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Abstract—Catalysts containing bimetallic PtCu-nanoparticles deposited onto carbonaceous and composite
SnO,/C supports are prepared by liquid-phase borohydride synthesis. The composition and structure of the
synthesized materials, their catalytic activity in the reactions of oxygen electroreduction and methanol elec-
trooxidation, as well as corrosion and morphological stability are investigated. The platinum doping with
copper atoms is found to increase the materials’ catalytic activity and stability in comparison with Pt/C,
regardless of the type of support used. In addition, the multicomponent PtCu/(SnO,/C) catalyst exhibits the
highest tolerance to intermediate products of methanol electrooxidation.
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INTRODUCTION

Direct methanol fuel cells attract ever growing
attention as alternative energy source. Small release of
pollutants [1], simplicity of the fuel storage and trans-
portation [2], minor size and large current density [3]
make them perspective current sources for applica-
tions in portable electronic devices [4—6]. Few factors
prevent extensive commercialization of the methanol
fuel cells: expensive electrocatalysts, which is mainly
due to the usage of noble metals therein, and short in-
service life duration (the membrane degradation, the
Pt surface poisoning with intermediate products of
methanol oxidation, the methanol crossover toward
cathodic compartment and its caused changes in the
cathode potential) [7, 8]. The methanol oxidation
reaction includes stages of its adsorption, dehydroge-
nation, and further intermediate formation (such as
HCOOH, HCOH, CO,, etc.) [9]. The CO strong
adsorption lowers the Pt-catalyst activity significantly
because of the active centers’ blocking. The using of
electrochemically active and stable anodic catalyst is
crucial for high rate of the methanol oxidation reac-
tion. Nowadays, most extensively studied are the
PtRu/C-electrocatalysts, which gained widespread
use. The PtRu/C-materials’ higher activity, as com-
pared with Pt/C, in the organics’ oxidation reactions
is used to be linked to the catalysis bifunctional mech-
anism: the OH groups facilitating oxidation of the CO
molecules adsorbed at the platinum neighbor clusters
do adsorb at the ruthenium cluster much easier than at
platinum [10—12]. Further study of the mechanism of

methanol oxidation at the PtRu-catalysts in more
details showed that, along with the catalysis bifunc-
tional mechanism, the effect of the metal electronic
interaction also can contribute positively [13, 14].
Recently, numerous researchers were engaged in the
preparation of novel platinum-metallic catalysts by
means of the varying of the solid solution composition
and the nanoparticles’ architecture. In so doing, they
solved problems of the improving of both anodic and
cathodic catalysts for the oxygen electroreduction
reaction, handicapped by the methanol crossover
interference. Meanwhile, the PtCu [15, 16], PtRu
[17], PtSn [18] solid solutions were studied and mate-
rials synthesized that contained core—shell-structured
nanoparticles whose shell consisted of the catalyti-
cally-active metals (Pt, Pd); the core, of nonprecious
metal that promoted the platinum activity [19—22].

Another approach to the preparation of catalysts
for the methanol oxidation and oxygen electroreduc-
tion reactions involves some oxide materials, e.g.,
CeO, [23, 24], TiO, [24], SnO, [25] used as supports
for the platinum nanoparticles. Here, the increase in
the catalytic activity has been got because of positive
effects of the support electronic interaction with the
platinum nanoparticles [26, 27]. It was reported (see,
e.g., works [28—31]) that the Pt/TiO,-catalysts are
more active in the oxygen reduction reaction than the
Pt/C ones because they do not suffer from the support
corrosion and the following Pt nanoparticles’ falling-
off. The further widespread of oxide supports in the
electrocatalyst preparation is restricted by their fair
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electron conductivity. Therefore, to increase the con-
ductivity, the oxides are often used as composite with
highly disperse carbon black. Of special interest are
nanostructured composites in which the oxide com-
ponent is present as nanoparticles deposited onto the
surface of carbonaceous-support microparticles and
contacting the platinum nanoparticles [31—33]. It was
shown [27, 34—37] that Pt-catalysts at carbonaceous
supports containing tin dioxide are much more active
in the methanol and ethanol oxidation reactions than
similar metal-oxide-free catalysts. It was reported [27]
that Pt-nanoparticles contact with SnO,-particles and
carbon simultaneously, thus forming unique triple-
contact nanostructures Pt/SnO,/C.

