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Abstract—The electrodeposition of tin and tin-nickel on a highly dispersed carbon material is used to obtain
composite supports. These composite supports were used in the Pt(0) nanoparticles deposition from Pt(IV)
solution by chemical reduction. The composition, structure, and activity of the obtained Pt(SnO,/C) and
PtSnNi/C catalysts in the oxygen reduction and alcohol electrooxidation reactions were studied. The com-
posite-support-based platinum catalysts exhibit higher activity in the reactions of alcohols electrooxidation
in comparison with the commercial Pt/C analogue. Trimetallic PtSnNi/C catalysts are the most promising

materials for the electrooxidation of alcohols.
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INTRODUCTION

The low-temperature fuel cell performance is
based on electrochemical reactions of a reductant
(e.g., hydrogen or methanol) oxidation and oxidant
(0,) reduction occurring at the catalyst’s highly devel-
oped surface. The catalysts activity and stability depend
on their composition and structure, above all [1].

The most effective catalysts for the low-tempera-
ture fuel cells are materials containing nanoparticles of
platinum or its alloys with some d-metals, deposited
onto carbonaceous or oxide support surfaces [2—6].
The platinum deposition in the form of nanosized par-
ticles increased the active surface area per the noble
metal unit mass, although the nanoparticles aggrega-
tion and degradation processes gradually lower their
catalytic activity [6, 7]. Considering the platinum
nanoparticles distribution uniformity, their adhesion
strength, and resistivity against degradation (leading
to the nanoparticles agglomeration or falling off from
the surface), the support role can hardly be overesti-
mated. The ability of the platinum-containing cata-
lysts composition and microstructure control is
important for the keeping of their high activity and
non-degradation property [8—12].

The extension of scope of the fuel cells raised prob-
lems connected with the requirements of keeping the
electrocatalyst active, with the simultaneous decrease
in the noble metal loading. A perspective trend is the
support preparation of composite materials consisting
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of metal oxides and carbon. It allowed obtaining cor-
rosion-stable active catalysts superior to commercial
Pt/C-catalysts [13, 14]. The materials advantages, as
compared with carbon, are: the adhesion strengthen-
ing and the particles more uniform distribution over
the support surface. As a consequence, the electro-
chemically active surface area increased, along with
the catalytic activity in the alcohol oxidation and the
platinum-containing catalyst stability [15].

The electrochemical deposition of metals from
their salt solutions onto carbonaceous support is a
simple and technological method of the metal
oxide/carbon composite supports synthesis [16]. The
method was developed on the basis of the earlier sug-
gested method of the platinum nanoparticle formation
at disperse carbonaceous support particles [17]. To
prepare composite supports for platinum catalysts, it is
meaningful using the methods of the oxide compo-
nent applying to carbon which provide further possi-
bility to supply/remove electrons to (from) the plati-
num nanoparticles. One more approach to the metal
oxide/carbon composite supports is the metal elec-
trode pulse electrochemical dispersing in a carbon
suspension [18], where thus obtained metal particles
are spontaneously oxidized to oxides; the latter then
are deposited onto the carbonaceous support.

