrolyte (CF-50NG7 — carbon CF-50 with an addition
of 10% natural graphite NG-7).

0.374 cm’.g’"), however, are much higher than
those of the cell with carbon electrodes of CF-55
(Sper =1600 m*gl, Vy= 0492 cm’.g"). It is
usually anticipated that the capacitance of the
porous carbon should be proportional to its
available surface-area [19]. In practice, the major
factors that contribute to this relationship, often
with a complex non-linear character, are: the
assumptions in the measurement of electrode
surface-area, variations in the specific capacitance
with  differing morphology and pore-size
distribution, variation in surface chemistry,
conductivity of the carbon particles, etc. The
activated carbons of CF-50 and CF-55 show quite
different porous texture characteristics: pore
volume, surface-area, and micropore size
distribution (cf. Table 2 and Fig. 3).

There are contradictory reports in the literature
on the effect of increasing surface area and porosity
on the intrinsic electronic conductivity of compact
carbon powders [19]. It seems logical to expect that
the volumetric conductivity decreases as the
microporosity (Vy) and surface area (Sggr)
increase. In this respect, the results of some authors
[17] show that the specific resistance of the cell,
using activated carbon CF-50, is 0.8 Q cm?, and 1.2
Q cm’ for the cell, using CF—55 carbon. In this
comparison, the higher capacitance values of the
cell with CF-50 carbon (30% more than the
capacitance of the cell with CF-55 carbon, with the
same electrolyte Et;NBF, — PC) is most probably
due to its higher conductivity.

As mentioned above, the presence of
oxygenated groups in the carbons of CF—50 and
CF-55 enhances their inner -electroresistance.
Consequently, these carbons were submitted to
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symmetric cells (1- CF-50 — Et,NBF, and 2- CF-50 —
LiPFs) and asymmetric cell (3- CF-50/composite CF-50
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thermal treatment at high temperature in order to
remove the surface functionalities. Fig.1 and Table
1 show that this treatment leads to rearrangements
in the carbon structure and graphitic-like domains
are formed, proved by XRD analysis of the CF—
50H (around 10% degree of crystallinity) and the
CF-55H carbons.  Depending on the carbon
precursor this process can end up with an increase
in the electrical conductivity and its Faradic
capacity. The results in Fig. 5 show that the
capacity of the CF-55 carbon increases after heat
treatment (CF-55H), but the capacity of the CF-50
carbon at these conditions drastically decreases, and
the cell using CF-50H carbon as electrodes
demonstrates rather poor bevaviour (capacity
values 10-15 F.g "' in the whole current range). It is
possible to assume that during this treatment some
rearrangements may occur in the CF-55 carbon,
which results in important modifications in the
textural and the structural properties of the carbon
skeleton (annealing effects) — cf. Fig.1, Table 2,
Fig.3

The addition of natural graphite, NG-7 (10
w%), to the CF-50 carbon decreases the specific
resistance of the electrode from 0.8 down to 0.5 Q
cm’ , thus increasing the electronic percolation
[17]. As a result, the cell, using carbon material
CF-50NG7 as electrodes, shows the Dbest
performance - capacitance value up to 75 F.g ' at
20 mA.g ' and satisfactory one (about 50 F.g ') at
160 mA.g ' (cf. Fig.5).

Fig.6 illustrates the dependence of the specific
capacitance on the discharge current for symmetric
carbon-based (CF-50) capacitors with Et;NBF,; —
PC or LiPFy — DMC/EC electrolytes, and an
asymmetric capacitor, composed by graphitized
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carbon (CF-50H) as negative electrode and
composite carbon CF-50 — LisTisOp, oxide as
positive electrode with LiPFs — DMC/EC
electrolyte. As expected, the capacity of the
symmetric capacitor cell with Li'-based electrolyte
is lower than this of the capacitor with Et,NBF,
electrolyte. The comparison of the capacity-
discharge current plots shows also that the
asymmetric capacitor demonstrates near twice as
higher capacitance (up to 150 F.g™") than those of
the best symmetric one (up to 70 F.g'') at all
current rates. The higher capacitance values of the
asymmetric capacitor could be explained with the
occurrence of the process of intercalation of
solvated Li" ions into graphitized carbon and
carbon — LisTisO;, composite electrodes together
with the ion adsorption.

4. CONCLUSIONS

Based on the current study results, the following
conclusions could be made:

a) New electrode materials for supercapacitors -
activated nanostructured carbons are synthesized by
carbonization of mixtures of coal tar pitch and
furfural with subsequent hydrothermal treatment,
and characterized physicochemically.

b) Composite electrodes for supercapacitors are
produced from activated carbons, nanostructured
electrochemically active LisTisO;, oxide and a
conductive additive (natural graphite NG-7 or
acetylene black).

¢) The organic electrolyte plays a very important
role in the determination of the capacity
performance of the symmetric carbon-based
supercapacitors.

d) The conductivity, the pore size distribution
and the chemical surface properties of the carbon
materials contribute greatly to the charge storage
behaviour of the electrodes in the symmetric
supercapacitors.

e) The capacitance values of up to 75 F.g™" are
obtained for the symmetric carbon-based
supercapacitors with Et;NBF, — PC electrolyte and
about twice as higher capacitance for the
asymmetric  supercapacitor, = composed by
graphitized carbon as a negative electrode and
carbon-LisTisO;, oxide composite as a positive
electrode in LiPFs — DMC/EC electrolyte, with
good cycleability of both supercapacitor systems.
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(Pesrome)

CuHTe3MpaHH ca HOBH €JCKTPOJHH MaTepHadd 3a CYNEpKOHICH3aTOPH- AaKTUBHHU BBITICHH, IOJIYYEHH UYpe3
KapOOHM3AIKsA Ha CMECH OT KaMEHOBBIJICH MeK U Gypdypal, ¢ mocieaBalia XuaporepmMaiia oopadorka. M3cieasanu
ca MHKPOCTPYKTypara, MOBBPXHOCTHata MOP(OJIOTHS M CTPYKTypara Ha MOPHTE Ha IOJYYEHUTE BBIJIEPOJHU
MaTepualid ¥ ca OINpPEAEJICHU TEXHUTE OCHOBHU TEKCTYPHHU IapaMeTpH W PaslpeieeHHETO Ha IOpUTE MO pa3MepH.
Pa3zpaboTeHu ca cUMETpUYHH CYNEpKOHIEH3aTOPHU KIETKU ( THII ,, CAHABHY ) C €IHAKBU BBITICHOBH EJIEKTPOAM U
OpraHHYeH eJIEKTPOJIMT, KOUTO Ca MOJJIONKEHH Ha 3apsTHO-Pa3psAHO LUKIMpaHe C Pa3IMYHU IUTBTHOCTH Ha Toka. Karo
€JIEKTPOJM Ca TECTBAaHHM YETHPH BHJA BHIJICHOBH MaTepHalyu ¢ pa3iuyHa crenupuusa nosbpxHoct (1000 — 1600 m g
1), kKakTo ¥ Tpu Bunma opranmyau enekrpomutu ( Et,NBF,- PC, LiBF,- PC u LiPF; — DMC/EC). Paborara Ha
CHMETPUYHHUTE CYNEPKOH/ICH3aTOPH € CPaBHEHA C Ta3W HA aCHMETPHUCH THII CYNEPKOHICH3aTOP, ChbCTABEH OT aKTHBEH
BBIVIEH (BBIVICHOBA IITHA) KAaTO IIOJIOKUTENEH EJIEKTPOJ M KOMIIO3WT — akTuBeH BbrieH / LiyTisO;, okcun, karto
oTpunaTeneH enekrpos. [lonydenu ca cToiftHocTn Ha Kanamutera 10 75 Fg'' 3a cuMerpuuHuTE CynepKoHIeH3aTOpH U 2
ITBTH TO-BUCOKH CTOWHOCTH 33 aCUMETPUYHHS CYIEPKOHJICH3aTOp, IPH MHOTO J100pa IUKJINPYEMOCT | 3a JBaTa THIa
€JIeKTPOIH.
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The cathode/electrolyte LSCF48/YDCI15 couple is a building block of a new innovative and competitive design of a
high temperature fuel cell, operating in the range between 600 and 700°C. It is based on the idea for a junction between
a proton conducting SOFC (PCFC) anode/electrolyte part and a SOFC cathode/electrolyte part through a mixed H" and
O conducting porous ceramic membrane. Thus, in this concept, hydrogen, oxygen and water are located in three
independent chambers, which allows for avoidance of gases dilution with water. The applicability of different
technologies (tape casting and plasma spraying) for the cathode deposition is analyzed in this paper using the
Differential Impedance Analysis (DIA). A two step reaction mechanism of oxygen reduction is recognized. The rate-
limiting step is the transport of oxygen ions in the volume of the electrode towards the electrolyte. A higher degree of
frequency dependence is registered for the plasma spraying deposition technology.

Key words: dual membrane fuel cell, symmetrical electrolyte supported half cell, Differential Impedance Analysis, tape

casting, plasma spraying

1. INTRODUCTION

The electrochemical impedance spectroscopy
(EIS) is an important tool for solid oxide fuel cell
(SOFCs) studies since it is sensitive to sample
configuration and fabrication quality, including
adhesion between layers and mechanical stability.
Therefore, it was chosen for testing of materials and
components in an innovative and competitive
design of high temperature fuel cell, named
~IDEAL-Cell* after the acronym of the FP7
European project ,Innovative Dual mEmbrAne
fueL-Cell“[1,2]. The new concept is based on the
idea for isolating the formation of the exhaust water
in a separate chamber. For this purpose a junction
of mixed conducting porous layer between a
proton-conducting anode/electrolyte part (hydrogen
compartment) and an  oxygen-conducting
electrolyte/cathode part (oxygen compartment) is
introduced. Protons, created at the anode, progress
towards the central membrane, where they meet the
oxygen ions, created at the cathode. The produced
water is evacuated through the pores of the central
membrane and thus it does not dilute the two gases
as it is in the conventional SOFC and PCFC [1, 2].

This work presents conductivity studies of the

* To whom all correspondence should be sent:
E-mail: graikova@bas.bg

oxygen compartment LSCF48/YDC15 couple,
applying different technologies for deposition of
the electrodes: tape casting and plasma spray. The
measured impedance data are analyzed by the
technique of the Differential Impedance Analysis
(DIA) - an advanced method, which increases the
information potential of the impedance data
analysis, since it extracts the impedance model
structure directly from the experimental data
without a preliminary working hypothesis [3-5].

2. EXPERIMENTAL

were performed on
supported half cells

The investigations
symmetrical electrolyte
LSCF48/YDCI15/LSCF48  [Lag¢Sro4CogoFeqs0s.
5/ CeO,85YO,ISO2—6/ Lag 6519 4C002Feo 303 5]. The
electrolyte pellet was prepared by cold pressing and
sintering. Electrodes with thickness of 15 to 50 um
were deposited by tape-casting (TC) and plasma
spraying (PS).

The impedance measurements were performed
on Solartron 1260 FRA over frequency range of
IMHz — 0.1Hz with density of 5 points per decade
in a temperature interval of 100-800°C. The wide
temperature range ensures impedance
characterization of both, the electrolyte and the
electrode. For improved data quality potentiostatic
and galvanostatic regimes with different amplitudes
were applied, depending on the cell impedance [6].
A procedure for correction of the parasitic errors
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coming from the testing cell rig was used for more
accurate estimations [3, 7].

3. RESULTS AND DISCUSSION
3.1. Analysis of the electrolyte behavior

The performed DIA analysis of the electrolyte
behavior recognizes Voigt’s model structure with 2
time-constants, i.e. with 2 meshes with R and C in
parallel connection which correspond to the bulk
and grain boundary behavior (Fig.1).

Fig.1. Voigt’s model description of the electrolyte
behavior extracted from the experimental data by DIA.

The application of the procedure for correction
of the measurement rig parasitic inductance and
resistance in combination with DIA ensured their
separation to up to 500°C, precise structural and
parametric identification, and calculation of the
corresponding activation energies (Figs. 2,3). It was
found that YDC15 has resistivity similar to that of
the electrolyte materials, developed for application
at intermediate temperatures (Fig. 4).

Both bulk and grain boundary conductivities
have similar activation energy, which confirms the
formation of clean grain boundaries and good
contacts. Their resistivity is also in the same range
which is an evidence for the high quality of the
shaping technology (Fig. 3). The TC procedure for
LSCF deposition does not influence the electrolyte
behavior
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Fig.2. Complex plane impedance diagrams of symmetrical half cell with electrodes deposited by TC at different
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Fig. 3. Arrhenius plots for the bulk (A), grain boundary
(©) and total (o) resistivity of YDC15 electrolyte.

The TC samples show good performance,
stability, reproducibility and easy fabrication. The
impedance of the half cell with -electrodes,
deposited by TC, has been chosen as an internal
standard for evaluation of the oxygen compartment.
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After PS deposition of the electrodes, DIA
registered the appearance of strong frequency
dependent behavior for the electrolyte grain
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Fig. 4. Comparison of the YDC15 conductivity (A) with
data from the literature [8].
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Fig. 5. Complex plane impedance diagrams of
symmetrical half cells with LSCF48 electrodes deposited
by PS on sand blasted YDC substrate: (0) without
cleaning after sandblasting and (o0) with cleaning after
sandblasting.

boundaries, i.e. grain boundaries resistance with
CPE character (Fig. 5). This impedance behavior is
an indicator for increased inhomogeneity, caused
by the PS deposition. It could be related to the
sandblasting  pretreatment  which  produces
additional surface roughness and could introduce
some impurities at the interface. After a deep
cleaning with acetone followed by ultrasonic
treatment for removing the possible impurities, this
phenomenon disappeared. As it can be noticed in
Fig. 5 that the grain boundary resistance becomes
comparable with that of the same substrate,
measured in a cell with TC deposited electrodes
(Fig. 2a).

3.2. Analysis of the cathode reaction mechanism

As to the cathode reaction, the following steps
were identified for both, the TC and the PS
deposition (Fig.6): charge transfer step at high
frequencies, followed by a step corresponding to
transport limitations. The charge transfer step is
very fast for the TC sample, and its value is
negligible. The contribution of the charge transfer
is bigger for the PS deposited electrodes - about
30—-40% of the total resistance.

The transport limitations, which are the rate-
limiting step in both cases, are presented with
bounded constant phase element (BCP). It describes
the impedance of a bounded homogeneous layer
with CPE behaviour of the conductivity in the
elementary volume and a finite conductivity at d.c
[3-4,9]:

Zyop(iw) = A (o)™ thR, A(w)" (1)
where A, n and R, are the structural parameters
of the element.

