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

Magneli phases.
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INTRODUCTION

In the last decade, non-stoichiometric titanium
oxides, so called Magneli phases (trade name
Ebonex) have attracted great attention within the
hydrogen economy, as potential support material for
nano-scaled electrode materials for fuel cells and
water electrolysis [1-3]. Generally, the support
material should meet the following important
characteristics, such as: i) highly developed surface
area to provide better dispersion of the nano-scaled
catalytic particles; ii) high electric conductivity to
provide efficient electron transfer to ions involved in
the electrochemical reactions, iii) mechanical and
chemical stability and iv) to improve intrinsic
catalytic activity of the active catalytic phase
through the strong metal-support interaction (SMSI).
In the electrocatalytic systems with metallic
(catalytic phase), Magneli phases have bifunctional
role: i) as a catalyst support and ii) contributes to the
catalyst’s overall synergetic effect by so called Strong
Metal-Support Interaction (SMSI). The SMSI gives
rise to both the electrocatalytic activity of the metal
component as the main catalytic phase (by
reinforcing it) and to the catalyst’s stability (due to
stronger adherence between catalyst’s components)
[4,5].
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The main general formula of Magneli phase is
TinO2n1 (4 < n < 10) [6]. It was observed that
removing oxygen from the TiO; octahedra leads to
shear planes in the crystal structure and forming of
TiO octahedron. Depending of the ratio of TiO; vs.
TiO octahedra within the crystal structure, different
non-stoichiometric titanium oxides can appear [6,7].
Within this way formed crystal lattices, besides Ti**
ions, also Ti®* ions exist, which are responsible for
increasing of electrical conductivity by three orders
of magnitude, approaching the conductivity of
graphite-like carbon nanomaterials [8,9]. Magneli
phases show very similar physical properties to that
of TiO,, so they could be used for the same
applications as that of TiO,. The only difference in
the properties of Magneli phases and TiO: is high
electric conductivity, which make the Magneli
phases applicable in more fields such as sensing [7],
electrocatalysis [10,11] and energy storage [12-14].
The high electrical conductivity, chemical stability
and possibility for interaction with the metallic
catalytic phase, make them as an appropriate support
material for electrocatalysts. The main disadvantage
of Magneli phases as support material is the low
specific surface area, compared with nano-scaled
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carbon materials with specific surface area of more
than 250 m?g~t. The maximal achievement of the
“top-down” procedures for preparation of Magneli
phases including mechanical reduction of the
particle size (attrition and milling) was specific
surface area to 1.6-3.0 m?g [11,15]. The “bottom
up” approach employing high temperature reduction
in atmosphere of hydrogen and inert gas (N. or Ar)
has enabled specific surface area of 25.3 m?g~! [16]
or 26.6 m?-g~ [10] so far. Maximal achievement of
“pbottom up” approach was 45 m?g* [17], but with
lower electrical conductivity of 4.7 Scm™.

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

EXPERIMENTAL

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

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

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

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

Table 1. Composition of the studied electrocatalysts

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

RESULTS AND DISCUSSION
Characterization of the catalysts support — Magneli
phases

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

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

Qualitative identification of Magneli phases was
performed by means of XRD analysis. Characteristic
peaks of the Magneli phase’s constituents such as
TisO7, TisOg and TigO11 are on different positions
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that correspond to peaks of the basic XRD peaks of
rutile [20]. As the content of oxygen decreases
within the rutile octahedra, TiO octahedron is
forming. Due to the different ratio of TiO; and TiO
in the different Magneli phases, different diffractions
of X- rays occur than in rutile octahedral. As result,
the XRD spectrum of Magneli phases contains larger
number of less pronounced, widespread and less
intensive peaks along whole range of 26 [21] (Fig.
2). As result of presence of TiO, some of them are
less shifted compared with the basic rutile peaks, but
most of them are on quite different positions. The
peaks of first three homologues TisO7, TisO9 and
TisO11 can be seen, while the rest homologues are in
small quantity and their peaks are very less intensive
and cannot be detected within the spectra.
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Fig. 3. Nitrogen adsorption curves of Magneli phases: a) as-measured in plot V 2+ p/p® and b) linearized adsorbton
curve in plot 1/[n®-(p%p — 1)] + p/p°.

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

Characterization of the electrocatalysts

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

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

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

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

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

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

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

Table 2. BET surface area of the studied catalytic
materials

10% metallic phase + BET s. a,,

90% Ebonex m?-g~*

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

CONCLUSIONS

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

1. The size of the micro-scaled Magneli phases
by the applied mechanical treatment were reduced to
180 to 200 nm, with specific surface area of 4.22
m2gt and high stability and dispersibility in liquid



P. Paunovi¢ et al.: Electrocatalysts with reduced noble metals aimed for hydrogen/oxygen evolution. Part I...

media. This is a good achievement for this type of
treatment.