We have already mentioned that the methanol
crossover through polymer membrane into cathodic
compartment results in the Pt-surface poisoning with
the methanol oxidation intermediate products [9] and
drastic decrease of the catalyst electrochemical activ-
ity in the oxygen reduction reaction. On this reason,
special demands are placed on the cathodic catalysts
in the methanol fuel cells: they must combine activity
in the oxygen reduction and methanol oxidation reac-
tions with high tolerance to the products of the meth-
anol incomplete oxidation and stability against degra-
dation at high anodic potentials corresponding to the
oxygen electrode exploiting. Results of our previous
studies and literature data are indicative of the fact that
the substituting of PtCu for the Pt nanoparticles [38,
39, 52], as well as the Pt nanoparticles’ applying to the
MO, /C composite supports [23—25, 40] increased the
catalyst activity in the oxygen reduction and methanol
oxidation reactions. The question arises as to whether
it is possible engaging in a single catalyst the positive
effect of two factors, namely, the platinum alloying
with a d-metal and the deposition of SnO, nanoparti-
cles’ contacting the metal nanoparticles onto the car-
bon surface? Will the modified material be superior to
Pt/C and, possibly, PtRu/C as an anodic or cathodic
catalyst?

In this work, we aimed at the preparing of a multi-
component PtCu/(SnO,/C)-catalyst containing
bimetallic nanoparticles applied to the surface of
nanostructured SnO,/C-support and the comparing
of its performance in the oxygen reduction and meth-
anol oxidation reactions with that of PtCu/C- and
Pt/(Sn0O,/C)-electrocatalysts with a close platinum
content; under some conditions, with the commercial
PtRu/C-electrocatalyst. To lower external influence
connected with methodical specifics of the porous
catalytic layers formation at electrodes, we included
the commercial Pt/C-catalyst into the list of studied
materials.

EXPERIMENTAL

We deposited Pt-nanoparticles onto a SnO,/C-
composite support containing tin nanoparticles at the
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surface of particles of the Vulcan XC72 carbonaceous
support obtained by the procedure described else-
where [40, 41]. To this purpose, 20 mL of ethylene gly-
col and 25.6 mL of 0.01 M H,PtCl, aqueous solution
were added to 0.2 g SnO,/C (30 wt % SnO,) powder.
The obtained suspension was homogenized using
ultrasound, then successively added with 1 mL 37%
HCOH and 1 M NaOH solution in a water—ethylene
glycol mixture (1:1) under constant agitation up to
reaching pH 11. The suspension was exposed to 90°C
for 2 h. After spontaneous cooling for 30 min the
obtained Pt/(Sn0O,/C)-catalyst was isolated by filter-
ing. The bimetallic PtCu-nanoparticles were depos-
ited onto the carbonaceous and composite supports at
a preselected_Pt : Cu =1 : 1 ratio in a single stage by
co-reduction of platinum and copper precursors by
excess of fresh-prepared 1 M NaBH, solution in a
water—ethylene glycol suspension at pH 9—10. The
calculated metal mass fraction in the obtained materi-
als is 20 wt % Pt and 9 wt % Cu.

The Pt:Cu metal ratio in the bimetallic catalysts
was determined by X-ray fluorescent analysis using a
RFS-001 spectrometer with full external reflection of
X-ray radiation (Research Institute of Physics, the
Southern Federal University, Russia). The metal mass
fraction in the obtained materials was determined by
thermogravimetry, by the oxidizing of the catalysts at
800°C. In the calculations, we took into consideration
the actual component ratio determined by the X-ray
fluorescent analysis, on the assumption of that the
solid residue can contain Pt, CuO, and SnO,.