For the TC samples the coefficient # is close to
0.5, i.e. the transport is close to diffusion, while for
the PS samples it decreases to 0.2. The physical
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Fig. 6. Complex plane impedance diagrams of
symmetric half cells LSCF48/YDC15/LSCF48 with
electrodes deposited by TC (o) and PS (o) and
corresponding equivalent circuit.

meaning of the low exponential coefficient
corresponds to transport of species (oxygen ions)
with restrictions in the host matrix. The bigger
depression of the impedance arcs is usually
connected with the bigger system inhomogeneity.
This tendency is confirmed by the SEM images that
show 2 types of structure in the PS deposited
electrode layers (Fig. 7) - melted splats (Fig. 7a)
and non-molten granulates (Fig. 7¢).

Fig.7. SEM images of plasma sprayed electrodes.
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Table 1. ASR of LSCF48 electrodes deposited by tape casting and plasma spraying compared with data from

the literature

Electrode Material

ASR at about 600
°C Qcm’

ASR at about 70C
°C Qcm?

LSCF48 (Tape casting)
LSCF48 (Plasma spraying)

3.80 (623 °C)
4.90 (615 °C)

0.360-
0.400(725°C)
0.800 (715 °C)

BSZF (Bao'soSI'O‘5()ZIIO'20F60‘8003_5) [9] 4.87 0.716
BSZF-GDC 9] 3.29 0.373
BSZF-GDC-Ag 9] 2.47 0.278
LSCN [10] - 0.132 (750 °C)
(Sm0_6OSr0_20)COO3-CYO—Ag [1 1] 7.10 0.900
(Lao_6osr0_20)C003-CGO-Ag [1 1] 0.830 0.190
The obtained results for the ASR of LSCF
electrodes deposited by both techniques are REFERENCES

competitive with the results from the literature
(Table 1).

4. CONCLUSIONS

The DIA analysis ensured deeper insight into the
electrochemical behavior of the applied materials
and deposition technologies for the oxygen
compartment of the dual membrane fuel cell. The
YDCI15 electrolyte has good conductivity, stability
and reproducibility, which makes it appropriate for
further application. The applied LSCF electrode
materials ensure cathode layers with good electrical
properties.

The conductivity of the cathodes, deposited by
the investigated techniques, shows that they are
competitive, with slightly better performance and
good reproducibility for the tape casting.
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JIU®EPEHIIMAJIEH UMIIEJAHCEH AHAJIN3 HA KATOJIHUA EJIEMEHT HA JBOMHO-
MEMBPAHHA I'OPMBHA KJIETKA

I'. PaiixoBa*, /1. Bnagukosa, 3. CTOIHOB

Hucmumym no erexmpoxumusi u enepeutinu cucmemu, bvieapcka akademust Ha naykume,
ya. ,,Akao. I'. Bonues” 6. 10, 1113 Coghua

IMocrenuna Ha 2 centemBpy, 2010 r.; npep4aborena na 27 okromspu, 2010 .
(Pe3rome)

KombOunanmara xaTom/kucimopos nmpoBoasm] enexTpoiut Ha 6a3ata LSCF48/YDC15 e u3nonsBaHa KaTto rpaauBeH
€JIEMEHT Ha HOB, WHOBaTHBEH U KOHKYPEHTEH IM3alilH Ha BHCOKO-TEMIIEpAaTypHa TOPHBHA KJIETKa, padoTeria B
unrepBana 600-700 °C. B ocHoBara Ha nzaesTa € CBbP3BAHETO HA aHOJ/EJEKTPOJIMTHATA YacT Ha MPOTOH IPOBOJIIA
TBBpaooKkucHa ropuBHa kietka (PCFC) ¢ karon/ enekrponuTHaTa yacT Ha kiacuuecka kietka (SOFC) upes3 mopecta
KepaMuuHa MeMOpaHa che cmecena H™ u O mposommmoct. 1o TO3M HAYMH BOZOPONBT, KHCIOPOXBT M BOJATA CA
Pas3IMoJIOKEHU B TPU CaMOCTOSTEIIHU KaMepH, KOeTO JlaBa Bb3MOXKHOCT Ja ce W30erHe pa3pekJaHeTo Ha JiBaTa rasa C
Bomara. B HacrosmiaTa cratusi ¢ MOMONITa Ha Au(epeHiuanHus ummnenanceH anamu3 (JJMA) ca wuscieaBanu
BB3MOKHOCTHTE 32 OTJIaraHe Ha KaTo/a Ype3 pa3IndHU TEXHOJIOTUH (JICHTOBO OTIMBAHE U [UIa3Ma-crpeil). Y CTaHOBEHO
€, 4Ye KHCIOpPOJHATa pPEIyKIUs NpOTHYa KAaTo JBYCTBIKOB mpormec. CKOpoCTo-ompenensiiaTa CThIKa ¢
TPAaHCIIOPTHPAHETO HA KUCIOPOJHU HOHM B 0Oema Ha enektpoja. [Ipu miasma-crpeil OT/iaraHeTo € perucTpupaHa mo-
BHCOKA CTEIMEH Ha YECTOTHA 3aBHCUMOCT.
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Combinations of mono- and bimetallic compounds, oxides and composite materials, in which Pt is partly or totally
replaced by cheaper elements (Cr and Mn) were synthesised. Mechanically treated Ebonex was used as a support. The
synthesized catalysts were characterized by several bulk and surface analysis, such as the XRD, XPS and SEM. XRD
and XPS analysis showed that Cr- and Mn- components are in amorphous and oxidized state, while Pt is predominantly
in metallic state. No alloying between Pt and Cr or Mn is registered. The catalysts are electrochemically tested toward
oxygen evolution reaction (OER) for water splitting in a PEM electrolytic cell using a commercial Nafion 117 as a
proton conducting electrolyte. It is seen that the best catalytic activity for the OER exhibits Pt-Cr/Ebonex. It has higher
efficiency at lower Pt loading relative to all other compositions, including Pt/Ebonex. The results obtained are explained
with electronic interactions between the metallic components and the support, providing a synergetic effect.

Key words: PEM water splitting, Pt/Cr/Mn-Ebonex electrocatalyst, XRD, XPS, SEM

INTRODUCTION

Among the individual metals, Pt possesses the
best catalytic activity toward the oxygen evolution
reaction (OER) for PEM water splitting and is still
the most frequently used catalyst [1, 2]. However,
Pt being a noble metal is rather expensive. In
addition, the world resources of this metal deplete
fast, which imposes the need to search proper
substitutes of Pt.

Generally, the efficiently of the electrocatalysts
is determined by two major groups of factors,
geometrics and electronics, and in this context there
are two possibilities to enhance the activity of the
pure Pt. The first one is to increase the surface area
by dispersing it on a supporting the electro
conductivity material with highly developed
surface. The second one is to combine it with other
pure metals under preliminary theoretical
calculations and considerations, based on the
Brewer interactive interionic bonding theory and
corresponding predictions about the probability for
hyper- hypo-d-electron interactions [3, 4].

The unique combination of the electrical
conductivity, which approaches that of the metal,
and the high corrosion resistance, which approaches
that of the Ebonex ceramics (Magneli phase
titanium oxides with general formula Ti Oon.1),

gives a reason to consider it as a substitute

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

supportive material for the anodic catalyst [5-7].

The  physical  characteristics  of  the
electrocatalysts (the phase and composition of the
active components, the particle size and size
distribution, the morphology and crystal planes,
etc.) are very important not only for understanding
of the catalyst performance but also for exploring
the structure-activity relationship at the electron/
molecular level, and ultimately for a rational design
of new catalysts [8].

In this work combinations of mono- and
bimetallic compounds, oxides and composite
materials in which Pt is partly or totally replaced by
cheaper elements (Cr and Mn) on Ebonex as a
support, were synthesised using the sol-gel method.
The prepared materials were characterized by
several bulk and surface analysis, such as XRD,
XPS and SEM, and their structure was discussed in
relation to their electrocatalytic action toward OER
in PEM water splitting.

EXPERIMENTAL

Catalyst synthesis

The synthesis of the chosen composite materials
consisted in direct selective grafting of platinum
and other metals from acetilacetonate precursors
(M[(CsH;02)q]m or M-acac (M = Pt, Cr, Mn).
Commercial Ebonex powder was used as a
substrate and it was subjected to mechanical
treatment in a planetary ball mill for 40 h prior to
the synthesis. The metallic part in each of the
catalyst was 20 wt. %, while the metal ratio was
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1:1. The preparation procedure was described in
details elsewhere [3].

Physical Characterization

The phase composition, the morphology and the
surface structure of the catalysts under studying
were investigated by the methods of X-Ray
diffraction (XRD), X-ray photoelectron
spectroscopy  (XPS), and scanning electron
microscopy (SEM). XRD spectra were recorded by
Philips APD15 X-ray diffractometer. The
diffraction data were collected at a constant rate of
0.02 °s' over an angle range of 20 = 10 — 90
degrees. The size of Pt crystallites was determined
by Scherrer equation [8, 9]

D=kA/pcos®, Q)

where D is the average dimension of crystallites, k
is the Scherrer constant in the range of 0.85-1.0 in
dependence of the crystal type (usually assumed to
be k~1); A is the X-ray wavelength, ® is the Bragg

angle, and g =, p2 - p?is the peak broadening in
radians (fs and g, are peak widths of the sample and
standard in radians). The XPS of the samples were
recorded with ESCALAB MK Il (VG Scenific,
England) electron spectrometer. The photoelectrons
were excited with a twin anode X-ray source using
Al Ka (hv = 1486.6 eV) radiation. C 1s
photoelectron line at 284.6 eV was used as a
reference for calibration. The morphology of the
electrocatalysts was investigated trough scanning
(SEM) electron microscopy. JEOL JEM — 200 CX
microscope was used in scanning regime.

Laboratory PEM cell and test procedure

The electrochemical tests were performed on
membrane electrode assemblies (MEAS), using a
Nafion 117 membrane as an electrolyte. The
catalysts under study were investigated as
electrodes for the oxygen evolution reaction (OER),
while a commercial E-TEK catalyst, containing 20
% Pt on a carbon support, was used to prepare both,
the hydrogen (HE) and the reference electrodes
(RE). The electrodes have a complex multilayered
structure, consisting of gas diffusion, backing, and
catalytic layers. The preparation procedure is
described in details elsewhere [10].

The performance characteristics of the prepared
MEA were investigated in a self made laboratory
PEM electrolytic cell [6]. It consists of two gas
compartments where hydrogen and oxygen
evolution take place, separated by the membrane
electrode assembly under study. A reference
electrode is situated in the hydrogen evolution

compartment. The catalytic activity of the prepared
catalysts was studied using the techniques of
cyclovoltammetry and steady state polarization at

operating temperature of 20 °C and 80 °C. All
electrochemical measurements were carried out
with a commercial Galvanostat/ Potentiosat POS 2
Bank Electronik, Germany.

RESULTS AND DISCUSSION

Physical characteristics
XRD analysis

Fig. 1 and Fig. 2 present the XRD spectra of the
Ebonex and the synthesized composite catalysts.
The Magneli phase titanium oxide characteristics
for Ebonex are registered. Only the support peaks
can be seen for the Mn-Ebonex and Cr-Ebonex
(Fig. 1). The absence of peaks for the Cr and Mn
metallic phase means that the M-components are
amorphous and most probably are in an oxidized
state.
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Fig. 1. XRD spectra of the Ebonex and the synthesized
composite M/Ebonex (M=Mn, Cr) catalysts.
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The appearance of MnO in the Pt-Mn/Ebonex
spectrum (Fig. 2) supports this assumption. For all
Pt-containing catalysts the fcc Pt peaks appear as
well. There is no shift of the Pt peaks with the
addition of the Cr or Mn (Fig. 2 inset), and hence
there is no change in the Pt cell parameter (the
deviation of the calculated values in Table 1 is
within the error range). It implies that Mn and Cr
are not incorporated in the Pt crystal cell. The
intensity of the Pt XRD peaks of the different
catalysts decreases in the order of Pt/Ebonex > Pt-
Cr/Ebonex ~ Pt-Mn/Ebonex, which corresponds to
the reduced Pt content in the Pt-M/Ebonex
catalysts. The crystallite size is in the range
between 13 and 16 nm.

Tablel. Calculated Pt cell parameters and crystallite size

Sample Pt cell Crystallite size
A nm
D(lll) D(ZOO)
Pt/Ebonex 3.9195 + 0.0004 14 11
Pt-Cr/Ebonex  3.9204 + 0.0005 12 10
Pt-Mn/Ebonex  3.9186 + 0.0008 16 13
SEM analysis

The SEM images of Pt/Ebonex and Pt-
Cr/Ebonex are shown in Fig. 3. The Pt particles of
both catalysts are uniformly distributed on the
Ebonex support. In the case of Pt/Ebonex the
distribution density is higher which correlates with
the XRD analysis. The average particle size is of
50-60 nm, meaning that one particle is composed
of 4-5 crystallites.

Fig. 3. SEM of the: (a) Pt/Ebonex catalyst; (b) Pt-
Cr/Ebonex catalyst.
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Electrochemical characteristics
The efficiency of the catalyst containing Pt, Cr and
Mn is tested using the method of steady state
polarisation.The anodic E/j- curves of the catalyst
under study are presented in Fig. 4. The curves are

recorded at the typical PEMWE operation
temperature of 80°C.
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Fig. 4. Anodic E/j- curves of the catalysts recorded at
800C.

It can be seen that the Pt free Cr/Ebonex and
Mn/Ebonex do not demonstrate catalytic activity.
The partial replacement of platinum with Mn does
not facilitate the OER but results in improved mass
activity, compared to pure Pt, while in the case of
Cr substitution, the OER efficiency improves at
reduced Pt loading.

Similar results, showing a positive effect of Cr
and Mn inclusion on the Pt activity, have been
reported by other authors for the carbon supported
electrocatalysts [11-14]. The observed increase in
the catalytic activity can be explained with the
occurrence of hypo-hyper-d-electron interactions
between both metals and the substrate. In order to
verify this assumption the surface state of the
prepared catalyst was studied further using XPS
analysis.

The investigated catalysts show stability at high
anodic potentials, which give reasons to consider
Ebonex as an alternative support.

XPS analysis

XPS investigations were performed to identify
the valence state of the components on the catalyst
surface. Fig. 5 shows the 2p XPS spectra of Mn and
Cr. These spectra confirm the supposition for the
oxidized state of Mn and Cr based on the XRD
data. The position of the Cr 2p3/2 peak at 577.0 eV
as well as the spin orbital splitting of 9.7 eV
correspond to Cr** (Cr,05, CrOOH) [15, 16].

The Mn 2p peak is broad and covers different
valence states of Mn (Fig. 5b). The peak around
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Fig. 5. 2p XPS spectra of: (a) Mn; (b) Cr.