Of special interest is the SnO,/C system possessing
sufficient electronic conductivity. The SnO, crystal
nanosized structure provided the oxide high specific
surface area and affected properties and capacity of
numerous materials and devices based on the using of
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this system: gas sensors, photodetectors, photocata-
lysts, antistatic coatings, dye-sensitizers, solar cells,
etc. [19]. Different types of the SnO, particles and
films can be prepared by pyrolysis [20, 21], laser abla-
tion [22, 23], sol—gel procedure [24, 25], and homo-
geneous deposition [26, 27]. At that, the SnO,-con-
taining material morphology control still remains a
complicated problem. The problem could be solved by
the using of electrochemical methods for the nano-
disperse SnO, preparation. It is known that catalysts
based on the compositex SnO,/C-supports demon-
strate improved activity in the ethanol and methanol
oxidation reactions. For example, the study of electro-
chemical behavior of the Pt/(SnO,/C)-catalysts in
comparison with their Pt/C-analogs revealed a
decrease in the methanol/ethanol electrooxidation
potential and the process simultaneous acceleration
[18]. The synthesized Pt/(SnO,/C)-catalyst [28]
demonstrated excellent catalytic activity, long service
life, and high tolerance to the methanol oxidation
intermediate products as compared with the commer-
cial Pt/C-material. In the authors’ opinion, the ele-
vated catalytic effectiveness is connected with the Pt-
to-SnO, electronic interaction, as well as Pt (111)
plane high fraction in the metal nanocrystals. It is
believed that the electron effective transfer and the
platinum nanoparticles stabilization is promoted by
the nanoparticle interaction with SnO, and carbon
[28]. The composite Pt/(SnO,/C)-materials are also
considered as catalysts in the ethanol oxidation reac-
tion [29, 30]; their activity is comparable with the cur-
rently most effective PtRu/C-catalysts for the metha-
nol and ethanol oxidation [31—33]. However, analysis
of literature data allowed concluding that it is trimetal-
lic platinum-containing materials that is the next step
in the developing of catalysts for the ethanol oxidation
[34—36]. In particular, synthesis and application of
PtSnNi/C-catalysts for the ethanol oxidation reaction
were described [34]. Moreover, it was reported [35]
that it is right the PtSnNi/C-catalysts that are the
most active in the ethanol oxidation reaction of all
multicomponent systems, such as PtRuNi/C,
PtSnRh/C, PtSn/C, and PtSnNi/C. It is to be noted
that all materials in work [35] were synthesized in lig-
uid phase by polyol method with the using of polyvin-
ylpyrrolidone as stabilizer; the average size of metal
crystallites in thus prepared catalysts was about 4 nm.
In some works (e.g., [36]) the PtSnNi/C-catalysts
with the summary metal mass fraction of 20% and the
Pt : Sn : Ni mass ratio of 60 : 40 : 40 were deposited
onto different supports: the Vulcan XC-72 carbon
black and functionalized multiwall carbon nanotubes.
The using of the Vulcan XC-72 as a support was shown
[36] to allow obtaining higher electrochemical charac-
teristics, yet, lower stability as compared with a
Pt:Sn:Ni-catalyst deposited onto the carbon nano-
tubes. Along with this, ternary metal systems, the Pt—
Sn—Ni in particular, deposited onto carbonaceous
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supports, are still scarcely studied as catalysts in the
oxygen reduction reaction (ORR) and that of alcohol
oxidation. The study of mechanism of the alcohol oxi-
dation at catalysts of different composition and search
for the most effective materials for the methanol- and
ethanol-based direct fuel cells are rather fast-growing
trend nowadays [37, 38].

Thus, both the platinum alloying by some d-metals
and the co-present platinum nanoparticles and tin
oxide at the catalytic support surface can increase the
catalyst activity, the more so, in the alcohol oxidation
reactions. We believe that the SnO,/C composite pre-
pared by the tin pre-deposition with the metal
nanoparticles subsequent spontaneous oxidation can
appear as a perspective support for the platinum-con-
taining electrocatalysts under the condition that the
oxide has been formed as nanosized particles strongly
attached to the disperse carbon surface. In the other
extreme, we can see that the very possibility to com-
bine the positive effect of the platinum-alloying com-
ponent and the tin oxide nanoparticles in a single cat-
alyst is still underexplored.

Having regard to the above, in this work we aimed
at the preparing of nanostructured composite supports
of the type “metal oxide/carbon” and their based two-
and three-component platinum-containing catalysts,
as well as studying of characteristics of the catalysts in
the ORR, methanol oxidation, and ethanol oxidation
reactions.