The catalyst phase composition was determined by
the method of X-ray powder diffraction, using an ARL
X’TRA (CuK,) diffractometer and performing the
measurements over the 20 angle diapason from 15° to
55°, in increments of 0.02° and with the registration
rate of 2°/min. The crystallite mean size was deter-
mined using the Scherrer formula [42]: D =
K\A/(FWHM cos0), where A is the monochromatic
radiation wavelength (A); FWHM is the full peak
width at its half maximum (radian); D is the crystallite
mean diameter (nm); © is the reflection angle
(radian); K= 0.89 is the Scherrer constant.

The electrochemical measurements were carried
out at a rotating disc electrode in a three-electrode
cell, using a VersaStat 3 potentiostat (AMETEK Sci-
entific Instruments, USA). To this purpose, a catalytic
layer was formed at a disc electrode end-face. The
quantity of substance of 0.006 g was added with
900 mL of isopropanol and 100 mL of 0.5% Nafion®
polymer aqueous emulsion. The suspension was dis-
persed by its sonication for 15 min. Then, under steady
agitation an aliquot of 6 mL was taken using a pipette
and applied to the electrode end-face. The droplet was
dried at the room temperature under the electrode
rotation velocity of 700 rpm.

The catalytic layer was standardized by 100 cycles
of potential, scanning at a rate of 200 mV/s in Ar-sat-
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urated 0.1 M HCIO, solution. Then, the electrochem-
ically active surface area was calculated from the
charge expended for the atomic hydrogen adsorp-
tion/desorption. To this purpose, two cyclic voltam-
mograms were recorded in the same potential diapa-
son, yet, at the potential scanning rate of 20 mV/s. The
electrochemically active surface area was also mea-
sured by the monolayer of the chemisorbed CO oxida-
tion. To this purpose, the electrolyte solution was bub-
bled-through with CO for 20 min, keeping the poten-
tial constant at 0.1 V. Then, the solution was bubbled-
through with argon for 40 min, and two cyclic voltam-
mograms were recorded, by which the calculation was
done. The catalyst activity in the ORR was measured
in 0.1 M HCI1O, solution saturated with oxygen for 1 h,
using rotating disc electrode. Linear-sweep voltam-
mograms were recorded at the electrode rotation
velocities of 400, 900, 1600, and 2500 rpm and poten-
tial scanning rate of 20 mV/s. To evaluate the catalysts’
activity in the methanol electrooxidation reaction,
cyclic voltammogram was recorded in 0.1 M HCIO, +
0.5 M CH;OH solution. The methanol-oxidation-
intermediate tolerance was evaluated by taking
chronoamperogram in the same electrolyte at the
potentials of 0.60 and 0.87 V.

The catalyst durability tests in MEAs is the best
method of the stability evaluation [43, 44]. However,
the tests are rather labor-consuming. Numerous pub-
lications suggest the carrying out of preliminary rapid
evaluation of catalysts’ stability with the using of dif-
ferent regimes of stress-testing in electrochemical cell
[45—50]. In this work, to evaluate the synthesized cat-
alysts’ stability, we carried out 1000 voltammetric
cycles over the 0.6—1.4 V potential range in 0.1 M
HCIO, solution in argon atmosphere. Every
200 cycles, we measured electrochemically active sur-
face area, as described above. We have successfully
tried out such a stress-testing regime earlier [51]. The
degree of catalysts degradation was calculated by the
following formula:

DD =100 - (ESA, /ESA ) x100%,

where 7 is the cycle number; ESA,;, and ESA,, is the
catalyst electrochemically active surface area after the
carrying out of 100 test-cycles and n test-cycles,
respectively. After the completing of the stress-testing,
CH;OH solution was added into the electrochemical
cell up to the achieving of the concentration 0.5 M.
Afterwards, the catalyst residual activity in the metha-
nol oxidation reaction and the methanol-oxidation-
intermediate tolerance were evaluated.

The synthesized catalysts’ structural characteristics
and electrochemical behavior were compared with
those of the commercial Pt/C-catalyst HISPEC3000
(Johnson Matthey), containing 20 wt % Pt. In what
follows, it is designated JM20. In some cases, when
the electrochemical behavior of the synthesized mate-
rials was studied in methanol solutions at relatively low
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potentials, we used the commercial PtRu/C-electro-
catalyst (Pt: Ru=1:1, 40 wt % Pt, 20 wt % Ru, Alfa
Aesar) as a reference. The reason therefor is that the
using of the PtRu/C-catalyst is expedient only at the
methanol fuel cell anode, that is, at relatively low
potentials [9—11, 13].