640.0 — 640.7 eV (marked Mn(1)) in the Mn 2p3/2
region is attributed to Mn?" cations, whereas the
peaks around 641.6 eV (Mn(2)) and 642.6 eV
(Mn(3)) are assigned to Mn* and Mn** cations
respectively [17]. The formal deconvolution of the
Mn 2p XPS peak into three components - Mn(1),
Mn(2), and Mn(3), positioned around these values,
generally implies availability of three Mn valence
states. However, such a conclusion can be
misleading due to the multiplet splitting nature of
Mn 2p XPS spectrum for each of those three
valence states with overlapping components [18],
which complicates the peak interpretation. In our
case, the fitting picture is close to the multiplet
splitting spectrum of MnO, i.e. to Mn®*. The
exchange splitting of the Mn 3s spectrum is more
informative.

Cr-3s
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Fig. 6. 3s XPS spectra of : (a) Mn 3s of Mn/Ebonex
catalyst; (b) Mn 3s of Pt-Mn/Ebonex catalyst; (c) Cr 3s
of Cr/Ebonex catalyst

Fig. 6 presents the Mn 3s and Cr 3s XPS spectra
which are used to establish the Mn and Cr valence
states. The observed values of the exchange
splitting of the 3s levels for the Mn and Cr ions are
close to those found in [13] for some 3d metal
oxides MO, (M = Cr, Mn). The splitting of the 3s
level is 6.2-6.5 eV for Mn**, 5.5 eV for Mn*", and
45 eV for Mn* [17,19], meaning that the
Mn/Ebonex and Pt-Mn catalysts consist mainly of
Mn?®* species (splitting is 5.9-6.1 eV).

The magnitudes of the Cr 3s multiplet splittings are
3.8-4.2, and 3.5 eV for Cr** (Cr,0;, CrOOH) and
CrO; respectively [20]. From the value of the Cr 3s
exchange splitting (4.1 eV) can be concluded that in
Cr/Ebonex catalyst the Cr ions are trivalent.

The Cr 3s split spectrum of Pt-Cr /Ebonex

catalyst overlaps with the Pt 4f line and for that
reason it is presented together with the others Pt 4f
spectra in Fig. 7.
The Pt 4f XPS spectra can be deconvoluted into 3
doublets corresponding to Pt® (~71.2eV),
Pt* (~725eV), and Pt*(~75.0eV). For Pt-
Cr/Ebonex catalyst Cr 3s exchange splitting line is
introduced in addition (Fig. 7b). As it can be seen,
platinum presents mainly in metallic form. The
second component indicates a surface oxidation of
Pt which is higher in the case of Pt-Cr/Ebonex
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Fig. 7. Pt4f XPS spectra of of Pt-M/Ebonex catalysts.

catalyst. We assume that besides Pt(OH), formation
[21], mixed Pt-O-Me (Me = Ti, Mn, Cr) bonds
appear. These two oxide types are responsible for
the hypo-hyper interaction, and it can explain the
higher electrochemical activity of the Pt-Cr/Ebonex
catalyst.

CONCLUSIONS

The synthesized composite Pt-M (M = Cr, Mn)
nanomaterials on Ebonex support were investigated
as OER catalysts for PEM water splitting. Physical
analysis showed that that Cr- and Mn- components
are in amorphous and oxidized state, while Pt is
predominantly in a metallic state. No alloying
between Pt and Cr/Mn is registered. The results
from the electrochemical experiments demonstrate
superior catalytic activity of the Pt-Cr/Ebonex
compared with the Pt-Mn/Ebonex and the
Pt/Ebonex catalysts.

This effect is explained with the occurrence of
hypo-hyper-d-electron effects between both, the
metals and the substrate, proven by XPS analysis.

Acknowledgments: This research has been carried
out under the PemHydroGen project (contr. No.
DTK 02/68, NSF, Bulgaria)
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OU3NYHO OXAPAKTEPU3NPAHE HA Pt-M IBYKOMIIOHEHTHU
EJIEKTPOKATAJIM3ATOPU 3A PA3JIAT'AHE HA BOJIA

E. 1. Jleprepona, A. E. Crosinona, I'. P. Bopucos, E. I1. CnaBueBa

Hncmumym no enexmpoxumust u enepeutinu cucmemu — bAH
ya. Akao. I'. bonuee 0. 10, 1113 Cogpus, bvreapus

Iocrenuna Ha 7 centemBpy, 2010 r.; npepaborena Ha 28 okromspu, 2010 r.

(Pesrome)

CuHTe3upaHy ca KOMOMHAIIMY OT MOHO- U OMMETaJIHM CMECH, OKCHM U KOMIO3UTHU MaTepuaju, B KOUTo Pt e
YaCTMYHO WIM M3IBUIO 3aMeHEHa ¢ mo-eBTHHU eneMeHTH (Cr m Mn). Karo HocuTen e M3MOJI3BaH MEXaHOXMMHYHO
Tpetupan Ebonex. CunTe3npaHuTe Katamu3aTopu cad OXapaKTepH3UpaHU ¢ OOCEMHH U MOBBPXHOCTHH METOIH, KaTo
XRD, XPS u SEM. XRD u XPS ananmsute mokassar, ue Cr- u MN-koMImoHeHTH ca B aMOp(HO U OKHCIIEHO ChCTOSHHE,
nokato Pt e mpeammHO B MeramHo chcrostHME. He € permcrpupano cruraBsBane Mexay Pt m Cr wim Mn.
KaranuzaTopuTte ca eleKTPOXMMHYECKH H3MHWTAHM 110 OTHOUIGHHE HAa pEeakIHsATa Ha OTICIsIHE HA KHCIOpPOJ IpH
pasznarane Ha Bojara B [IEM enextponmsna xiretka. Kato mpoTOHMOpOBOIAIN €IEKTPOIUT € M3IOJI3BAH THPTOBCKHST
npoxaykt Nafion 117. YcranoBeHo e, 4e Haii-go0pa KatanuThudHa akTUBHOCT moka3sa Pt-Cr/Ebonex, koiito mposiBsBa
M0-BHCOKA e()eKTHBHOCT IPH MO-HUCKW HATOBAapBaHUs HA Pt B cpaBHEHHE C BCUYKH JPYTH KOMIO3UIMHU, BKIIOYHTEITHO
Pt/Ebonex. [TonydeHnuTe pe3yaTaTu MOTar Jia ce OOSCHAT C €JIeKTPOHHHU B3aUMOJCUCTBUS MEXKIY METATHUTE YACTHIIN U
HOCHTEJISl, OCUT'YPsIBAIlld CHHEPTUUEH e(EeKT.
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Growth and dissolution of anodic antimony oxide in oxalic acid electrolytes
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The Kinetics of anodic oxide growth on antimony in oxalic acid electrolytes was studied. The shapes of the
voltage/time curves proved strongly to depend on the concentration of the electrolyte. Based on the different shapes,
three electrolytes were chosen for investigations of the oxide film dissolution by means of impedance and open-circuit
potential measurements. The rate of dissolution increases with increasing oxalic acid concentration. A relation is found
between the shapes of the voltage/time curves and the proposed competitive process of film growth and dissolution,
which includes the formation of an outer adherent layer of dissolution products. The proposed mechanism agrees well
with some characteristics of the induction periods and explains adequately their appearance. The impedance studies
indicate that the final thickness of the anodic oxide decreases with increasing concentration of the oxalic acid
electrolyte. It is concluded that concentrations equal to or lower than 0.01 M (COOH), have to be used in order to
produce thick barrier-type anodic films.

Key words: anodic antimony oxide, oxide growth, oxalic acid anodizing, chemical dissolution, impedance

measurements

INTRODUCTION

The anodic passivation of antimony in acid and
alkaline electrolytes has been described by El
Wakkad and Hickling [1] in the early fifties of the
last century. Since then, the anodic behavior of
antimony has been extensively investigated in view
of its use as constituent of alloys for lead-acid
batteries [2, 3] or of materials for lithium-ion
batteries [4]. Anodizing has been carried out in
sulfuric acid electrolytes [2, 3, 5-8] or sulphuric
acid with additives [9, 10], in phosphoric acid [11,
12], buffered phosphate solutions [13, 14] or
phosphate esters [15], in a boric acid electrolyte
[16], as well as in different neutral and alkaline
media [17,18].

During constant current anodization, broad or
restricted regions of linear potential rise with time
are reported, depending on the nature of the
electrolyte [16, 17], the current density [12], and
the potential attained [5, 13]. Deviations from the
linearity are ascribed to a duplex anodic film
structure, composed of antimony oxides at different
oxidation stages [1], the formation of an outer
porous layer [12, 19], the structural or mechanical
defects [7], the crystallization [5], the formation of
outer layers of hydroxo sulfates [20] or phosphates.

* To whom all correspondence should be sent.
E-mail: kiIndwrd@yahoo.com
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Retarded potential rise with time has been observed
in a number of cases [15, 21, 22]. The related
induction periods have been ascribed [12] to the
initial formation of a semi conducting layer with its
consequent conversion into a barrier sub layer. The
main disadvantage of anodic antimony oxides is
their instability in most of the forming electrolytes.
The oxide films are easily dissolved in acid, neutral
and alkaline media, as ascertained by open-circuit
potential and impedance measurements [1, 5, 7, 17,
19], and by ellipsometric studies [14].

Preliminary data on the oxidation of antimony in
oxalic acid pointed at the possible occurrence of
relatively thick oxide films with bright interference
colors after anodization up to high voltages. This
work reports on the growth and dissolution kinetics
of anodic antimony oxide in oxalic acid solutions.

EXPERIMENTAL

The specimens were cut from an antimony rod
of 99.9995 % purity by means of a diamond disc.
The cylindrical bodies were 1 cm thick; the
working area of the antimony electrode was limited
to one of the bases of the cylinder, having a surface
of ca. 2.5 cm® A silver lead-out was welded to the
opposite base of each cylinder and the non-working
area was isolated by thermoplastic epoxy resin. The
electrodes were polished with fine-grained emery
papers and electro polished for 60 s in 1:9 volume
parts of 70 % HCIO, to (CH;CO),0 at 20 °C and

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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0.3 A cm™2. After rinsing with methanol and water,
the electrodes were brightened at 20 °C for 10 min
in 1: 1 volume parts of concentrated hydrochloric
acid to water and thoroughly washed in deionized
water.

Anodic growth and dissolution were studied in
oxalic acid solutions with concentrations varying
from 0.001 M to 0.1 M. In order to avoid some
slowing down of the dissolution rate, due to
saturation with ionic antimony species, large
volumes of the most used solutions were prepared.

An especially designed galvanostat (0.5 A, 600
V) was used for the anodization at the constant
current density of 2 mA cm™? under controlled
temperature conditions.  In order to improve
reproducibility of results, anodizing was carried out
in unstirred electrolytes. The variation of the open-
circuit potential with time was measured against a
saturated calomel electrode (SCE); measurements
started immediately after switching off the
polarization.

The dissolution rate was evaluated by means of
ac impedance measurements at a frequency of 1000
Hz. An EG&G Instruments PAR model 273
potentiostat and 5208 two phase lock-in analyzer
connected to an IBM personal computer via GPIB-
Il interface, and a M378 and M342 software were
used to run the tests, to collect and evaluate the
experimental data. The impedance measurements
started about 30 s after switching off the
polarization in order to avoid overloading of the
potentiostat, due to non-dissipated space charge in
anodic antimony oxide. The initial reciprocal
specific capacitance, 1/cs,, assumed to be
proportional to the final thickness of the growing
oxide film, was determined by extrapolation to zero
time of the corresponding 1/c,(t)-curves.

RESULTS AND DISCUSSION

Anodic oxide films on antimony were grown in
a series of oxalic acid solutions with concentrations
varying from 0.001 M to 0.1 M (COOH),. The
voltage/time dependence of the film growth under
constant temperature (293 K) and current density (2
mA cm™) conditions without stirring is shown in
Fig. 1 for six (COOH), concentrations. No
induction periods are observed in most of the
solutions used. In the solutions with concentrations
from 0.01 M to 0.03 M, the initial linear potential
rise is followed by slowing down, arrest or passage
through maximum values of the forming voltage.
Except for the 0.01 M solution, a second potential
rise up to high voltages always takes place. This
second potential rise is only partially shown in the

figure. It can be concluded that the shape of the
voltage/time curves gradually changes with the
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Fig. 1. Time variation of the forming voltage during
anodization of antimony at 293 K and 2 mA/cm? in
unstirred aqueous solutions of oxalic acid with different
concentrations.

increasing concentration of oxalic acid. Moreover,
the ‘induction period’, observed in 0.05 M
solutions, appears to be a reasonable sequence of
the changes in shape. In this case, the assumed
initial formation of a semi conducting layer can
hardly account for the retarded potential rise [12].

Previous investigations, mentioned in the
Introduction, have furnished unambiguous evidence
both for the formation of duplex films on antimony
and for their dissolution in the forming electrolytes.
These facts could be useful in the attempt to explain
the anodic behavior of antimony. For the purpose,
three oxalic acid solutions with concentrations of
0.01 M, 0.03 M and 0.05 M were chosen as
representative of forming electrolytes with different
shapes of the voltage/time curves. The dissolution
rate of films, grown up to 5V, 40 V and 140 V,
was studied in the above solutions by means of ac
impedance measurements at 1000 Hz. The results
are shown in Fig. 2. It can be seen that the anodic
oxide dissolves at a high rate.

Only about 7 minutes are needed for the film,
formed up to 140 V in 0.01 M (COOH), to dissolve
almost completely (Fig. 2a); the essential decay in
film thickness takes less than 2 minutes in the other
two solutions (Figs. 2b and 2c). The graphs in the
latter figures are presented in a large scale; the
thickness changes after the second minute of
dissolution numerically correspond to the range of
1/cs-values in Fig. 2a for the almost dissolved films.

After the initial decay in the film thickness
during dissolution in 0.03 M and 0.05 M (COOH),,
the reciprocal specific capacitance consecutively
passed through a minimum, gradually increased to
a maximum, and afterwards, slowly decreased with
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Fig. 2. Time variation of the reciprocal specific
capacitance, 1/c,, of anodic antimony oxides grown
without stirring in 0.01 M (a); 0.03 M (b) and 0.05 M
(COOH), (c) at 293 K and 2 mA cm™? up to 5 V, 40 V
and 140 V.
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Fig. 3. Time variation of the resistance R and the open-
circuit potential E of antimony oxide electrodes during
dissolution in 0.01 M (a), 0.03 M (b) and 0.05 M (c)
oxalic acid solutions after anodization up to 40 V at 293
K and 2 mA cm 2 The dashed lines show the variation
of the reciprocal specific capacitance, 1/c,, from Fig. 2.
The dash-dotted lines mark the steady-state potential of
non-anodized antimony in the electrolytes used. All
potentials are measured versus saturated calomel
electrode.

time, as illustrated in Fig. 2c, and partially in Fig.
2b. Such course of the curves could be attributed to
the formation of an outer layer of dissolution
products. The rapid dissolution of the oxide film in
the oxalic acid electrolytes suggests the appearance
of the outer layer since the very beginning of
anodization as a result of the concurrence between
film growth and dissolution. The layer grows
further, parallel to the oxide film dissolution, and
also dissolves in the electrolyte. Without
deliberating about the nature of the dissolution
products, a few suggestions can be made for the
layer properties. First, a good adhesion to the oxide
film is expected; second, the layer should dissolve
in the contact electrolyte at a lower rate than that of
the oxide, and finally, the layer should have a
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porous structure which entangles but does not
eliminate the migration of the electrolyte ions.