EXPERIMENTAL

To electrodeposit metals onto disperse carbona-
ceous support in its suspension, we used a glassy car-
bon anode with surface area of 19.5 cm? and copper
cathode (1.5 cm?). Both were plunged into the suspen-
sion ultrasound-dispersed immediately prior to electro-
deposition and containing 0.5 g of the Vulcan XC-72 car-
bonaceous powder in 50 mL of electrolyte. Tin was
deposited from tinning-electrolyte described in [39]
containing 0.25 M SnSO, and 0.1 M H,SO,. To simul-
taneously deposit tin and nickel, we used a mixed elec-
trolyte also used for deposition of the SnNi-alloy onto
stationary electrodes [40], containing 0.25 M SnCl,,
0.25 M NiCl, and 0.14 M NH,F. The electrodeposi-
tion was carried out at the room temperature under
steady agitation, to keep the system uniform. Upon the
preliminary studying of different current regimes of
the metal electrodeposition, we choose two items: 9 A
for 3.7 min and 1.6 A for 21 min.

Upon the metal(s) electrodeposition, the suspen-
sion was filtered off using a Buchner funnel (the blue-
band filter), and washed with distilled water. The
obtained support was dried on the filter for 4 h at a
temperature of 80°C. In what follows, the materials
prepared by the Sn and Sn—Ni deposition onto
disperse carbonaceous support will be denoted SC and
NSC, respectively.
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To deposit platinum onto the SC and NSC com-
posite supports, we used procedure of the boron-hydride
synthesis [6]. A composite support (0.10—0.30 g) was
placed to a mixture of ethylene glycol (30 mL) and
twice distilled water (30 mL), then estimated amount
of H,[PtCl¢]-6H,0 aqueous solution was added under
agitation. The obtained suspension was homogenized
by sonication for 5 min, after which the solution pH
was made up to 11 by adding 0.1 M NaOH solution.
Further, a three-fold excess of freshly prepared 0.5 M
NaBH, aqueous solution was added under agitation.
The suspension was allowed to stand for 40 min under
agitation, then the obtained catalyst was separated by
filtering with subsequent repeated washing with twice
distilled water and ethanol. The samples were dried at
the temperature of 80°C for 2 h.

The Pt : Ni : Sn metal mole ratio in the multicom-
ponent catalysts was determined by X-ray fluores-
cence analysis using a RFS-001 spectrometer with full
external reflection of X-ray radiation (Research Insti-
tute of physics, the Southern Federal University). The
exposure was 300 s. The X-ray fluorescence spectra
were recorded and processed by using the UniveRS
program (the Southern Federal University). To deter-
mine the metal summary amount (tin, nickel, and
platinum) in the synthesized materials, we used ther-
mal analysis method: in particular, we determined the
mass of substances remaining in the crucible after the
carbon complete oxidation as a result of 30-minute
heating at 800°C in air (5—10 mg of each sample).
When calculating the metal mass fraction, we took
into consideration that the post-calcination residue in
the crucible consisted of tin and nickel oxides and the
platinum metal.

The sample phase analysis and the nanoparticle
(crystallite) size were determined by the X-ray diffrac-
tion analysis. X-ray patterns were registered using an
ARL X’TRA diffractometer with Bragg—Brentano
geometry. Typical settings were: 40 kV, 35 mA, scan
step 0.02 deg in the 20 coordinates, scanning rate
2 deg/min. The phase analysis was based on the data
from open assess publications, in particular, the Crys-
tallography Open Database (COD) [41, 42].

The X-ray patterns were analyzed using a SciDavls
software package; the peak location, their full width at
the peak half maximum (FWHM), and area were
determined on the basis of approximated Lorentz
function. From the X-ray patterns, the platinum and
the alloys crystallite average size was determined using
(111) reflections; that of tin dioxide, using (101)
reflections. The crystallite average size was deter-
mined using Scherrer formula (1) [43] upon the sub-
stituting the FWHM therein:

Dy, = K\/[FWHM cos 6], (1)

where A is the monochromatic radiation wavelength;
FWHM is the full peak width at its half maximum
(radian); D, is the average thickness of the stack of
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reflecting planes in the field of coherent dissipation,
that is, the crystallite average diameter; 0 is the reflec-
tion angle; K= 0.89 is the Scherrer constant. To allow
for the instrumental broadening, the diffractometer
was pre-calibrated using a standard, for which an
annealed polycrystalline o-quartz plate was used,
whose grains were sized 2 to 4 um.