All potential values in the paper are given against
reversible hydrogen electrode (RHE). Saturated sil-
ver/silver chloride electrode was used as reference
electrode; platinum wire, as auxiliary electrode.

RESULTS AND DISCUSSION

Powder diffraction patterns of PtCu/C-,
PtCu/(Sn0O,/C)-, Pt/(Sn0O,/C)-, and Pt/C-materials
show reflections corresponding to the platinum, car-
bon (26 ~ 25°), and tin dioxide phases (Fig. 1). This
confirms the metal component effective deposition
onto both carbonaceous and composite supports. The
maximum broadening is caused by the nanoparticles’
small size. At that, for the platinum—copper materials,
the metal phase reflection maximums are shifted
toward larger angles as compared with the platinum
phase. The calculated lattice parameter for the bime-
tallic nanoparticles is less than for the polycrystalline
platinum. This result can be explained by the presence
of the copper atoms therein. The crystallite mean size
calculated by the Scherrer formula is 1.8 nm for the
platinum nanoparticles in Pt/(SnO,/C) and about
2.6 nm for PtCu-nanoparticles (Table 1). The plati-
num crystallite mean size in the commercial Pt/C-
catalyst is 2.4 nm. Note that X-ray diffraction patterns
of bimetallic catalysts has no reflections correspond-
ing to the copper oxide phases, which does not exclude
the possibility of their presence at smaller amount in
the X-ray amorphous state.

According to the gravimetry data, all synthesized
materials contain from 19 to 20% Pt. Both platinum—
copper catalysts have the atomic ratio Pt : Cu=1:0.7
(Table 1). This metals’ ratio somewhat differs from
that of the precursors used in the synthesis, which can
be a result of the incomplete reduction or minor loss of
copper in the course of the synthesis, as noted else-
where [52].

During the catalyst standardization, the metal
nanoparticles’ surface is subjected to cleaning and
developing. It is known that cyclic voltammograms of
the platinum—copper materials can contain current
peaks of the copper anodic dissolution from the cop-
per phase or solid solution in the potential ranges
0.25—0.45 and 0.7—0.8 V, respectively [53, 54]. For
the PtCu/C- and PtCu/(SnO,/C)-catalysts, no such
maximums are observed. However, according to the
X-ray fluorescent analysis, the copper amount in the
post-standardized catalysts decreased (Table 1),
which is due to selective dissolution of the alloying-
component atoms from the nanoparticles and, possi-
bly, copper oxide chemical dissolution. In order to
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Fig. 1. X-ray diffraction patters of the studied catalysts: (/) PtCu/C, (2) Pt/C, (3) PtCu/(SnO,/C), (4) Pt/(SnO,/C).
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Fig. 2. (a) Cyclic voltammograms of standardized electrocatalysts taken in argon atmosphere; (b) the same, after the bubbling of

CO. Electrolyte: 0.1 M HCIOy solution in argon atmosphere.

prevent the effect of the Cu?* ions transferred to the
solution onto the studied electrode behavior, we
replaced the electrolyte and saturated it with argon for
20 min after the completing of the catalyst standard-
ization.

The catalyst electrochemically active surface area
was calculated by the charge expended for the atomic
hydrogen adsorption/desorption during the cyclic vol-
tammogram recording (Fig. 2a, Table 2). The
obtained values correlate well with the electrochemi-
cally active surface area calculated by the monolayer of
the chemisorbed CO oxidation (Fig. 2b, Table 2). The
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electrochemically active surface area of the PtRu/C-
catalyst was also calculated by the CO monolayer oxi-
dation; it came to 68 m?/g (PtRu)'.

Our results showed that the electrochemically
active surface area decreased in the series of catalysts
Pt/C > Pt/(SnO,/C) > PtCu/C > PtCu/(Sn0O,/C)
from 78 down to 32—37 m?/g (Pt). The largest electro-

chemically active surface area is observed for the
Pt/C- and Pt/(SnO,/C)-catalysts, which on the

UIn the PtRu/C-catalyst, CO is chemisorbed both at platinum
and ruthenium.