The above assumptions are in conformity with
the experimental results. In addition, the time
variation of the resistance and of the open-circuit
potential was studied in order to gather more
information about the dissolution process. The
results in the three oxalic acid electrolytes are
shown in Fig. 3.

The time variations of the open-circuit potential,
the resistance and the reciprocal specific
capacitance of the antimony oxide electrode in 0.01
M (COOQH), correlate well, as seen in Fig. 3a. After
the abrupt initial decay, all three quantities slow
down; the potential reaches its steady-state value in
the electrolyte.

In 0.03 M (COOH),, the potential passes
through a flat minimum near to the steady-state
value, and shifts to less negative values in apparent
correlation with the variation of 1/c (Fig. 3b). The
reciprocal capacitance passes through a flat
maximum after ca. 2.0 ks (not shown in the figure).
This behavior was attributed to the final dissolution
of the oxide film, the residual thickening of the
layer formed from dissolution products and the on-
going dissolution of the outer layer. The resistance
passes through a flat maximum and decreases
slowly with time, most probably due to the
concurrence between the growth and the dissolution
of the outer layer.

In 0.05 M (COQOH)5,, both, the resistance and the
reciprocal specific resistance, pass through a
maximum and decrease afterwards, as illustrated in
Fig. 3c. Here, again, final dissolution of the oxide
film, residual thickening of the outer layer and its
dissolution in the electrolyte can account for the
observed behavior. The relatively fast resistance
drop appears to be connected to a stronger
dissolving action towards the outer layer of the
0.05 M solution compared with the other two
electrolytes.

The open-circuit potentials in 0.03 M and 0.05
M solutions vary in time in a quite similar way. The
potential shift in 0.05 M (COOH), to less negative
values, however, continues even after the decays in
resistance and reciprocal capacitance have began.
Due to the various dissolution processes and the
impeded diffusion in the unstirred electrolyte, its
composition in the pores of the outer layer will be
different from that in the bulk of the solution.
Hence, the observed potential shift could be
attributed to the electrolyte changes in the vicinity
of the electrode rather than to the thickening of the
outer layer.
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(a) Anodizing in 0.01 M (COOH),

(b) Anodizing in 0.03 M (COOH),

TUf TUf /_\
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Fig. 4. Schematic presentation of the anodic behavior of antimony (E ) in 0.01 M, 0.03 M and 0.05 M (COQOH),. The

stages in growth and dissolution of the oxide film (

) and of the layer formed from dissolution products (&) are

matched to the corresponding parts of the voltage/time curves. The width of the sectors is purely speculative and does

not correspond to the real film or layer thicknesses.

Summarizing, the processes of film growth and
dissolution of anodic antimony oxide in oxalic acid
electrolytes are schematically depicted in Fig. 4.
The relatively low dissolving effect of the 0.01 M
solution permits the formation of a thick barrier-
type anodic film up to voltages as high as 100 V.
The continuous thinning of the oxide film and/or a
field-assisted dissolution causes the consequent
slowing down and the arrest of the voltage rise; the
dissolution products adhere to the film surface,
forming a porous outer layer which permits the
migration of ions.

The stronger dissolving action of the 0.03 M
electrolyte leads to the formation of a thin oxide
film which gradually dissolves. For a given period
of time, the rate of film growth equals to the
dissolution rate, resulting in the thickening of the
outer layer only. A larger coverage of the surface
with dissolution products and/or an increased
density of the outer layer provoke the increase of
the real current density. The film growth starts then
to prevail again over the dissolution. An almost
linear voltage rise up to ca. 100 volts is observed,
followed by a slowing down, and eventually by a

decrease, resulting in the reduction of the oxide
thickness.

During almost 1 ks, no film growth is observed
in the 0.05 M oxalic acid. This is the period of time,
for which balancing of film growth and dissolution
is assumed. Like in the 0.03 M solution, the
accumulation of dissolution products in the outer
layer leads to higher values of the real current
density and an abrupt voltage rise is observed. The
slow down and voltage decrease, as mentioned,
resulted in lowering of the anodic film thickness.

Studies of the current density dependence of the
induction periods of antimony in concentrated
phosphoric acid [11] or in 0.05 M oxalic acid [22]
showed a decrease of the induction period with
increasing current density. The induction period
appearance explanation, proposed in this work,
agrees well with the above finding. A simple
calculation indicates that the induction period
disappears at a current density of ca. 5 mA cm?, so
this value is expected to correspond to the real
current density, needed to overcome the dissolution
and to restart anodizing of the electrode, covered
with  dissolution products. Furthermore, the
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reported poor reproducibility of induction periods
in stirred media [15, 21, 22] is now better
understood in view of the complex influence of the
hydrodynamics on the oxide film dissolution and
the formation and dissolution of the porous outer
layer.

The concentration of anions was found to play
an important role in the film growth. Thus, the
antimony oxide dissolution has proven to be
promoted by phosphate ions [13]. A voltage/time
dependence, similar to that of the antimony in 0.03
M (COOH),, has been obtained for the same metal
in KOH and Na,COs; solutions [23]. The shape of
the curves was attributed to the presence of
carbonate ions. Our studies showed an increasing
dissolution rate with increasing concentration of the
oxalic acid. As discussed before (Fig. 2),
dissolution in 0.03 M and 0.05 M (COOQOH), started
at lower initial film thicknesses compared to the
0.01 M solution. This observation was considered
when composing Fig. 4. Moreover, an additional
check was undertaken. For the purpose, the initial
parts of the capacitance/time or reciprocal
capacitance/time curves for films, formed up to
different voltages in the three studied electrolytes,
were extrapolated to zero time, and the calculated
values for the initial reciprocal specific capacitance
1/c,,, were plotted against the forming voltage. The
curves for the films, formed in the 0.01 M and 0.05
M solutions, are shown in Fig. 5.
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Fig. 5. Dependence of the initial reciprocal specific

capacitance 1/c,, of anodic antimony oxide on the final

voltage attained during anodization in 0.01 M and 0.05
M (COOH), at 293 K and 2 mA cm 2

A linear increase of 1/cs, with increasing
voltage of up to about 100 V is observed for the
films, grown in 0.01 M oxalic acid. Quite
surprisingly, the attendant chemical film dissolution
proved not to affect linearity, and relatively high
film thicknesses were attained. Above 100 V, the
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lowering of the film thickness is possibly related to
additional  field-assisted  dissolution. The
anodization in both 0.03 M (not shown) and 0.05 M
solutions proved to be severely affected by
chemical dissolution of the oxide films. The
restricted non-linear increase of 1/c,, with
increasing voltage to up to 100 V would mean that
the main contribution to the overall thickness is due
to the outer porous layer. Above 100 V, the final
film thickness decreased like that in the 0.01 M
solution but films formed up to 120 V had almost
the same residual thickness as those formed in 0.01
M solutions up to 10 V. The above results indicate
that relatively thick barrier-type films on antimony
can be obtained only in diluted oxalic acid solutions
with concentrations equal to or lower than 0.01 M.

CONCLUDING REMARKS

The studies of the growth and dissolution of
anodic antimony oxide in oxalic acid electrolytes
permitted to limit the concentration range for
effective barrier anodizing of the antimony. A
scheme of film dissolution was proposed, relating
adequately the shapes of the voltage/time curves to
the thickness changes, ascertained by impedance
measurements. Additional analytical methods have
to be used, however, to confirm the assumptions
made.
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OBPA3YBAHE U PA3TBAPSAHE HA AHOJAEH AHTUMOHOB OKCH/I B PA3TBOPU HA
OKCAJIOBA KNCEJIMHA

. T. Anrenos, Kp. A. Tuprusos, E. Kinaiin™

Kameopa ,, Qusuxoxumus”’, Xumukomexnoiocuuer u memanypeuier ynugepcumem, oyi. ,, Knumenm Oxpuocku” Ne 8,
1756 Cogpua

Hoctenuna va 27 romu, 2010 r.; npuera Ha 8 okromspu, 2010 r.
(Pe3rome)

W3cnenBaHa e KMHETHKAaTa Ha 0Opa3yBaHe Ha aHOJHM OKCHUAHHU (PMIMH BBPXY aHTHMOH B Pa3TBOPH Ha OKCAJIOBa
KUCENIMHA. YCTaHOBEHO e, 4e (opmara Ha KPHBHUTE HANpeKEHHe-BpeMe CHJIHO 3aBUCH OT KOHIEHTpaLusTa Ha
OKCAJIOBHUTE €JICKTPOJIUTH. TpH eNeKTPOINTA, B KOUTO C€ MOJIy4aBaT KHHETHYHU KPUBH C pa3inyHa Gopma, ca u3dpaHu
3a W3CJIe/IBaHHUs Ha XUMHYHOTO pa3TBapsiHE Ha (UIMHUTE ¢ MOMOIITa Ha WUMIIEAAHCHU u3MepBaHus. llpemnoxeH e
MEXaHH3bM Ha OCHOBaTa Ha KOHKYPEHTHO HapacTBaHE M pa3TBapsiHE Ha aHOIHHS (HIM, Ipeanoarail oopa3yBaHETO
Ha BBHIIEH I[OpPEeCT CJIOH OT TNPOAYKTUTE Ha pa3TBapsHeTo. HamepeHO e 100pO CHOTBETCTBHE MEXIY
eKCIEpUMEHTAIHUTE PE3y/ITaTH U MpeIIokKeHaTa cxeMa 3a oOpa3yBaHe M pa3TBapsHe Ha (GuiMuTe. YCTaHOBEHO €, ue
CpaBHHTEINHO J1e0enn aHoJHN UMM OT OapuepeH Tul ce moiydasat camo B 0.01 MoapHa okcajoBa KHCEJHHA.
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Corrosion stability of stainless steel, modified electrochemically with Ce,03;-CeO,
films, in 3.5% NaCl media
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This work is focused on the study of corrosion-protection ability of the thin ceria film, formed electrochemically on
OC404 stainless steel (SS) in non-aqueous electrolytes. The influence of changes in the surface concentration of Ce,O3—
CeO, on the corrosion behaviour of OC404 stainless steel in 3.5% NaCl was investigated prior to the thermal treatment
as well as after it. A shift of corrosion potential in positive direction was found via polarization curve recording, as well
as via decrease in the corrosion current, respectively decrease in the corrosion rate (enhancement of the corrosion
protection) in the presence of ceria oxide films.

The data, acquired by AFM and XPS, are in a good agreement with these results. On the basis of the obtained results
we can conclude that the presence of Ce,05—CeO, film results in passivation and re-passivation of the steel surface and
a slowdown in the pitting corrosion in an aggressive media. These conclusions are explained by the strong polarization
influence of the Ce,05—CeO, layers on the conjugated depolarization cathodic reaction of reduction of the dissolved

oxygen.

Key words: corrosion protection, polarization, electrodeposited Ce,Os—CeQ, thin films.

INTRODUCTION

The option to use representatives of the rare-
earth element group (Ce, La, Sm, Y) for the
protection of Al, Fe and Zn articles against
corrosion in aqueous solutions was studied for the
first time by Hinton and coauthors at the beginning
of the eighties of the 20th century [1-5]. According
to the literature sources, the surface modification of
stainless steels in particular [6-15], and the other
metal alloys using rare-earth elements, leads to
improvement of their resistance to corrosion in
aqueous media, containing chloride ions, [16-19].
The increased corrosion stability is due to the
formation of thin oxide films (whose protective
action is associated with formation of soluble
Ce,03, Ce(OH); and/or insoluble CeO, and
Ce(OH),* oxides/hydroxides) thus hindering the
free diffusion of oxygen and adsorption of the
aggressive CI" ion on the metal surface, leading to
acceleration of the pitting formation [19-22].

Our previous works showed that the
electrochemical formation of Ce,0;—CeO, and
Al,O; thin oxide films on OC404 stainless steel
results in improvement of the passivation processes
in media with an oxidizing action (0.1 N HNO3),

* To whom all correspondence should be sent:
E-mail: stoychev@ipc.bas.bg

and in prevention of pitting corrosion appearance
[23, 24]. The behavior of the above systems was
studied in non-oxidizing media (0.1 N H,SO,) [25,
26]. Thereupon, it was established that the
deposition of Ce,0;—CeO, oxides has a strongly
expressed stabilizing effect on the passive state of
SS. This effect is connected with the occurrence of
effective reduction cathodic process of the CeO,,
leading to a stable passive state. The oxide presence
determines the restoration of the disrupted passive
state of the thermally treated steel in an acidic
media.

The aim of this investigation was to study the
corrosion behavior, respectively the protective
effect, of the electrochemically formed (in non-
aqueous electrolytes) Ce,Os—CeO, films on the
stainless steel (prior to and after the thermal
treatment of the “oxide layer/stainless steel”
system) in a 3.5% NaCl solution.

EXPERIMENTAL

The test specimens, used in this study, were
prepared from a sheet of OC404 type SS, with a
thickness of 50 um. The composition of the steel in
wt. % was 20.0% Cr, 5.0% Al, 0.02% C, the rest
being Fe.

The Ce,0;-CeO, layers were deposited
electrochemically on SS from non-agqueous
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electrolytes — their compositions and regimes are
described in [27, 28].

The thickness of the deposited layers was ~1pm.
The layers were investigated upon deposition and
upon thermal treatment (t.t.) at 450 C for 2 h in air.

The electrochemical behaviour of the samples
(10 mm x 10 mm) was studied in a naturally
aerated 3.5% NaCl aggressive media (pH = 6.5) at a
room temperature in a standard three-electrode
thermostatted cell (100 ml volume). A counter
electrode, comprising a  platinum  plate
(10x10x0.6 mm), and a calomel reference
electrode (SCE), (EHg,H92C|2:+O.240V vs. SHE),

were used. All potentials in the text are related to
SCE. The anodic and cathodic potentiodynamic
polarization curves were obtained using a 273
EG&G potentiostat/galvanostat (Germany), with a
potential sweeping rate of 10 mV/s within the
potential range from -1.500 to +1.000 V.