To determine the platinum electrochemically
active surface area, we used cyclic voltammetry. A thin
(about 4 um) layer of the studied material was applied
to end-face of a rotating disc electrode. To this pur-
pose, 6 WL of the catalyst suspension in water—isopro-
panol mixture containing 0.6 jig of the catalyst, added
with the Nafion polymer, was applied to the end-face
of a glassy carbon rotating disc electrode. After drying,
another 7 uL of 0.05% Nafion solution was added for
the film fastening, after which the electrode was dried for
5 min at the room temperature. The potential scanning
was done by a VersaSTAT 3 potentiostat (AMETEK Sci-
entific Instruments, USA), which also recorded the
current. Firstly, to standardize the platinum surface
and remove contaminations entirely, its potential was
cycled (100 cycles) with the potential scanning rate of
200 mV s~! over the potential range from 0.05 to 1.2 V
(RHE). Then, two cyclic voltammograms were
recorded over the 0.05—1.2 V range at a potential scan-
ning rate of 20 mV s~!. The passed charge was found by
integration of the “hydrogen” segment of the cyclic
voltammograms in the “current—time” coordinates
using a VersaStudio software package. To this pur-
pose, we averaged the charges consumed in the hydro-
gen electrochemical adsorption and desorption at
platinum after subtraction of the charge consumed for
the electrical double layer charging. All measurements
were carried out at the room temperature. The electro-
chemically active surface area S was calculated by the
following formula:

g-_ 0

m-210
where Q is the average value (half-sum) of the charges
(LC) consumed in the hydrogen electrochemical
adsorption and desorption; m is the platinum mass at
the electrode (g); 210 (WC/cm?) is the charge required
for the atomic hydrogen monolayer electrochemical
adsorption and desorption per 1 cm? of the platinum
surface.

, cm’/g(P), (2)

To determine the metal active surface area from the
amount of electrochemically oxidized chemisorbed
CO, we bubbled CO through the electrolyte for
30 min, then argon for 30 min, by keeping constant the
electrode potential at 0.1 V. Then, cyclic voltammo-
grams (3 cycles) were recorded over the potential
region from 0.05 to 1.20 V at a potential scanning rate
of 20 mVs~!. The electrochemically active surface area
was calculated from the charge consumed in the oxi-
dation of CO chemisorbed at the metal surface. To this
purpose, we substituted 420 LC/cm? to the formula (2)
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Table 1. Characteristics of materials obtained by the Sn electrodeposition (SC) and Ni and Sn co-deposition (NSC) onto

carbonaceous support Vulcan XC-72

The samples phase .
The Ni(SnOH .
Sample compositionaccording| Mass fraction Czdrstag;gr;f?;?g i llT: nOH)g The SnO, crystallite
P to X-ray diffraction | of metals, wt % P 'y crys a~ tte average average size, nm
. fluorescent analysis) size, nm ’
analysis
SC-1 SnO,, Sn 16 £ 1.5 Sn — 2.71£0.2
SC-2 SnO,, Sn 35+3.5 Sn — 1.8 £0.2
NSC-1 Ni(SnOH)g, Ni, NiO 14+ 1.5 Ni; ;Sn 60+ 5 —
NSC-2 Ni(SnOH)g, Ni, NiO 32+3.5 Nig 7Sn 150+ 5 —

for 210 wC/cm?, because the charge consumed in the
oxidation of 1 mole of CO is twice as large compared to
that consumed in the oxidation of 1 mole of H,.

After the determination of the materials electro-
chemically active surface area, we studied their activity
in the ORR at the disc electrode rotation velocities of
400, 900, 1600, and 2500 rpm. Preliminarily, linear-
sweep-potential voltammograms were recorded in
argon atmosphere, to be subtracted from those
recorded in the oxygen atmosphere: [ = I — I, In
this way, the background currents were allowed for.
The measurements were carried out in a standard
three-electrode cell, with the using of 0.1 M HCIO,
solution as indifferent electrolyte. Prior to the mea-
surements, the working solution was bubbled-through
with O, for 40 min under atmospheric pressure. The
voltammograms were taken starting at 0.02 Vand up to
1.20 V with the potential scanning rate of 20 mV s~..
Further, the dependence of the current on the disc
electrode rotation velocity was analyzed by using the
Koutecky—Levich equation. The measurements
results were corrected for the system Ohmic resistance
(R =26 Ohm), as described elsewhere [44].