No. 6 2021



MULTI-COMPONENT PLATINUM-CONTAINING ELECTROCATALYSTS 591

Table 1. Composition and structural characteristics of prepared catalysts and the commercial Pt/C-material IM20

Metal phase compositiop Ptloadi Pt The average Lattice parameter
Sample (X-ray fluorescent analysis) -loading @ (PO), | .0 o crystallites of the metal
% wt D XRD A
initial post-activated Av I ( ) component a,
Pt/C Pt Pt 20.0 £ 0.2 24+0.2 3.94
PtCu/C Pt,Cug Pt,Cup 5 19.5+0.2 28403 3.82
PtCu/(Sn0,/C) | Pt,Cuq., Pt,Cug 5 20.0 +0.2 25402 3.81
Pt/(Sn0,/C) Pt Pt 19.0 +0.2 1.840.2 3.94

Table 2. The parameters characterizing the catalyst electrochemical performance in the oxygen reduction reaction*®

Kinetic currents, [
ESA H , ESA CO,g4, - 1/2
Sample ) ad/des 5 ad (E=0.90V) n,e E/° )V
m~/g (Pt) m~/g (Pt) (1600 rpm)
A/g (PY) A/m? (Pt)
Pt/C 78 £38 78 £ 8 182+9 23+0.1 3.8 0.91
PtCu/C 39+4 38+ 4 225+ 11 5.8+0.1 4.0 0.91
Pt/(Sn0O,/C) 73+7 70£7 125+ 6 1.7£0.1 4.1 0.92
PtCu/(SnO,/C) 37+4 32+£3 206 £ 10 6.0x0.1 4.0 0.92

* Note that the electrochemically active surface area and kinetic current values measured for the catalysts in this work somewhat differ
from those reported earlier [52, 53] for the catalysts analogous in their composition. The reason is the changes in the potentiostat set-
tings for the measurements under conditions of the potential linear sweeping. Actually, the potential linear sweeping is a series of small
steps. In the past, the potentiostat measured the current at the initial part of each microstep. In this work, the potentiostat settings were
changed: the current response was measured at the end of each step. This resulted, in particular, in the current decrease in the cyclic vol-
tammograms, hence, in the decrease of the calculated electrochemically active surface area for the same catalysts.

whole is coherent with the small crystallite size in
these materials (Table 1), although the observed small
difference in the crystallite size should not result in so
drastic difference in the electrochemically active sur-
face area. The significant decrease of the electrochem-
ically active surface area when passing from platinum
catalysts to the platinum—copper ones, PtCu/C and
PtCu/(Sn0O,/C), is due to the larger agglomeration
degree in the PtCu-nanoparticles [55]. Note that at
the SnO,-containing catalysts the CO oxidation onset
potential is lower and the CO oxidation current maxi-
mum in cyclic voltammogram is also shifted toward
lower potentials (Fig. 2b). At that, the
PtCu/(Sn0O,/C)-catalyst voltammogram contains
even two CO oxidation current maximums (at 0.4 and
0.7 V, Fig. 2b). The presence of the two CO oxidation
current peaks can be caused by various factors: non-
uniformity in the metal nanoparticles’ composition or
size-distribution, their agglomeration, special features
in the behavior of the PtCu-nanoparticles contacting
SnO,-nanoparticles, or special features of CO adsorp-
tion at different crystal faces of the nanoparticles
[56—60]. Taking into consideration some similarity in
the performance of the two SnO,-nanoparticle-con-
taining catalysts with respect to the CO oxidation
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(Fig. 2b), we may ascribe the observed effects right to
the presence of tin dioxide.