The corrosion potential (Ecor), the breakdown
potential (Epix), and the corrosion current density
(icorry OFf the samples under investigation were
determined based on potentiodynamic polarization
curves, obtained in 3.5% NaCl solution.

The chemical composition and the oxidation
state of the elements on the surface formed after
immersion (for different time intervals) in an
aggressive media — for the specimens ‘“upon
deposition” and upon thermal treatment, were
studied using X-ray photoelectron spectroscopy
(XPS). The XPS studies were performed in an
Escalab 11 system (England) with Al K, radiation
(hv = 1486.6 eV) and total instrumental resolution
of ~ 1 eV. The vacuum in the chamber was 10 'Pa.
The binding energy (BE) was referred to the C1s
line (of adventitious carbon) at 285.0 eV. The
element concentrations were evaluated based on the
integrated peak areas after Shirley-type of linear
background subtraction using theoretical Scofield’s
photoionization cross-sections [29].

The atomic force microscope (AFM) used for
the surface imaging was a Q-scope 250 (Quesant,
USA) with a head, designed for a scan area from
200 nm x 200 nm up to 80 um x 80 um. The lateral
resolution was approximately 1nm, and the
resolution of the z-axis of approximately the same
range. The measurements were performed in the
non-contact mode with the following typical scan
parameters: a scan rate of 0.5 to 3 Hz, integral and
proportional gain in the range between 250 and
400, and image resolution of 300 to 600 dpi.

RESULTS AND DISCUSSION

On the basis of the plotted complete
potentiodynamic polarization curves in the range of
the potentials from —1.500 to +1.000 V (these are
not represented in this work), the basic
electrochemical parameters of the corrosion process
were determined for the studied systems (Tables 1
and 2). It follows from these results that:

- the cerium oxide films, deposited
electrochemically on the stainless steel, create
considerable shifts in the SS corrosion potential in a
positive direction;

- this shifting grows up with the increase in the
concentration of the oxides on the surface of the
steel;

- the presence of cerium oxides leads to lowering of
the corrosion current;

- the presence of cerium oxides determines a
potentials shift of the pitting formation in a positive
direction.

Table 1. Electrochemical parameters characterizing the
corrosion behaviour of studied systems determined from
potentiodynamic polarization curves.

Samples Ecom V. icom ACM 2 Epi, V

SS -0.172  6.0x107 -0.065
Ce,05-Ce0,(3.6 at.%)/SS  -0.168  5.1x107  -0.054
Ce,05-Ce0,(13.1 at.%)/SS  -0.163  3.0x107  0.052
Ce,04-Ce0,(25.7 at.%)/SS  -0.056  6.9x10°  0.091

Table 2. Electrochemical parameters characterizing the
corrosion behaviour of studied systems, after thermal
treatment determined from potentiodynamic polarization
Curves.

Samples Ecorm Vo Acm™ Epiy, V

SStt. ~1.083 4.6x10° -0.003
Ce0,-Ce,04(4.2 at.%)/SStt. —0.300 5.1x107 —0.069
Ce0,-Ce,04(11.2 at.%)/SStt. —0.284 1.2x107  0.091
Ce0,-Ce,05(29.6 at.%)/SSt.t. —0.168  1.3x10°  0.119

The obtained results show also that the thermal
treatment of the studied samples causes a
substantial change in the corrosion parameters,
both, in the case of steel non-covered with cerium
oxides, and in the case of the system cerium
oxides/steel. As a consequence of the sample
thermal treatment, the following is observed:

- Ecorr Of the steel is shifted with more than 0.900 V
in the negative direction;

- icorr OF the steel is increased with an order of
magnitude;

- Epirr OF the steel is shifted in the positive direction
with more than 60mV, while for the system of
Ce0,—Ce,05/SS — with ~ 120 mV.

Thereupon, however, the respective corrosion
potentials, which are characteristic for non-treated
thermally systems, are not achieved, while the
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corrosion currents and potentials of pitting
formation are characterized by more favorable
values, in terms of corrosion, compared to those,
obtained for the non-treated thermally SS,
respectively for the Ce,05;—CeO,/SS.

Aiming to evaluate the protective effect of the
electrodeposited cerium oxide films, we shall
consider in details the anodic and the cathodic
polarization curves for the studied systems in some
specific zones of potentials, which characterize the
occurring anodic and cathodic processes on the
steel surface.
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Fig. 1. Characteristic part of cathodic potentiodynamic
polarization curves for the SS OC404 with Ce oxides
surface modification, before (a) and after thermal
treatment (b), obtained in 3.5% NaCl.

Fig. 1 illustrates the cathodic polarization
curves, obtained in 3.5% NaCl solution, for
stainless steel SS OC404 and for the systems of
Ce,03-—Ce0,/SS before (a) and after thermal
treatment  (b). Fig. la  represents the
potentiodynamic curves for SS (curve 1) and for SS
with various concentrations of the cerium oxide
films, deposited on it electrochemically (curves 2-
4). For comparison curve 5 was also plotted,
characterizing the rate of the cathodic reduction
process on metallic cerium.
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It was necessary to carry out the investigation of
the possible changes in the surface composition and
the electrochemical (corrosion) behavior of the
studied systems as a function of the duration of the
thermal treatment in view of their application as
supports of the catalytically active systems. These
systems are calcinated (treated at high temperature)
to undergo the respective transformations of the
active phase or of the support, as well as in a
number of other cases, in which it is possible to use
SS, modified superficially with cerium oxide at
high temperatures, and in the presence of chloride
ions in the working environment [30, 31].

Fig. 1a clearly shows that the increase in the
surface concentration of the cerium oxides in the
case of non-treated thermally steel samples
determines the increase in the reduction
overpotential of the oxygen, dissolved in the
corrosion medium. Such increase is inherent to this
reaction in a native passive film on stainless steel,
growing to values, close to those inherent to the
metallic cerium. (In this case it is important to
notice that the surface of the metallic Ce is always
covered with a relatively thick layer of cerium
oxides due to the extremely high affinity of Ce to
oxygen [32]).

As reported in a study of Klaper et al. [33 and
references therein] on the electrochemical reduction
of oxygen in neutral and alkaline solutions, this
process gives rise to formation of OH groups,
following a four-electron pathway (Eg. (1)), or it
can yield OH" via hydrogen peroxide following a
two-electron pathway (Egs. (2) and (3)), or it can
produce H,0, as a final reduction product (Eg. (4)).

0, + 2H,0 + 4e" — 40H
Eo = 0.401 V/SHE (1)

O, +2H,0 + 2 — OHZ- + OH-
E, = -0.065 V/SHE @)

OH, +H,0 +2e — 30H
E, = 0.867 V/SHE (3)

02 + 2H20 + 26_ — H202 + ZOH-
Eo = -0.133 V/SHE (4)

Based on own data and on other authors data,
we can make the important conclusion that for
stainless steels and iron—chromium alloys, the
mechanism and Kkinetics of oxygen reduction
strongly depend on the material (chemical
composition, surface state), the electrolyte (pH,
chemical composition), and the conditions under
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which the reaction is taking its course
(hydrodynamics, temperature, polarization). These
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Fig. 2. Characteristic part of anodic potentiodynamic polarization curves for the SS OC404 with Ce oxides surface
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special attention to the specific type of the stainless
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modification, before (a) and after thermal treatment (b), obtained in 3.5% NacCl.

steel. The presence of passive layers is also a very
important factor, affecting the oxygen reduction
reaction. Also, as far as localized corrosion of
stainless steels is concerned, it preferably occurs
within these layers rather than on the metallic
surface, and therefore its catalytic activity should
be related to the concentration of Fe (1) ions.

In the light of these considerations, the observed
differences in the course of the curves 2-4,
compared to curve 1 (for the SS non-coated with
cerium oxides) in Fig. 1a are obviously due to the
different nature of the support, on which the
reduction process is occurring. Thereupon, we can
clearly outline two zones of potentials (up to and
above ~ -1.25 V), in which the nature of the
reduction process is changing. Up to —1.25 V the
steel surface, modified with cerium ions,
determines a depolarizing effect, which (in our
opinion) is due to reorganization of the mixed oxide
films on the steel surface - see the corresponding
peaks of oxidation in curve 2 (at E = ~-0.090 V and
at -0.020 V) in Fig. 2a. In the more negative range
of potentials (E < —-1.25 V), which corresponds to
the proper zone of cathodic reduction of oxygen,
the increase in the concentration of cerium oxides
leads to a substantial growth of the overpotential of
this reaction, respectively to decrease in its rate.
Such impedance of the oxygen reaction, which is a
conjugated cathodic reaction during the occurrence
of steel corrosion in the Ce,03—CeQ,/SS system,
obviously will lower the rate of the conjugated
oxidation reaction, and thus, the total rate of the
corrosion process. Besides this, such an inhibition
of the cathodic reaction, under the conditions of
passivity, is a guarantee for preservation of the

stable passive state of the stainless steel,
respectively — for corrosion under conditions of
passivity.

In the cases of thermally treated SS;; and CeO,-
Ce,04/SS;; samples (Fig. 1b), which are known to
have a disrupted surface passive film [26,35], we
can observe an increase in the cathode current with
about one order of magnitude, for both, the SS;;
and the CeO,—Ce,03/SS;; system. At the same
time, in the case of CeO,-Ce,05/SS;; sample a
considerable depolarizing effect is registered (with
~0.2V, in comparison with the Ce,03—CeO,/SS
system) in regards to the cathodic reaction in the
zone of the potentials (E < -1.25 V), where the
reaction of oxygen reduction is occurring. These
results give us the reason to suppose that the
occurrence of a second reduction process is also
very probable in the thermally treated systems of
Ce,03-Ce0,/SS;;. within the zone of potentials < —
1.25 V, determining a mixed potential. Taking into
account the fact that during the thermal treatment
practically the whole amount of cerium oxides is
converted into CeQ, state, i.e. in the form of Ce**
ions (prior to the thermal treatment, for the films
“upon deposition”, the cerium oxides in the form of
Ce,0O; are dominating) [27, 28], it is logical to
assume the Ce™* reduction reaction occurrence

(Ce™ +e — Ce™).

If such a reaction is really occurring, it could
cause two effects. On one side it will compete with
the first reaction, i.e. it will decrease the rate of the
occurring cathodic oxygen reaction, while on the
other side it will lead to the formation of Ce** ions
in the aggressive medium, which possess a much
more positive potential of oxidation (in view of the
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reaction Ce** — ¢ — Ce* [36]) than the oxidative
potentials of the steel components, respectively
those of the natural passive film on it (Fe, Cr, Al),
which are being oxidized in the course of its
corrosion. Therefore, the presence of cerium oxides
on the steel surface will lower the rate of corrosion,
since it will lead to restoration of its passive state,
disrupted as a result of the thermal treatment, due to
the occurrence of an effective cathodic reaction of
Ce*" ions reduction (Ce** + ¢” — Ce™).

The reason for putting forward such a
hypothesis is the dependence, established by K.
Vetter, of the total reaction cathodic overpotential
on the Ce**/Ce™ electrode: Ce* — Ce* + ¢ [37].
Vetter unambiguously proves that the anodic
diffusion-limited current density of this reaction is
proportional to the concentration of Ce®*, while that
of the cathode is proportional to the concentration
of Ce*". Thereupon, these quantities do not depend
on the concentrations of other substances, possibly
present in the electrolyte. However, at higher
potentials and especially in the case of low current
densities (i.e. values close to the equilibrium
potential) complications occur. Such complications
are connected with the parallel occurrence of
another electrode reaction (formation of mixed
potential, respectively). In these cases oxygen
evolution reaction occurs [37]. The author
explicitly proves in the same study that the rate of
the reaction of the electron transfer in a direction to
the cathode is proportional to the concentration of
the Ce* and it does not depend on the
Ce*concentration. This is the reason why in the
case of non-treated thermally system of Ce,Oz—
Ce0,/SS, when only Ce* ions have passed over to
the aggressive medium, there is only one reaction
occurring, i.e. the reduction of oxygen, while in the
case of non-treated thermally system, simultaneous
reduction of Ce*" (CeO,) and of oxygen can occur.
If this reduction occurs at more positive potentials,
then it will dominate over the total rate of the
cathodic reduction process. Evidence for this
statement is supplied by the value of the cathodic
current. It is higher with one order of magnitude for
the thermally treated systems (Fig. 1b).

Fig. 2 illustrates sections of the anodic
polarization curves, obtained in 3.5% NaCl, for
stainless steel SS OC404 (curve 1) and for the
Ce,03-Ce0,/SS systems with a different surface
content of cerium oxides (from 3.6 up to 29.6 at.
%), depending on the time interval of their
deposition (from 50 sec up to 80 min) - curves 2, 3,
4, prior to the thermal treatment (Fig. 2a), and after
it (Fig. 2b).
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It is seen, in view of the obtained results, that in
the case of non-treated thermally steel (Fig. 2a,
curve 1) two peaks are observable (at E = ~—
0.090 V and at E = —0.020 V), characterizing the
oxidation reactions occurrence, and what follows
thereafter (at E ~ -0.008 V) is a steep course of the
curve, corresponding to the anodic evolution of
oxygen via the reaction of 4OH = 2H,0 + O, + 4e .
At the lowest studied concentration of cerium
oxide, deposited on steel (curve 2) up to potentials
~—0.015 V, a weak depolarizing effect is observed,
whereupon the first peak is practically
disappearing, while the second one (at E ~ —-0.020
V) grows stronger. Within the zone of potentials >
—0.015 V the presence of cerium oxide film gives
rise to the overpotential of the anodic reaction of
oxygen evolution. At the next concentration of
cerium oxide on the steel (curve 3) a considerably
stronger polarizing effect is observed in the zone of
the potentials > — 0.130 V, while at the maximal
studied concentration of cerium oxides (curve 4)
the polarizing effect is present even to a greater
extent within the entire interval of potentials.
Respectively, the current of the reaction of oxygen
evolution at each next value of the cerium oxides
concentration is decreased substantially.

The action of the cerium oxide layers, deposited
on the steel, is analogous also in the case of
thermally treated samples (Fig. 2b). Some
difference was established only in the case of the
lowest concentration of cerium oxides (Fig. 2,
curve 2), at which the depolarizing effect is
preserved also at potentials > —0.015V. This is
obviously associated with both, the strong cracking
of the native passive film on the steel substrate, and
the cerium oxide film deposited on it, which leads
to a considerable decrease in the corrosion current
of the steel, occurring as a result of depassivation
(~7.10° A.cm™), before reaching the zone of the
anodic oxygen evolution. In the light of this result,
it became especially important to find out how the
surface modification with cerium oxide film
influences the localization of the corrosion process,
preceding the evolution of oxygen.