When measuring the catalysts activity in the meth-
anol or ethanol oxidation reactions, solutions 0.1 M
HCIO, + 0.5 M methanol/ethanol were the working
electrolyte. The charge consumed in the alcohol oxi-
dation in a single potential cycle was calculated by an
oxidation current peak in the potential direct scan.
Chronoamperograms were taken at a potential of
0.6 V. All these measurements were carried out at a
stationary disc electrode in argon atmosphere.

Because the absolute values of the electrochemi-
cally active surface area and catalyst activity in electro-
chemical reactions are very sensitive to the catalytic
layer structure and electrolyte purity, we used com-
mercial Pt/C-catalyst HISPEC3000 (Johnson Mat-
they) containing 20 wt % Pt as a standard sample.
When studying the prepared catalyst activity in the
alcohol oxidation reactions, we also used a commer-
cial PtRu/C-electrocatalyst (Pt: Ru 1: 1, 40 wt % Pt,
20 wt % Ru, Alfa Aesar) as a reference. The catalytic
ink composition and the HiSPEC3000 and PtRu/C
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catalytic layer deposition procedure were the same as
for the studied catalysts.

Silver-chloride electrode was the reference elec-
trode. All potential values in the paper are given
against reversible hydrogen electrode (RHE).

RESULTS AND DISCUSSION

Synthesis and Structure of the SC
and NSC Composite Supports
and Platinum-Containing Catalysts on Their Basis

By using two different current modes (see Experi-
mental section), we obtained materials containing
about 15% of the metals (SC-1 and NSC-1 obtained
with the current of 9 A) or about 35% of the metals
(SC-2 and NSC-2 obtained with the current of 1.6 A)
(Table 1). The metal deposition onto the carbona-
ceous support was confirmed by thermogravimetry;
the elemental investigation of the obtained materials
by the X-ray fluorescent analysis confirmed the pres-
ence of both tin and nickel atoms in the NSC series
catalysts (Table 1). At that, with the increasing of the
metal mass fraction the nickel fraction in the NSC
series samples changed upward.

To determine the sample phase composition and
the crystallite size, the obtained materials were studied
by using X-ray diffraction analysis. The X-ray patterns
of the sample obtained by the tin deposition onto car-
bonaceous support shows reflections of two phases:
SnO, and Sn (Fig. 1, curve I). The reflections corre-
sponding to the tin oxide phase are strongly broad-
ened. The SnO, crystallite average size calculated by
the Scherrer formula for the SC-1 and SC-2 materials
is about 2.7 and 1.8 nm, respectively (Table 2). The
reflections in the X-ray patterns corresponding to the
tin metal phase are characterized by smaller broaden-
ing as compared with those of the SnO, phase; hence,
the crystallite average size cannot be determined with
fair accuracy here.

The X-ray patterns of the NSC composite materi-
als obtained in the electrolyte containing tin and nickel
chlorides show well pronounced peaks that can be
ascribed to NiSn(OH),, NiO, and Ni phases (Fig. 1,
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Fig. 2. X-ray diffraction patterns of the NSC-2 material’s residue after high-temperature oxidation.

curve 2). Extra reflections denoted with asterisks (*) in
the X-ray patterns can be linked to NiSnO;xH,O
phases with non-permanent composition. At that, no
reflections corresponding to the Sn or SnO, phases
were detected in the X-ray patterns of the NSC-2
material.