To evaluate the catalyst activity in the oxygen
reduction reaction, we used linear sweep voltammetry
(Fig. 3a). The kinetic current at the potential of 0.90V,
normalized by the platinum mass, or the catalyst electro-
chemically active surface area—these quantities were
used as descriptors of the catalytic activity (Table 2). The
kinetic current and the number of electrons involved
in the reaction were calculated by the Koutecky—Lev-
ich equation (Fig. 3b). We see that when the kinetic
current has been normalized by the platinum mass, it
is the Pt/(SnO,/C)-catalyst that demonstrated the
lowest activity in the oxygen reduction reaction; when
the kinetic current has been normalized by the electro-
chemically active surface area, the Pt/(SnO,/C)- and
Pt/C-catalysts showed nearly the same activity.
Despite the lesser values of the electrochemically
active surface area, the platinum—copper catalysts
showed higher activity in the oxygen reduction reac-
tion, expressed both per unit platinum mass or per unit
electrochemically active surface area, as compared
with Pt/(SnO,/C)- and the commercial Pt/C-cata-
lysts (Table 2). The special feature of all studied elec-
trodes is that the oxygen reduction reaction passed by
the 4-electron path (Table 2).
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Fig. 3. (a) Voltammograms of oxygen electroreduction at different catalysts at the disc rotation velocity 1600 rpm; (b) depen-
dences in the coordinates 1//,—1/ @ at E=0.90V plotted by the voltammograms. Electrolyte: 0.1 M HCIO,4 solution saturated

with O, under atmospheric pressure.

The catalyst performance in the methanol oxida-
tion reaction was studied by the methods of cyclic vol-
tammetry (Fig. 4a) and chronoamperometry
(Figs. 4b, 4c). For the methanol oxidation reaction,
the shape of cyclic voltammograms of the studied cat-
alysts is characterized by two well pronounced oxida-
tion current peaks in the direct and reverse runs of the
potential sweeping. In terms of voltammetry, the cata-
lyst activity in the methanol oxidation reaction is used
to be characterized by the specific maximal current
density in the direct run of the potential sweeping
when taking cyclic voltammograms [60, 61], the
methanol oxidation onset potential [61], or the charge

Ocn,on (Table 3) expended in the methanol oxidation

during the direct run of the potential sweeping when
recording cyclic voltammograms [38]. Judging by the

maximal current and the Qcy oy, charge, the catalyst

specific activity in the methanol oxidation reaction
increased in the series Pt/C < Pt/(Sn0O,/C) «
PtCu/C £ PtCu/(SnO,/C) (Fig. 4).

The comparative evaluation of the catalyst activity
in the methanol oxidation reaction and the methanol-
oxidation-intermediate tolerance in terms of chrono-
amperometry is more complicated (Figs. 4b, 4c). At
the potential of 0.87 V (approaching the potential of
methanol fuel cell cathode), the largest specific cur-
rent in the initial moment was detected with the cop-
per-containing catalysts; however, the methanol-oxi-
dation current decayed faster at these electrodes than
at Pt/C and Pt/(SnO,/C) (Fig. 4b). The PtCu/C- and
PtCu/(Sn0O,/C)-catalysts’ higher sensitivity to the
methanol oxidation intermediate products can be
explained, in particular, by the intermediates’ larger
concentration in the near-electrode layer. At the same

Table 3. The parameters characterizing the catalyst electrochemical performance in the methanol oxidation reaction

Results of cyclic voltammetry Initial and final current in chronoamperograms,
A/m? (Pt)
Sample Tinax: E v Ocnyon at E=0.87V at E=0.60 V
A/m? (Pt) onset C/m? (Pt)
Iy T1500 I 11800

Pt/C 45x0.2 0.61 56+3 41x0.2 | 1.7£0.1 0.6+0.1 |0.3%0.1
PtCu/C 15.2+0.7 0.60 224 £ 11 9.8+0.5 | 2.0+0.1 1.2+0.1 |0.4%0.1
Pt/(SnO,/C) 7.4+£0.3 0.61 955 6.3+0.3 | 3.0x£0.1 1.0+0.1 | 0.7x0.1
PtCu/(SnO,/C) 14.4+0.7 0.59 234 + 12 10.0+0.5 | 3.0+0.1 1.7£0.1 | 0.9%0.1
PtRu/C — — — — — 1.3£0.1 | 0.6+0.1
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Fig. 4. (a) Cyclic voltammograms (direct run) of methanol electrooxidation. Potential scanning rate 20 mV/s; (b), (c) chrono-
amperograms of methanol electrooxidation at the potentials 0.87 and 0.60 V, respectively. Electrolyte: 0.1 M HCIOy4 solution. The

argon atmosphere.