It is important, in this respect, that the corrosion
resistance of stainless steels, under the conditions
of anodic polarization (in solutions of CI™ ions) is
connected not only with the processes of
passivation, but also with the processes, leading to
disruption of the integrity of the passive film, and
therefore, to the development of local corrosion.
From the passive state theory prospective this
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Fig. 3. AFM images for the samples after 5 min at the E;; in 3.5% NaCl: a) SS; b) CeO,-Ce,03(13.1 at.%)/SS; c) CeO,-
Ce,03(25.7 at.%)/SS ; d) SSt.t.; €) CeO,-Ce,05(4.2 at.%)/SSt.t. ;f) CeO,-Ce,05(29.6 at.%)/SSt.t..
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Fig. 4. Protection degree in 3.5% NaCl for different concentrations of Ce,03-CeO, oxides on SS before (a — 1-3.6 at.%;
2-13.1 at.%; 3-25.7 at.%) and after thermal treatment (b — 1-4.2 at.%; 2-11.2 at.%; 3-29.6 at.%).

phenomenon is associated with the gradual
substitution of the oxygen in the passive film with
chloride ions or in accordance with the adsorption
theory — with substitution of the adsorbed oxygen
on the surface with chlorine ions. This process
begins upon reaching a definite value of the
potential, known as the potential of pitting
formation. As a result of its occurrence, the oxide
film, protecting the steel surface, can be converted
into a soluble metal chloride, resulting in
appearance and development of pitting corrosion on
separate sections of the surface.

Aiming at investigation of the propensity of the
studied steel to pitting corrosion we used the anodic

potentiodynamic curves to estimate the values (Fig.
2a, 2b) of the potentials of pitting formation (Eix)
(Tables 1 and 2). The values of the potentials of
pitting formation of samples, having ~5 at. %
cerium oxides on the surface (before and after the
thermal treatment), are close to that value for the
steel itself (Fig. 2a, 2b) (Eui, Tables 1,2). The
further increase in the surface concentration of ceria
for the Ce,O3; CeO,/SS system (above ~11.0 at. %)
leads to a shift of E,i; with more than ~100 mV in
the positive direction. This effect is observed in
both, the non-treated thermally steels, and the
thermally treated samples. The shifting of Eg in

Table 3. Distribution of the elements (in at. %) in the surface layers of samples as deposited, thermally treated and after
immersion in 3.5% NaCl for the samples corresponding to the curves 3.
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Samples  Time of 0, at. % Fe, at. % Cr, at. % Al, at. % Ce, at. %
immersion, N~ _ssec 2h  25°C 2h450°C ~25°C 2h450°C ~25°C  2h  ~25°C  2h
450°C 450°C 450°C
Ce  asdeposited 67.6 64.2 0 10.6 1.6 24 17.7 11.6 131 11.2
oxides/S after1h 74.7 73.9 0 8.4 1.8 2.9 13.4 10.4 10.4 4.4
S after 2 h 73.6 79.6 0 6.7 3.3 3.4 14.4 7.4 8.7 2.9

the positive direction improves substantially the
corrosion stability of the studied systems in regards
to the pitting corrosion. The change in Epix
determines the suppressed development not only of
the pitting corrosion but also of the total corrosion,
especially strongly expressed in the case of the
thermally treated systems (Fig. 3). The basic reason
for it (in our opinion) is the action of the cerium
oxides which block the active sections (Fe sections)
on the steel surface.

A support to this statement are the AFM
observations on the appearance and the
development of local corrosion on samples of non-
treated and thermally treated steel (Fig. 3a, 3d),
polarized anodically for 5 min, at the potential of
pitting formation. Pitting spots are seen on the
surface of the non-treated thermally samples.
Besides that, damages are caused by the local and
total corrosion in the thermally treated samples.
After the electrodeposition of cerium oxides with
different surface concentration at the same potential
no appearance of pitting is observed (Fig. 3b, c, e,
). We attribute this to the effect of cerium oxides
which modify the surface film and enrich it to
chromium oxides (Table 3), blocking effectively
the active sites on the steel surface.

The quantitative evaluation of the steel
protection by cerium oxide films, based on the data
in Tables 1 and 2, is shown in Fig. 4. It presents the
dependence of the steel degree of protection on the
Ce,03-Ce0, surface concentration, calculated using
the formula:

IP = Forr =1 100,

I(?OTI’
where: i°corr and i, are the corrosion current,
taken from the polarization curves, with and
without Ce,03;—CeO, on the surface of the working
samples. The presence of Ce oxides enables high
degree of protection reaching ~ 90%.

CONCLUSIONS

It was found that the cerium oxide films, formed
on OC404 steel, inhibit the oxygen depolarization
reaction of the corrosion process. Thereupon, this
effect stabilizes the stable passive state of the steel,
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under investigation, in 3.5% NaCl solutions, which
gives a guarantee for the proceeding of the
corrosion under the conditions of a passive state.

It was shown that upon disturbing the steel
passive state, as a result of the thermal treatment,
the cerium oxide films act as efficient cathodic
coating, restoring the passive state of the studied
steel. In this case the zone of the potentials,
inherent to the passive state, grows wider, being
shifted to a positive direction to the potential of the
pitting formation. Thus, the corrosion resistance of
the studied steel to pitting corrosion is increased.
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Kopo3uonHa ycToM4MBOCT Ha HEPHKIaeMa CTOMaHa, Mo (uipana
enektpoxumudHo ¢ Ce,0;—CeO, dhunmu, B cpena ot 3,5 % NaCl

1 1 Lo 1x 2 2 2
H.Teprosa’, E.CtosnoBa” J[.Croitues™ , M1.ABpamoBa“, I'.Atanacosa“, I1.Credanon

1 »”
Hucmumym no gusuxoxumusi “Axao.P. Kauwes”, Bvieapcka akademus na naykume, Coghus 1113, Pvaeapus
Unemumym no obwa u neopeanuuna xumus, bvreapcra axademus na nayxume, Cogus 1113, Bvreapus

Tocrprmmna Ha 12 aBrycr 2010 r; npuera Ha 25 oktomBpu 2010 r

Paborata e mocBeTeHa Ha M3CJIEBAHETO Ha KOPO3MOHHO-3AIlUTHATA CIIOCOOHOCT Ha I[EPUEBO-OKHCAHU (HIMH,
KOUTO Ca OTJIOKEHH CJICKTPOXHMHYHO BBpXy Hepbkaaema ctomana OC 404 (SS) oT HEBOIHHU EICKTPOJIUTH.
W3cnenBaHo € BIMSIHMETO Ha NPOMsHATA HA MOBBbPXHOCTHaTa KoHueHTpauus Ha Ce,03—CeO; BbpXy KOPO3MOHHOTO
noBeJeHUe Ha SS B KOpo3nOHHO akTHBHA cpena ot 3.5% NaCl npenu u cnen repmudHa 06padoTka Ha obpasuuTe. B3
OCHOBa Ha IOCTPOCHHTE IMOJISIPU3ALNOHHH KPUBU € YCTAHOBEHO OTMECTBAHE Ha KOPO3MOHHUS ITOTEHIIMAN Ha CUCTEeMaTa
B TIOJIOKMTENIHA TIOCOKA, KAaKTO M MOHIKaBaHEe Ha KOPO3HMOHHUTE TOKOBE, PECI. CKOPOCTTa Ha KOPO3Hsl, KOTaTo BBPXY
MOBBPXHOCTTA HAa CTOMaHaTa NPUCHCTBAT LepUEeBO-OKCUIHN Guiamu. lanHute, nosydyenn or AFM u XPS anannsute,
ca B 100pO ChOTBETCTBUE C TE€3U PE3YIITATH.

B®3 ocHOBa Ha moiydyeHHTE pe3yJTaTH € HamnpaBeH n3Boja, ue Hammuuero Ha Ce,0;-CeO, crmoeBe oOycnass
MacuBUpaHe U pe-IlacMBHpaHE Ha CTOMaHEHaTa MOBBPXHOCT, KAKTO M IMOHW)XKaBaHE Ha IHUTHUHIOBaTa KOPO3US Ha
cromanara. Te3un edexkTd ca OOSCHEHHM CBhC CHIHOTO mossipusupamio BimsHue Ha Ce,03;—CeO, cimoeBeTe BBPXY
crperHarara JIenoJsipu3npalia KaToiHa peakiys Ha peAyKIHs Ha pa3TBOPEHHS B KOPO3UOHHATA Cpejia KUCIOPO/I.
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The electrolysis is a technology for production of hydrogen from renewable sources. Modern commercial
electrolyzers focus on hydrogen as a chemical, and not as an energy carrier. For the future large-scale production for
automotive applications, electrolyzer energy efficiency and the resulting hydrogen quality and cost are important factors
that need more attention. The need of ultrapure water in the novel generation of electrolyzers also increases the cost,
and therefore hinders their widespread introduction. The use of seawater could prove to be an economically viable
solution. The current research investigates the influence of the contaminants in seawater on the hydrogen evolution
reaction on Ni electrode in the temperature range of 25—-80°C. The electrochemical kinetic parameters of the reaction —
Tafel slope, charge transfer coefficient and exchange current density were evaluated by galvanostatic polarization and
electrochemical impedance spectroscopy. Long-term stability test results are also described. All results were compared
with the results, obtained in KOH prepared with ultrapure water.

Keywords: seawater electrolysis, hydrogen evolution reaction, kinetic parameters, rate constants, electrochemical
impedance spectroscopy

oxygen (O,) as end products. Based on the type of
INTRODUCTION utilized electrolyte there are: 1- the most developed
and commercially available alkaline water
electrolyzers (AWE) [4]; 2 — polymer electrolyte
membrane electrolyzers (PEMWE) which are still
under development but small-scale units are also

The present energy system, based on the
conversion of fossil fuels, is not sustainable and
poses environmental hazards. Based on its unique
characteristics (highest heat of combustion from all ) . .
fuels — 120,9x10° J/kg) [1], hydrogen is accredited a;zallablle on theS (r)n\:]r]l;et [1?)];' and 3 d_ SOl.ld Ox¥de
as an energy carrier with major role in the future electrolyzers - ( ). being under intensive

. . development. The main advantages of the three
energy system [2—4]. In fact, it can be produced in h velv hich ity of th
renewable manner either directly — using sunlight S}t/)stgmsd are Eie corgparatlvezif 1}% puglty of t ?
or biomass, or indirectly — using electrolysis and obtained end products and the absence O

power, supplied from wind, solar, geothermal, and epwronmentally harmful CIISSIONS. Thelr
hydropower sources. It can be stored or used as a disadvantages could be summarized as the high

fuel in fuel cells or internal combustion engines to energy need for the process itself and the fact that
.y there are strict standards for the quality of the used
produce electricity when needed. Contrary to the

currently used methods for hydrogen production water _.ASTM DII41 type w-ate-r L6] The la‘Fter
from fossil fuels, which have carbon dioxide (CO,) prerequisite often calls tjoir prehmln'a'ry purification
and other greenhouse gas (GHGs) emissions, the of the water, requiring additional energy

combination of electrolyzers and renewable energy Eonsumri UOI;. togethg; “:th E.ldiltﬁ) r;al 1n\il?}sltment§
sources would lead to sustainable hydrogen or constructing puritication instatiations. 1he nee

production for ultrapure water in the novel -electrolyzer
Currently there are three different technologies generation hinders their widespread application,

P ter electrolvsis (WE) with hvd H d and contributes to the high cost of the hydrogen.
or water electrolysis (WE) with hydrogen (H;) an Other technologies that are based on electrolysis

and have H, as by-product are industrially

available. The chlor-alkali electrolysis [7] uses
* To whom all correspondence should be sent:

E-mail: E-mail: yanko.petrov@gmail.com
158 © 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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sodium chloride (NaCl) solution as electrolyte and
via various cell configuration, membrane,
diaphragm and mercury cell technology, sodium
hydroxide (NaOH) and chlorine (Cl,) are obtained.
In all three cases, H, evolves at the cathode.

As the most abundant form of water on the
planet, seawater would be an attractive feed for the
production of hydrogen on a large scale by water
electrolysis, based on renewable energy. However,
there are several problems that need to be solved if
hydrogen is to be produced by seawater
electrolysis. Basically they are: the development of
active cathodes for hydrogen evolution reaction
(HER)[S8, 9]; the exploring anodes that selectively
evolve O, instead of Cl, [10]; or finding an
environmentally safe way to dispose back the
produced chlorine.

The aim of this study is to investigate the
kinetics of HER on a nickel (Ni) electrode during
electrolysis of synthetic seawater — an alkaline
solution. Ni was chosen as a cathode material
because it is known as metal with good
electrocatalytic activity and stability towards HER
in alkaline and neutral media even in the seawater.

EXPERIMENTAL

The working electrode (WE) was cut from
99.9% purity Ni rod (Goodfellow Cambridge Ltd.),
and had an exposed geometric area of 1 cm’
Specimens were polished successively with 800
and 1200-grade emery paper, washed with carbon
tetrachloride, cleaned in an ultrasonic bath for 15
minutes, and then washed thoroughly with distilled
water. To remove any spontaneously formed oxides
before each measurement, WEs were polarized with
a cathodic current of 0.3 A.cm” for 30 minutes.
The counter electrode (CE) was a platinum basket
with high surface area. Saturated Calomel Electrode
(Radiometer Analytical XR110) was employed as a
reference electrode (RE), whose potential versus
the Reversible Hydrogen Electrode (RHE) at
298.15 K is 0.244 V.

One compartment, 3.5L cylindrical Pyrex glass
cell, equipped with water jacket for controlling the
temperature by thermostat was used for the
electrochemical measurements. The WE was
positioned in the center while the CE was placed
around it. The RE was connected to the cell through
an electrolytic bridge which had a Luggin capillary,
positioned close to the WE.

The artificial seawater was prepared using
chemically pure reagents and 18 MQ.cm distilled
water. The composition of the artificial seawater,

containing no heavy metals and complying with
ASTM D1141, is listed in Table 1.

Table 1. Artificial seawater composition according to
ASTM D1141

Chemical Concentration, Chemical Concentration,
compounds gL compounds gL
NaCl 24.53 NaHCO; 0.201
MgCl,.6H,0O 11.103 KBr 0.101
CaCl,.2H,O 1.539 SrCl,.6H,0 0.042
KCl 0.695 NaF 0.003

The electrochemical measurements were
performed using SI 1287 Electrochemical Interface
(Solartron), coupled with S1 1255 HF Frequency
Response Analyzer (Solartron). The galvanostatic
polarization curves ranging from 0.3 A.cm to 5 x
10° A.cm” (2 minutes per point) were recorded
until reproducible results were obtained. The
electrode potentials were corrected for iRg drop
(ohmic drop), determined by Electrochemical
Impedance Spectroscopy (EIS). In the EIS
measurements the amplitude of the ac signal was 10
mV. A frequency range from 50 kHz to 0.1 Hz was
covered with 10 points per decade. The real and
imaginary components of the complex plane plots
were analyzed using a complex nonlinear least-
squares fitting (CNLS) program Zview 3.1
(Scribner  Associates, Inc.) by which the
experimental parameters of an electrical equivalent
circuit were determined.