For the NSC-2 material, from the full width at the
peak half maximum (FWHM) we calculated the
NiSn(OH)4 phase average crystallite size: about 150
nm (Table 1). No calculations of the average crystallite
size were carried out for the reflections corresponding
to the NiO and Ni phases because of their low inten-
sity. The X-ray diffraction analysis was also used in the
studying of oxidation products formed after long
exposure of samples to 800°C in air. X-ray patterns of
a residue obtained by the NSC-2 material sintering
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(Fig. 2) show reflections of two phases, SnO, and
NiO, which is in good agreement with the data on the
initial composition of these materials “as prepared.”

Thus, by using metal electrodeposition onto Vul-
can XC-72 carbonaceous material we obtained com-
posite supports that contained, in the case of the SC
series samples, SnO, nanoparticles and tin metal in
addition to highly disperse carbon; in the case of the
NSC series samples, particles of nickel metal, nickel
oxide, and rather coarse NiSn(OH), phase particles.

To prepare platinum-containing catalysts on the
basis of the obtained SC and NSC composite sup-
ports, we deposited platinum onto the composite
materials by chemical reduction. We controlled the
amount of platinum precursor (H,PtClg) in order to
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Table 2. Continuous and structural characteristics of the PSC- and PNSC-catalyst samples and the Pt/C commercial

material
The PtNi,
The component ratio Composition after
Mass fraction of Pt, electrochemical | The SnO, crystallite | The Pt crystallite
Sample (X-ray fluorescent . :
o(Pt), % analysis) measurements average size, nm average size, nm
(X-ray fluorescent
analysis)
PSC-1 17 PtSn, 5 — 2.7+0.2 3.3+0.2
PSC-2 19 PtSn, 5 - 1.8 +£0.2 3.8+0.2
PNSC-1 21 PtNi, (Sng 35 PtNij 59 3.9+0.2
(Pt3 Niz ;Sn)
PNSC-2 23 PtNi,; ,Sng 55 PtNig 45 — 22102
(Pt4Ni4'gsn)
IM20 20 Pt Pt — 210.
PtRu 40 Pt,Ru, — - 32+0.2

obtain materials with the platinum content of 20 wt %.
The obtained samples were denoted PSC and PNSC.
The platinum content in the materials was determined
from the data of thermogravimetric measurements,
with due allowance for the corresponding oxide for-
mation and the results of the X-ray fluorescent analy-
sis of the samples (Table 2). It came to 17—23 wt %,
which approached the calculated figure (20 wt %). It is
to be noted that the higher relative nickel content in
the NSC-2 material, as compared with the NSC-1
one, was retained after the platinum deposition
thereon as well (Table 2).

The X-ray diffraction patterns of the PSC-1 and
PSC-2 samples obtained after the platinum deposition
onto the SC series materials show reflections of the
platinum and SnO, phases (Fig. 3, curves 1, 2). The
platinum particles average size in the materials came
to 3.3 and 3.8 nm (Table 2). When comparing the
X-ray diffraction patterns of the SC-2 (Fig. 1, curve 1)
and PSC-2 (Fig. 3, curve 2) samples, we see that the
SnO, phase reflections obtained prior to and after
platinum deposition remained practically unchanged;
no tin metal reflections is observed after the platinum
deposition. In all probability, the tin metal phase pres-
ent in the SC series materials in small amounts, was
dissolved after the hexachloroplatinic acid adding in
the course of the synthesis.

The maximums in the X-ray diffraction patterns of
the commercial PtRu/C-catalyst are shifted toward
larger 20 angles as compared with the Pt/C-material,
which is characteristic of the Pt—Ru solid solution.

The special feature of the X-ray diffraction patterns
of the PNSC-materials (Fig. 3, curves 3, 4) obtained
with the involving of the NSC-supports (Fig. 1, curve 2)
is the absence of reflections corresponding to the
Ni(SnOH)4, Ni, and NiO phases. This can be
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explained by the Ni(SnOH),, Ni, and NiO dissolution
in acidic medium (on the adding of H,PtCl) and sub-
sequent partial co-deposition of the dissolved metals
together with platinum during their interaction with
reductant in the course of the synthesis. Indeed, the
X-ray diffraction patterns of the PNSC-samples show
significant shift of the maximums of the platinum
reflections toward larger 20 angles as compared with
the Pt phase: from 39.7 to 41 deg, which points to the
formation of a PtNi or PtSnNi solid solution. The for-
mation of the platinum-based disordered solid solu-
tion with cubic face-centered crystal lattice lead to
decrease in the lattice parameter of nanoparticles in
the PNSC-1 (3.859 A) and PNSC-2 (3.838 A) sam-
ples as compared with pure platinum (3.923 A).