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

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

4. The obtained results point out that the
studied electrocatalysts could be used as an effective
electrode material for water electrolysis.
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EJIEKTPOKATAJIM3ATOPU C HAMAJIEHO CBH/IbPXXAHUE HA BJIAT'OPOAH METAJIN
3A OTAEJISIHE HA BOAOPO/I/KUCJIOPO/] C MATHEJIN ®A3U KATO KATAJIMTUYEH
HOCHUTEJL YACT I: DU3NYECKO OXAPAKTEPU3MPAHE

I1. Maynosuu®”, O. Ionoscku?, I'. Hauescku?, E. Jledrepoa®, A. I'poznanos?, A.T. Jlumutpos!

YTexnonozuven u memanypauven paxynmem, Yuueepcumem "Cs. Kupun u Memoouit”, yn. Pyoxcep Bowxosuy 16, 1000
Ckonue, Penybonuxa Makedonus
2Boenna axademus "Muxaiino Anocmoncku”, yn. Muxaiino Anocmoncku, 1000 Cxonue, Penybnuxa Makeoonus

SUncmumym no enexmpoxumus u enepeutinu cucmemu "Axaod. E. Byoescku”, Bvreapcka axademus Ha HayKume, Y.
Axao. I''Bonues, 61.10, 1113 Cogpus, bvreapus

TTocTeruna Ha 31 romu, 2017 r.; npueta Ha 18 oxromBpu, 2017 T.
(Pesrome)

[Ipeamer Ha TOBa W3cienBaHE € CHHTE3 M (PU3NUECKO OXapaKTepu3UpaHe Ha HAHOPA3MEPHHU ENIEKTPOKATAIM3aTOPH 32
BOJIHA CJIEKTPOJIN3a, ChCTOSIIM ce OT MarHesnu ¢a3u kaTo Hocuten U pasanunu Metanau dasu (Co, Pt, Ru, CoPt (Co: Pt
= 1:1 tern.), CoRu (Co: Ru = 1:1 tern.) u CoPtRu (Co:Pt:Ru = 1:0,5:0,5 tern.)). Marnenu ¢asure ca MeXaHHYHO
00paboTeHH 3a J1a ce HaMaIAT TEXHHUTE YacTHUIM OT MHUKPO JI0 HaHOpa3MepH. ENeKTpoKaTaIMTHYHUTE MaTepHaIH ca
CHHTE3MPaHHU II0 30JI-TeJl METO/a, KaTo ca M3IMOJI3BaHN OPraHOMETAIHH Mpekypcopn (Me-aleTHianeToHar), HaHECEHH
BBPXY Aucneprupann Marnenu ¢asu B TernoBHo cboTHOmeHne 10% Me n 90% Marnenu ¢asu. Uncture Marnenu ¢azu
U HU3CJICBAHUTE EJIEKTPOKATAIN3aTOPH ca oxapakrepusupanu c¢ noMomra Ha TEM, P/] u BET ananus. Ilonydyenure
pe3yNITaTH MOKa3BaT, Y€ pa3MepbT Ha MUKPOPAa3MEPHHUTE YacTHIM Ha Maraenu (asurte ciies MpUI0KeHOTO MEXaHUIHO
Tpetupane e HamaneH 10 180-200 nm. Crenuduunara IoBLPXHOCT, onpejeneHa upes BET anamus e 4,2 mgL. Cnen
HaHaCsIHE Ha MeTajHaTa (a3a BbpXy Marnenu ¢asute ce nocrtura 1oopa aucnepcus Ha KaTAIMTHYHUTE LIEHTPOBE BBPXY
HOCell[aTta MOBBPXHOCT, KOETO € OJaronpHsTHO 3a KaTaIUTHYHUS Ipolec. MeTalHUTe 4acTHUIM ca HaHOPa3MEpHH B
nuanasoHa oT 2 1o 15 nm u ciefoBaTenHo crennpuyHaTa MOBBPXHOCT HA SIEKTPOKATAIN3ATOPHUTE € Mo-Brcoka (4.3 1o
11 m?gY) ciipsimo Ta3u Ha uncTuTe Maruenu Qasu.

KarouoBu xymu: Marnenu ¢asu, Co, Pt, Ru, oTnensine Ha BoIOpoI, OTAEISIHE Ha KHCIOPO/.
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