RESULTS AND DISCUSSION

Fig.1 shows the experimental iR corrected Tafel
polarization plots of Ni electrode in artificial
seawater at four temperatures under study. By
extrapolation of Tafel lines to the HER equilibrium
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T T
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Fig. 1. iR corrected galvanostatic Tafel curves of
seawater at four temperatures.
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potential, the exchange current density — j,, is
calculated, and from Tafel slope — b, the value of
the charge transfer coefficient —a is obtained.

The values of the Tafel slope are higher than the
theoretically calculated according to the relation —
b=2.3RT/aF, assuming o = 0.5. The charge transfer
coefficient is ca. ~ 0.40 £ 0.02 while for KOH
prepared with pure water it is about 0.47+0.02,
depending on the temperature. The results are
summarized in Table 2. Large deviation from the
theoretically calculated values of the Tafel slope are
also reported in the literature for HER on various
electrode materials in alkaline solution [11, 12].

Table 2. Apparent (per unit geometric area) kinetic
parameters for HER in artificial seawater + 1 mol.dm™
KOH at four temperatures (* - values obtained in the
case of pure water + 1 mol.dm> KOH)

T,K b, V.dec! Jo» A.cm? o - 100 Diheor.»

V.dec™
298 0,142 1,44><10’5 0,42 0,544 0,118
313 0,158 5,84x10° 0,38 0,512 0,124
333 0,167 11,11x10° 0,39 0,495 0,132
353 0,172 18,70x107° 0,41 0,486 0,140
208* 0,119 0,92x107° 0,49 0,484 0,118
313* 0,132 417107 047 0,452 0,124
333*% (0,143 8,05x107° 0,46 0,441 0,132
353*% 0,154 31,92x10° 0,46 0,382 0,140

A comparison of the polarization performance
of Ni electrode in pure and synthetic seawater
towards HER is presented in Fig 2. On one hand,
the calculated exchange current densities, obtained
for seawater, are higher compared to the ones in the
case of pure water except at 353 K. It should be
noticed that the exchange current density is a
measure of a reaction rate at the reversible
potential, i.e. where the net current densities are
zero. However, in reality it is possible that a
reaction, having high value of j,, shows a lower
activity at current densities which are comparable
to the ones, achieved in the industrial practice. On
the other hand, the registered overpotential at a
constant current density of 100 mA.cm > is higher
in the case of seawater, indicating lower
electrocatalytic activity for HER. This could be
only due to the presence of contaminants in the
electrolyte, because all the other experimental
conditions are the same as in the case of the pure
water.

The experimental electrochemical impedance
spectra (EIS) of Ni electrode in artificial seawater
at four constant potentials, taken from the Tafel
region are presented as complex-plane (Nyquist)
plot on Fig. 3.
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Fig. 2. iR corrected galvanostatic Tafel curves of pure
water and seawater at 298K and 353K.
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Fig. 3. Complex — plane plot of Ni electrode in artificial
seawater — alkaline solution at constant temperature of
298 K and potentials -1,024;-1,084;-1,124;-1,164 V vs.
RHE.
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Fig. 4. Complex — plane plot of Ni electrode in artificial
seawater — alkaline solution at constant potential of -
1.124 V vs. RHE and four different temperatures.

One depressed capacitive loop is observed at all
potentials under investigation. To analyze the
experimental EIS data 1CPE equivalent circuit was
used. It consists of a solution resistance R, in serial
connection with a constant phase element — CPE,
which is in parallel connection with the charge
transfer resistance R.. The CPE is used instead of a
pure capacitor and it accounts for the
inhomogeneities of the electrode surface. The
double layer capacitance (Cq) can be calculated
according to the relation [13, 14]:

Ca=[T(R, +R, ) 7' (1)
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The charge transfer resistance is related to the
kinetics of the HER. Fig. 3 confirms the charge
transfer controlled kinetics and shows as expected a
decrease of R, with increasing cathodic
polarization.

Fig. 4 shows the complex-plane plot of the
system at constant potential and different
temperatures. As expected, a decrease of R, values
with increasing temperature is observed which
confirms that the HER proceeds faster at elevated
temperatures.

Table 3.Values of the equivalent circuit elements
obtained with the 1-CPE model on Ni in artificial
seawater + 1 mol.dm” KOH at T=298 K and five
potentials (* - values obtained in the case of pure water +
1 mol.dm™ KOH).

E,Vvs. Ry(Qem™ T,(Fs®! a Ry

Cdl, (F.CITf

RHE 3y em®) <107 (Q.em™) Hx107*
0,984 1,88 1,51 0,93 180,24 0,818
1,024 1,92 1,46 0,93 9502 0,789
1,084 1,91 1,30 0,94 32,52 0,761
1,124 1,91 1,19 0,96 1597 0,832
1,164 1,89 1,06 0,97 8,38 0,809
—0,984* 1,87 10,08 0,87 211,38 3,95
-1,024* 1,94 5,91 0,91 73,13 3,02
-1,084* 1,94 3,73 0,95 21,55 2,53
-1,124* 1,96 3,43 0,96 11,03 2,51
-1,164* 1,97 3,70 0,95 6,27 2,49

Table 3 summarizes the values of the equivalent
circuit elements, obtained by non-linear least
squares (NLS) fitting. Values for the case of Ni in
pure water are also listed for comparison. As it can
be seen R values in case of seawater are higher at
more negative potentials where high current
densities of practical use are reached, which is in
good agreement with the results, obtained from the
galvanostatic d.c. measurements. The lower values
of the double layer capacitance, measured for
seawater, and compared to pure water, are assumed
to result from the fact that part of the
electrochemically active surface is covered by
adsorbed species from the electrolyte solution
which lowered the available electrode surface for
the HER.

Since Tafel analysis clearly indicated that the
HER kinetics within the investigated potential
region is charge transfer controlled, it was assumed
that the n-log(R.,) ' relationship, presented in Fig.
5, will follow a linear trend, and will have a slope
identical to the Tafel slope.

The obtained slopes, b, were found to be in
accordance with those, derived from Tafel analysis
of galvanostatic polarization curves.

000 005 010 015 020 025 030 035 040 045
0.0 T T T T T T T T T DD

298 Kd.c.
298 K a.c.
353 Kd.c.
353 Ka.c.
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Log j, (A.cm™); Log" R_ (2.cm™)”

35 |=

b,=0172 b,=0142

-40 1 1 1 1 Nl i 1 1 1 40
000 005 010 0415 020 025 030 035 040 045

-n, V

Fig. 5. Comparison of log j vs. n and log R¢," vs. 1 and
obtained Tafel slopes by d.c. polarization and a.c.
impedance method for seawater at 298 and 353 K.

Generally, it is accepted that in alkaline
solutions the HER proceeds through three steps
[15-18]:

H,O + M +e—MH,q + OH
Volmer step 2)

MHads + H20 +e — H2 +M+OH
Heyrovsky step 3)
2MH,4— H, + M Tafel step (4)

Consecutive combinations of Volmer-Tafel
and Volmer-Heyrovsky steps, in which one of them
is the rate-determining step (RDS), have been
proposed for the HER mechanism on different
cathodic materials [16, 19-21].

As discussed in details by Krstajic et al.
[19], if we assume that the experimentally recorded
current density is determined by the rate of
Heyrovsky step in the potential region E< -1.2 V
vs. RHE , then the relation will hold:

Vi, = kyOexp(—aFE/RT)=is/2F  (5)

where V,, is the rate of the Heyrovsky step,
ki [mol.cm™.s™] is the chemical rate constant for
the rate controlling Heyrovsky step. Then, using the
current density in the experimentally obtained
potential region between 1.2 and 1.3 V vs. RHE
and the transfer coefficient i. e. 0.42 at 298K, the
average value of k;=2.42 x 10"% was calculated,
assuming that the surface coverage by adsorbed
hydrogen (0) is ~1.

As shown, the experimentally calculated values
of the Tafel slope by d.c. and a.c. techniques are
higher than the theoretically expected if a proton
discharge is assumed to be the RDS and 0=0.5. If
the Volmer step is fast and the Heyrovsky step is
slow, the surface coverage 6 will approach unity
and the Tafel slope will increase. Thus, the most
likely mechanism for the HER under the present
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conditions would be the Volmer-Heyrovsky
0 10 20 30 40 50 60
16 T T T T T 1.6
A

E, Vvs, RHE

Time, hours

(a)

pathway in which the second step is the RDS.
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Fig. 6 Stability test: A — 60 h at current density 0,25 A.cm™ at 298 K; B — comparison of potential
dependence after reversing the current for 10 min. — a and b are the first 10 h taken from A

Galvanostatic d.c. and a.c. impedance
measurements could account only for short-term
performance of the investigated system. From a
practical point of view the long-term behavior is as
important as its kinetics properties. For this reason
a stability test at a constant current density of 0.25
A.cm? within 60 hours was performed. As shown
in Fig. 6A, the potential of the Ni electrode in
artificial seawater increased with time and after 60
hours reached a value of approximately ~ —2.4 V
vs. RHE at 298K. In the case of pure water the
potential of the electrode also varied but in a very
narrow range at around ~ —1.9V vs. RHE. Again, it
is assumed that the increase of the electrode
potential in synthetic seawater is due to the
poisoning effect of the impurities towards the
electrochemically active surface for the HER. It is
known that poisons could be adsorbed irreversibly
or reversibly [22]. In the latter case it is believed
that they could be removed by oxidation reaction
and in this way the electrode surface could be
cleaned. To verify if this effect is applicable in the
case of Ni electrode in synthetic seawater another
test was performed. Under the same conditions as
in the stability test after 5 hours cathodic
polarization, the current was reversed for 10
minutes in the positive direction. This procedure
was repeated 4 times and the obtained results are
shown in Fig. 6B.

Obviously, switching the current to positive
direction changes the surface state of the electrode.
After each cycle the potential of the electrode
decreased further and stayed lower even when
compared with the one of pure water under the
long-term test conditions. This could be explained
with the fact that the part of the electrode surface,
which was not poisoned, is also oxidized by
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imposing it to the positive current. It is known from
the literature [23] that the HER on oxide covered Ni
electrode proceeds faster than on pure metallic Ni.
This behavior confirms that the poisoning effect of
the impurities in the electrolyte could be overcome
to some extent by reversing the current in positive
direction for a certain period of time.

CONCLUSIONS

It can be concluded from the experimental
results that the HER on Ni electrode in artificial
seawater — an alkaline solution is charge transfer
controlled. The obtained exchange current density
is higher except at 353K, compared to the density
in the case of the pure water. The overpotential at
0.1 Acm?’ is also higher while the transfer
coefficient is lower and varies little with the
temperature. The high values of the Tafel slope lead
to the conclusion that the reaction mechanism is a
consecutive combination of the Volmer step
followed by the Heyrovsky step, the latter being a
rate-determining step at more negative potentials.
Deactivation of the electrode performance is
monitored under long-term tests most probably due
to the blockage of the electrochemically available
surface with impurities from the bulk electrolyte.
Reversing the current for a short time proved to be
efficient to some extent for cleaning the surface of
the electrode.
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KMHETUKA HA PEAKLIMATA HA OTAEJISIHE HA BOJIOPO/] BbPXY HUKEJIOB
EJIEKTPO/] B CHUHTETUYHA MOPCKA BOJIA — AJIKAJIEH PA3TBOP

. Herpos'”, XK.-I1. Ilocrep®, ®. ne bpywuiin’

"Hnemumym no enexmpoxumus u enepeuiinu cucmemu, Bvieapeka akademus na naykume,
ya. Axao. I'. bonues’, o1. 10, 1113 Cogus
ZHHcmumym no Enepeus, Cvémecmen uzciedoeamencku yeumup, Becmeporwoneex 3,1175 JIE
Ilemen, Huoepranous
? Uscnedosamencku uncmumym 3a yemotiuusocm u enepeus, I ponunzencku ynusepcumen,
Hiienbope 4, 9747 AE I'ponuneen, Huoepranous

Hocmvnuna na 12 noemepu, 2010 a.; xopueupana na 16 noemepu, 2010 e.

(Pesrome)

W3cnenBaHo € BIMSHUETO HAa 3aMBPCUTEIHTE B CHHTETHYHA MOPCKA BOJA - aJIKaJeH Pa3TBOp, BBPXY peakIuATa Ha
€JEKTPOXUMHUYHO OTJIESIHE HA BOJOPOJ OT HUKEJIOB €JIEKTPOA, B TeMIepaTypHUIT quana3on 25-80° C. Kunernunure
napameTpu Ha peakuusta - TagdenoB HakiIoOH, OOMEHEH TOK M Koe(HIMEeHTa Ha MPEHOC Ha 3apsiJi ca M3YHCICHU BbH3
OCHOBa Ha TIOJNyYCHWTE TaJBAHOCTATHMYHHM MOJSPU3AIMOHHN 3aBUCUMOCTH U EJIEKTPOXUMHYHHM HMIICTaHCHU
n3MepBaHus. [IpoBejeHN U aHANU3UPAaHU Ca TECTOBE 3a CTAOMIHOCT B MPOAB/DKeHUE Ha 60 yaca. Beuuku cToifHOCTH ca
CPaBHEHHU C pe3yJITaTH IOJIyYeHU B ajlKajeH pa3TBOpP Ha YUCTa BOJA.
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Various alternatives of electrocatalyst supports are being searched. The conformation of the multi-cationic Layered
Double Hydroxides (LDHs) Mg/Ni/Al after calcination - mixed oxide Mg/Ni/Al(O) are proposed as advanced support
for electrocatalysis. LDHs, a new class of basic mixed hydroxides exhibiting layered structure, proved to be good
substrates to be loaded with noble metals and non noble metals, also having properties of electron donor promoters. The
aim of this work is a characterization of the structure of Pt-catalysts appropriate for electrochemical water splitting.
These catalysts are prepared by deposition of Pt on supports mixed oxides Mg/Ni/Al(O), obtained by calcination of
multicationic LDH. These materials are characterized by means of structural (XRD, TEM) and electrochemical
methods: cyclic voltammetry (CV) and steady-state polarization techniques, in view of their possible application as

electrocatalytic support for oxygen evolution reaction in proton exchange membrane water electrolysis.