It is known [45, 46] that the adding of tin atoms to
the platinum-based solid solution leads to increase in
the crystal lattice parameter; it also shifts the maxi-
mums of reflections in X-ray diffraction patterns
toward lesser 20 angles as compared with that of pure
platinum, while the alloying of platinum with nickel
demonstrates the opposite trend [47]. For example, in
work [48] the PtSnNi/C-materials (Pt;sSn;sNi,, and
Pts;sSn;;Niyg) had the lattice parameters 3.923 and
3.913 A, respectively, which is close to that of pure
platinum. This was explained right by the differently
directed effects of the alloying by the nickel and tin
atoms. Similar effect of the platinum alloying with the
nickel and tin atoms was observed for Ptg,Sn;(Ni,-
material with the lattice parameter 3.906 A [49].

In the obtained PNSC-1 and PNSC-2 materials,
the Ni atomic fraction exceeds that of Sn by a factor of
3.1 and 4.8, respectively (Table 2). The data on the
materials composition is in good agreement with the
crystal lattice parameter: for the PNSC-2 sample con-
taining larger nickel fraction, the crystal lattice param-
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Fig. 3. X-ray diffraction patterns of the PSC and PNSC materialss: (/) PSC-1; (2) PSC-2; (3) PNSC-1; (4) PNSC-2; (5) com-

mercial Pt/C sample (JM20); (6) commercial PtRu/C sample.

eter (3.838 A) is less than that of the PNSC-1 sample
(3.859 A). This fact is important in terms of the cata-
lyst activity forecasting because results of works
[50, 51] pointed to positive effect of the nickel atom
high concentration in Pt—Ni solid solution on the cat-
alyst activity in the ORR, which is due to decrease of
the alloy crystal lattice parameter as compared with Pt.

Our calculations showed that the platinum crystal-
lite average size in the PNSC-2 material (2.2 nm) is
much less than that in the PNSC-1 (3.9 nm). We note
that the average size of the platinum-based solid solu-
tion crystallites in the PNSC-2 material is close to
those in the commercial Pt/C-catalyst (Table 2) and
PtSnNi/C-catalyst obtained in work [49]. At the same
time, it is significantly less than the crystallite size in
the PtSnNi materials obtained in works [36] (5.14 nm)
and [48] (3.8 nm).

To complete the discussion of the X-ray diffrac-
tometry, we note that the estimating of the PNSC-1
and PNSC-2 material composition by using Vegard’s
law (linear dependence of the lattice parameter on the
content of alloying constituent in solid solution)
[52, 53] on the basis of assumption that only nickel
atoms are included to the solid solution gives the com-
positions PtNi, ;s and PtNij 55, which contradicts the
result of the elemental analysis (Table 2). This may be
due to the formation of three-component alloy
PtNiSn, the solid solution nonuniformity, or the
nickel atom incomplete building-in to the solid solu-
tion composition. It is also not inconceivable that
X-ray amorphous tin and nickel oxides are present in
the PNSC series material. Unfortunately, in this case
the X-ray diffraction analysis cannot interpret the
composition of the obtained platinum-based solid
solutions unambiguously.
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The Study of Activity of the Platinum-Containing
Catalysts Prepared on the Basis of the SC
and NSC Composite Supports