time, the current decay at the PtCu/(SnO,/C)-cata-
lyst is slower than at PtCu/C. The slower current
decay characteristic for the Pt/C- and Pt/(SnO,/C)-
electrodes was observed at the higher methanol oxida-
tion rate at Pt/(SnO,/C) as compared with Pt/C.
Thus, the presence of SnO, nanoparticles at the
Pt/(Sn0O,/C)- and PtCu/(SnO,/C)-catalyst surfaces
increased their tolerance to the methanol oxidation
intermediate products at high potentials.

Chronoamperograms of metanol oxidation at the
potential 0.60 V (Fig. 4c) were recorded also for the
commercial PtRu/C-catalyst because it is the plati-
num—ruthenium catalysts that are known as highly
active and methanol-oxidation-tolerant at the metha-
nol fuel cell anodes. It turned out that under these
conditions the largest anodic current was observed for
the PtRu/C- and PtCu/(SnO,/C)-catalysts. The
Pt/(Sn0O,/C)-catalyst demonstrated fair methanol
oxidation rate and high current stability in time. Much
lower currents were obtained with the Pt/C- and
PtCu/C-catalysts.

Appearingly, the positive effect of the alloying
metal (copper) manifesting itself at high potentials and
the oxide component (SnO,) on the methanol electro-
oxidation rate is based on different mechanisms. At
high potentials, in the initial moment when the num-
ber of CO molecules (the methanol-electrooxidation
most stable intermediate) adsorbed at the catalyst
active surface is not too large, it is the copper additive

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 57

that affects most strongly the CH;OH oxidation rate.
As time goes by, the number of CO adsorbed mole-
cules increased which results in the platinum active
surface blocking and the electrooxidation retardation.
The presence of the SnO, nanoparticles contacting
those of Pt or PtCu favors the catalysis bifunctional
mechanism realization in the CO oxidation over wide
potential range, which increased the catalyst high tol-
erance. This mechanism of the SnO, nanoparticles’
effect is also confirmed by the shift of the CO oxida-
tion onset potential toward lower values in the corre-
sponding voltammograms (Fig. 2b). Under the condi-
tions of methanol oxidation at the potential of 0.60 V,
the multicomponent PtCu/(SnO,/C)-catalyst practi-
cally is not inferior to the commercial PtRu/C-cata-
lyst (Fig. 4b, Table 3).

On the whole, the platinum—copper catalysts
demonstrated high activity in the oxygen reduction
and methanol oxidation reactions at high potentials;
those containing tin dioxide nanoparticles, the higher
activity in the methanol oxidation reaction at lower
potentials and methanol-oxidation-intermediate tol-
erance over wide potential range. Appearingly, based
on the results of cyclic voltammetry we can formulate
a concept of integral activity of the catalysts in the
methanol oxidation reaction by comparing maximal
currents and the charge expended for the methanol
oxidation over wide potential range. The conclusion
on the catalysts’ activity in potentiostatic conditions
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Fig. 5. Dependence of the catalyst degradation degree on
the cycle number during the electrode voltammetric
stress-testing over the 0.6—1.4 V potential range.

depends on the potential value (or narrow potential
range) in which they are compared.