Keywords: catalyst support material, Pt_Mg/Ni/Al(O), PEMWEs, oxygen evolution reaction, Pt

1. INTRODUCTION

The proton exchange membrane water
electrolysis (PEMWEs) is efficient method to
produce hydrogen with higher purity and it offers
several advantages over the traditional technologies
[1]. Even if the electrolyte and the membrane
electrode assembly have been widely studied,
degradation of the materials, especially the carbon
supports of the electrode, and the high cost of the Pt
loaded electrodes are now the new issues to
overcome. Few researches have been carried out,
aiming to replace the carbon support and decrease
the Pt loading. It came out that using divers metal
oxide powder as a support would significantly
decrease the cost of the PEMWEs but also would
increase its stability and thus the life time of the
cell. Pt nanoparticles and their alloys are usually
dispersed on porous carbon black (e.g., Vulcan
XC-72) to function as PEMWES anode and cathode
catalysts, which are one of the most important and
most expensive components in PEM water
electrolysis. Suitable support materials must be
electrically conductive and corrosion inert [2]. The
big disadvantage of carbon is its lack of stability at
high anodic potentials, where oxygen evolution
takes place [3]. The stability of carbon support
affects the loss of platinum surface area following

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

both, the platinum particle sintering and the
platinum release from the carbon support [4].
Therefore, various alternatives of electrocatalyst
supports are being searched. A good candidate as a
catalyst support could be a material which
manifests the stability and the specific property -
strong metal-support interaction (SMSI) effect [5—
7], which presumed the lower Pt loadings and the
greater efficiency. This fort interaction between
support and particles is due to intensive electronic
transfer. Surprisingly, interaction and cooperation
between nanosized metal particles and basic
supports have been scarcely investigated. A recent
review considering the metal-support interaction
(“electron  transfer”) and the metal-Support
cooperation (“metal-base bifunctional catalysis™)
has shown the great potential of the layered double
hydroxides (LDH) as precursors of the metal
particles on basic supports with very unique
properties [8, 9]. LDHs of the general formula of
[M**_.  M*.(OH),][A"]....mH,O can contain
different M?* and M** metal cations in their brucite-
like sheets, and various A™ charge-compensating
anions in their interlayer space. LDH compounds
easily decompose into mixed oxides of the
M?*M%*(0) type after calcination [10-12], these
materials having both basic and redox functions as
catalysts. Three general routes are available for
synthesis of the LDHs precursors: first, the
synthesis of the LDHs, containing M®* and/or
M?3*elements with redox behavior within the sheets;
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second, the exchange with anionic metal
precursors of the desired metal in the interlayer
space of the LDHs; and third, the deposition or
grafting of inorganic or organometallic precursors
onto the calcined precursor LDH. The choice of
this material is based on its properties of an
electron donor promoter. [13]. It is known also
that LDHs are good precursors for loading noble
metals and non noble metals [14]. The aim of this
research is to investigate the possible apply of the
LDHs materials as a support material of metal
catalysts, used in PEMWEs. In this work we use
the conformation of multi-cationic Layered
Double Hydroxides LDHs NOz; — Mg/Ni/Al after
calcination — mixed oxide Mg/Ni/Al(O) which are
proposed as advanced Pt catalyst support for
electrocatalysis.

2. EXPERIMENTAL
2.1. Catalyst synthesis

The initial multi-cationic structure NO; —
Mg/Ni/Al was synthesized by coprecipitation at
constant pH (~11) of suitable amounts of
Mg(NOs3),.6H,0 (0.2 M), AI(NO3)3.6H,0 (0.1 M)
and Ni(NO),.6H,O (0.05 M) with a solution of
NaOH (2.0 M). The addition of the alkaline
solution was controlled by using a pH-STAT
Titrino (Metrohm) apparatus to keep the pH
constant. The suspension was stirred overnight at
80°C for 17 h, and then the solid was separated by
centrifugation, washed thoroughly with distilled
water, and dried overnight at 80°C. The support of
mixed oxide Mg/Ni/AI(O) was obtained by
calcination of multi-cationic LDH NO; -
Mg/Ni/Al, at 450°C for 5 hours under air. One
part of the sample was impregnated by platinum
(I1) acetylacetonate using the sol-gel method to
prepare supported Pt catalysts. These samples
were gradually heated in hydrogen atmosphere
until the the temperature of 240°C was reached,
than they were held for 2 h under these conditions,
and gradually cooled. This first part of samples
were hereafter labeled as Mg/Ni/AI(O) -Pt.
Another part was kept without platinum
impregnation, these samples were labeled as
Mg/Ni/Al(O).

2.2. Electrode preparation

The electrodes have a complex multilayered
structure, consisting of gas diffusion layer,
catalytic nanoparticle mixture layer, and a support
of mixed oxide Mg/Ni/Al(O). The last layer is
made of a catalyst and support mixture, deposited
on a thin carbon cloth, serving as a gas diffusion

layer. The catalytic layer is spread upon the
carbon cloth at several steps. After each step the
electrode was dried for 30 min at ambient
temperature and weighted using an analytical
microbalance. The procedure has been repeated

until a metal loading of 0.5 mg. cm?2 was
reached. Then the electrode was hot pressed onto
the PEM. The hot pressing is performed stepwise
in the regime of gradual temperature and pressure

increase, starting at 50°C and 6 kg. cm 2, and
ending at 120°C and 12 kg. cm 2, respectively.

2.3. Physical characterization

XRD patterns were recorded on a Bruker D8
Advance instrument using the Cu Ko radiation
(A=1.542 A, 40 kV, and 50 mA). TEM analysis of
samples was performed using a JEOL 1200 EXII
microscope, operated at 80 kV on samples,
previously calcined at 450°C. Measurements of
the reduced platinum particle sizes on several
micrographs led to the determination of the mean
particle sizes.

2.4. Electrochemical characterization

The catalysts under study are investigated as
electrodes for the oxygen evolution reaction. The
electrochemical tests were performed on
membrane electrode assemblies (MEAS), using a
Nafion 117 membrane as an electrolyte. The
performance characteristics of thus prepared MEA
were investigated in a self made laboratory PEM
electrolytic cell. The electrochemical behavior of
the prepared Pt Mg/Ni/Al(O) —composites as
catalysts for oxygen evolution reaction (OER)
were studied and compared to that of the support
Mg/Ni/AI(O) using the techniques of cyclic
voltammetry and steady state polarisation. All
electrochemical measurements were carried out
with a commercial Galvanostat/ Potentiostat POS
2 Bank Electronik, Germany.

3. RESULTS AND DISCUSSION

The XRD analyst show that the support
corresponds to Mg(Ni,Al)O periclase, (Figure 1a).
The crystallite size is around 4.5 nm (Table 1).
After the electrochemical test, the support
partially reconstructed in layered structure of
multicationic LDH (type hydrotalcite, Mg(Ni)—
Al). Figure 2 presents the XRD spectra of the
samples with different Pt-content (10% and 20%),
deposited on Mg(Ni,ANO periclase support. The
average Pt-crystalline size on catalyst with 20% Pt
is 14-17 nm, and the size does not change after
electrochemical tests. For the sample with 10% Pt,
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the crystalline sizes are of 10-11 nm (Table 1).
After the electrochemical tests (Fig. 2b), the
diffraction peak disappears at around 63 degree.
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Fig, 1. XRD spectra of catalyst support: a) before
electrochemical and b) after electrochemical test.
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Fig. 2. XRD spectra of Pt catalyst a/ before and b/ after
electrochemical test.

No intensive diffraction peaks were observed in
the x-ray spectra of hydrotalcite. All this
subjects the complementary analysis of the
support structure after the electrochemical test.
Our previous results showed that the CV-curves
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of Mg/Ni/Al(O) — substrate (without Pt) was
active up to the 30th cycle, and then its activity
dropped down sharply.

Table 1. Crystallite size of the Mg(Ni,Al)O-support,
and Pt/Mg(Ni,Al)O catalysts

Sample Crystallite size, nm

D 4.00

Support (200)
PP D220 5.00
17.00
Pt (20%) D11y Deaooy 14.00
D 11.00

0, (111)
Pt (10%) Do, 10.00

This result is explained with the degradation of
Mg/Ni/Al(O) or in other words, the reconstruction
which was confirmed by the XRD patterns [15].
Similar effect was observed in the catalyst with
10% Pt. The anodic curves, corresponding to the
oxygen evolution (Fig. 4), show that the catalytic
activity of tested catalyst is lower. The best
activity exhibits the electrode with a higher
platinum content. This result may be associated
with the XRD- results. The higher Pt-content
prevents to a greater degree the reconstruction of
the support. This may be due to the strong
interaction between small Pt-particles and mixed
oxide. The same results are observed for the Ni-
catalyst based on LDH [16].

TEM

The materials were characterized by TEM in
order to compare the size distribution of the metal
particles before and after the electrocatalytic test
(Figure 3).

Sine

Fig. 3. TEM images:1a — support of Mg(Ni,Al)O
periclase;1b — impregnated sample with Pt;1c - the
sample after electrode preparation before electro-
chemical test;1d — the electrode after electrochemical
test.



These observations on the catalyst Pt-loading
sample (0.5 mg.cm?) showed the formation of
different-sized Pt- particles on the mixed oxide
support (3—15 nm), while the massive clusters of
Pt (23-115 nm) were formed outside of the
support.

These results suppose the excess of platinum.
They also allow us to compare the TEM images of
the samples of Pt-catalyst before and after work of
the electrode. The results show that Pt particles
remain of the same size. Again, the control of the
metal dispersion state may be due to the fort
interaction between the support and the small
particles.

3.3. Electrochemical characterization

The cyclovoltammetric experiments have been
performed in the whole potential range between
the hydrogen and the oxygen evolution. Our
previous results showed that the CV curve of the
Pt_Mg/Ni/Al(O) sample has the typical behavior
of the monometallic platinum in regards to the
hydrogen and the oxygen regions, and its
character does not change with the cycling — it
has clearly delineated the oxidation and the
reduction peaks, and the double layer region. The
CV-curves of Mg/Ni/Al(O) (without Pt) electrode
have rather different profile, their peaks are not
clearly defined. The electrode was active up to the
30" cycle, and then its activity dropped down
sharply. This result can be explained with the
degradation of Mg/Ni/AI(O) or in other words,
with the reconstruction which was confirmed by
the XRD patterns. In the presence of platinum,
this effect is not observed and the electrode is
stable [17].
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Fig. 4. Steady state polarisation curves at 80°C.

Figure 4 shows the polarization curves. The
polarization test showed the OER proceeds with

a higher rate on the Pt_Mg/Ni/Al(O), compared
to the none-containing platinum electrode. The
curve demonstrates a stable behavior of the
catalyst, due to the endurance of the substrate by
these anodic potentials.

4. CONCLUSIONS AND PERSPECTIVES

It was shown that the preparation of catalyst
leads to small Pt particles, supported on a
Ni/Mg/Al/O mixed oxide matrix. The Pt particles
have the same mean size of 3-15 nm before and
after operation of the electrode. The massive
clusters of Pt (23-115 nm), which were observed
outside the support, suppose the excess of
platinum which can be reduced for further work,
and thus decrease the quantity of the noble metal
(Pt) in the catalyst. The use of oxide mixed in
LDHs leads to solids, exhibiting higher metal
dispersion, and to stability of the particle size
distribution under the electrocatalytic test. The
solid, obtained from co-precipitated Ni/Mg/Al
LDH calcinated, and the non impregnated reveals
the interesting result of 170 cycles before the
reconstruction of its structure. These Ni-
containing materials offer interesting outlooks for
electrocatalytic applications due to their better
stability and higher conductivity. The main
hindrances for the application of the mixed oxide
Mg/Ni/AI(O) are in the first place the low
electronic conductivity and secondly the memory
effect which lead to reconstruction in the HDL
layered structure. There is also a possibility of
reducing the quantity of noble metals used (Pt-
catalyst) or replaced by a none-noble metal.
Further modifications in the support composition
reveal an opportunity to increase its conductivity
and its stability. The investigations showed that
the conformation oxide of LDHs Ni/Mg/Al, can
be successfully applied as an electrocatalyst
supporting material in PEM water electrolysis. It
was observed that strong connections between the
metal particles and the support are established.
The support has a beneficial influence on the
particle-size.
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Nscnensane Ha cmecenu okcuau Mg/Ni/Al(O) mosydenu oT 1BYyCIOWHN XUAPOKCHIN
KaTo KaTtaquTu4eH HocuTel 3a [IEM BoaHa enekTpou3a

. Kocragunosa*, I'. Tonanos, A. CrosiHoBa, E. Jledreposa, U [Iparuesa

HUncmumym no enexmpoxumus u enepeutinu cucmemu — bAH
va. Axao. I'. bonues 0a1. 10, 1113 Coghus, bvreapus

Hoctermia Ha 16 centemspw, 2010 r.; mpuera Ha 23 centempy, 2010 T.

(Pesrome)

TBpceHn ca pa3nMYHU AITEPHATHBH 3a CICKTPOKATAIMTHYHM HocuTenu. Kpucrannara koH(opMmanus cMeceH OKCHA
Mg/Ni/Al(O), nonydeH 4pe3 KalIIWHUpAaHE HAa HUTpaTHa (GopMa Ha MYNTHKATHOHEH IBycioeH xuapookcuna (JCX)
Mg/Ni/Al-NO3 - e pasrnexaaH KaTo NepCEeKTHBEH HOCUTEN 3a enekTpokaTtanu3a. JJICX ca Kiac OT OCHOBHH CMECEHU
XUIPOOKCHAM CHC CIIOECTTa CTPYKTYpa, KOMTO C€ NPOSBABAT KaTo AOOpHM HOCHTENM 3a HAaTOBapBaHE C OJAropoaHU U
HEOJIarOpOJIHM MeTalli M TPUTEKaBaT CBOMCTBA Ha  e€NEKTpOHHHW JoHOpH. Llenta Ha Hacrosmara paboTa e
oXapakTepu3upaHe Ha CTpyKTypara Ha Pt-karanu3aTtopH, MOJIXOJSIIHU 32 ENEKTPOXMMHYHO pasjiaraHe Ha Boja. Te3u
KaTaJM3aTOpH ca CHHTE3MpaHH upe3 OTjaraHe BbpPXy HOcuTeldn oT cMeceHu okcuiau Mg/Ni/Al(O), nomyyenun npu
KagmuHupaHe Ha wMyntukatuoHeH JICX. Matepuanute ca wuscnenBaHu cbc crpykrypHu (XRD, TEM) wu
SNIEKTPOXUMHUYHM MeToaM: uukinyHa BoaTamerpus (CV) M cTanuoHapHa MOJSIPU3AlMOHHA TEXHUKA, C OrJel
€BEHTYQJIHOTO UM NPWJIOKEHHE KaTO €JEKTPOKATAIUTHYHH HOCHUTEIH 10 OTHOIICHHE Ha PEaKkuusATa Ha OTAEISIHE Ha
kucyopoa nipu [IEM BoziHa enekTponza.
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