When stress-testing is carried out in methanol-free
solution, for Pt/C and Pt/(SnO,/C) we observed rapid
decrease in their electrochemically active surface area
as compared with PtCu/C- and PtCu/(Sn0O,/C)-cat-
alysts: for the platinum catalysts the degradation
degree is about 75%; for the bimetallic ones, about
25—30% (Fig. 5). Thus, under the conditions of hard-
mode stress-testing the studied catalysts rank in their
stability as Pt/C < Pt/(Sn0O,/C) <« PtCu/(Sn0O,/C) <
PtCu/C. It is to be noted that during the first
100 cycles we observed an increase in the electro-
chemically active surface area of bimetallic catalysts;
during further cycling, its decrease. Our data evi-
denced the higher corrosion resistance of the bimetal-
lic catalysts, which is in good agreement with our ear-
lier results and the data of other researchers [50—52].
It is not unthinkable that the PtCu-catalyst higher sta-
bility is caused by not only their composition but also
larger size of nanoparticles, which results in a smaller
electrochemically active surface area of the materials.
The existence of the corresponding correlations was
demonstrated in work [44]. According to the results of
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cyclic voltammetry data, after the completing of the
stress-testing the PtCu/C- and PtCu/(SnO,/C) cata-
lysts still retain much higher integral catalytic activity
in the methanol oxidation reaction than the platinum
catalysts (Table 4).

CONCLUSIONS

Platinum-containing electrocatalysts in which Pt-
or PtCu-nanoparticles are deposited onto carbona-
ceous supports or nanostructured composite support
Sn0O,/C were prepared by liquid-phase borohydride
synthesis. The composite support is a carbonaceous
material on whose surface SnO,-nanoparticles were
deposited. The Pt mass fraction in the catalysts is
about 20%, the metal nanoparticle (crystallite) size
increased in the row Pt/(Sn0O,/C) < Pt/C =
PtCu/(Sn0O,/C) < PtCu/C from 1.8 to 2.8 nm. The
electrochemically active surface area of the catalysts
decreased significantly when passing from platinum
70—78 m?/g (Pt) catalysts to platinum—copper ones
32—-39 m?/g (Pt)).

By using cyclic voltammetry, it was found that the
bimetallic catalysts PtCu/C and PtCu/(SnO,/C) are
more active in the oxygen reduction reaction and more
corrosion-stable in the voltammetric stress-testing
(1000-fold potential cycling over the 0.6—1.4 V range)
than their platinum analogs, Pt/C and Pt/(SnO,/C).

On the basis of the comparing of the maximal cur-
rents and charges expended in the methanol oxidation
we can also concluded on the higher activity of the
bimetallic catalysts in the methanol oxidation reac-
tion. At the same time, the catalyst performance in
potentiostatic conditions depends to a great extent on
the potential at which the measurement is performed;
this points to an important role of the tin oxide
nanoparticles anchored at the carbon particles’ sur-
face. At the potential of 0.87 V the SnO,/C-composite
support-based platinum—copper and platinum catalysts
demonstrated larger tolerance than the tin-dioxide-free
analogs. The methanol oxidation at the potential of
0.60 V occurs more intensely at the SnO,/C-containing
catalysts; here the PtCu/(SnO,/C)-material demon-
strated the specific activity and tolerance which are

Table 4. The parameters characterizing the catalyst electrochemical performance in the methanol oxidation reaction prior

to and after the stress-testing

, ESA, m%/g (Pt) Ocii,on» C/m? (Pt)
Material
100th cycle 1000th cycle prior to stress-testing after stress-testing
Pt/C 70+ 7 28+ 3 56+ 3 32+2
PtCu/C 43+ 4 28 £3 224 + 11 192 + 10
Pt/(Sn0O,/C) 70+ 7 22+t2 95+5 86+ 4
PtCu/(Sn0O,/C) 45+ 5 25+ 3 234 £ 11 182t 9
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practically not inferior to the commercial PtRu/C-
catalyst.

The copper positive effect on the platinum activity
can be caused by the decrease in the solid-solution
crystal lattice parameter and the lowering in the energy
of the platinum atom d-orbitals, which facilitated the
oxygen molecule dissociative adsorption at the
nanoparticles’ surface. The presence at the carbona-
ceous support surface of the SnO, nanoparticles partly
contacting metal nanoparticles increased the toler-
ance of both platinum—copper and platinum catalysts
to the methanol oxidation intermediate products, pre-
sumably to CO.

To our view, the search for effective multicompo-
nent platinum-containing catalysts for the oxygen
electroreduction and methanol -electrooxidation
should be continued. In so doing, of importance is the
increase of the materials' electrochemically active sur-
face area, which will elevate their mass-activity signifi-
cantly.
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