The appearance of cyclic voltammograms of stan-
dardized electrodes (Fig. 4) are typical of platinum-
containing electrocatalysts, they include the region of
hydrogen adsorption—desorption, the “electrical dou-
ble layer,” and “oxygen” ones. In the hydrogen
adsorption—desorption region, the specific current at
the PSC- and PNSC-materials is less than that at the
commercial Pt/C-catalyst. The latter has the largest
electrochemically active surface area, while the elec-
trochemically active surface area of our catalysts is less
by 13—36% (Table 3). This fact may be caused either
by larger size of crystallites in the prepared materials,
or by more intensive nanoparticles agglomeration,
e.g., in the PNCS-2 material. The determination of
the electrochemically active surface area by the oxi-
dation of the chemisorbed CO monolayer (Fig. 4b)
gave close values of the electrochemically active sur-
face area [45—48 m?/g (Pt)] for the three materials
(PSC-1, PSC-2, and PNSC-1) and a higher value
[63 m?/g (Pt)] for the PNSC-2 (Table 3) whose crys-
tallites have lesser size (Table 2). Note that the electro-
chemically active surface area of the PtRu-catalyst
[97 m?/g (Pt)] was determined only by the CO oxida-
tion method because the applying of the hydrogen
adsorption—desorption method to platinum—ruthe-
nium catalysts is not quite correct [32]. By analyzing
the CO oxidation peak positions in cyclic voltammo-
grams, we obtained some extra information on the
studied catalysts properties. The potentials of the CO
oxidation onset and maximum for the PtRu-catalyst
are significantly lower than those for the Pt/C-catalyst
(Fig. 4b), which evidences some facilitation of the CO

No. 8 2021



COMPOSITE Pt/(Sn0O,/C) AND PtSnNi/C CATALYSTS FOR OXYGEN REDUCTION

I, A/g (Pt)

905
(b)

50 A/g (Pt)

I, A/g (Pt)

0 02
E,V (RHE)

0.4 0.6 0.8 1.0 1.2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
E, V (RHE)

Fig. 4. Cyclic voltammograms (2nd cycle) (a) and fragments of cyclic voltammograms including peaks of the CO electrochemical
desorption from the studied catalyst nanoparticles surface (b). Electrolyte: 1 M HCIO,, argon atmosphere. Potential scanning

rate 40 mVs L (1) PSC-1; (2)PSC-2; (3) PNSC-1; (4) PNSC-2; (5) commercial Pt/C sample (JM20); (6) commercial PtRu/C

sample.

oxidation at the PtRu nanoparticles surface [37, 54].
Voltammograms of all PSC- and PNSC-materials
show broad peak of the CO oxidation with two more or
less pronounced maximums over the 0.44—0.45 V and
0.74—0.75 V potential ranges. The wide potential
range of CO oxidation and the presence of two maxi-
mums can be connected with the nonuniformity of
composition and structure of the multicomponent
catalysts containing nanoparticles distinguishing sig-
nificantly in their activity in the CO electrooxidation
reaction. Note that the CO oxidation at potentials near
0.45 V occurring at the catalysts prepared in this work
can evidence high activity in the alcohol oxidation
reactions [55].

The estimate of composition of the PNSC-series
materials after the voltammetric measurements (the
Pt : Ni ratio about 3 : 1) showed the nickel partial dis-
solution in the sample (Table 2) down to the composi-
tion stabilization at the lower Pt : Ni mole ratio equal
approximately to 3 : 1. Unfortunately, the determina-
tion of Sn content in the samples after the completing
ofthe voltammetric measurements does not seem pos-

sible because of the small amount of the catalyst
deposited onto the disc electrode end-face.

The PNSC series materials demonstrated the larg-
est specific activity in the ORR per unit surface area:
2.7—2.8 A/m? (Pt). This may be due to the positive
effect of the alloying on the platinum activity. Unfor-
tunately, the lesser electrochemically active surface
area of the PNSC-materials as compared with that of
the commercial Pt/C-catalyst levels up this effect
when the catalyst mass-activity is compared: at the
potential of 0.90 V the mass-activity approached that
of the PNSC-1, PNSC-2, JIM20 samples (Table 3,
Fig. 5): it came to 162—179 A/g (Pt). The samples pre-
pared on the basis of the SC composite support
demonstrated lower mass-activity in the ORR: 64—
69 A/g (Pt). The number of electrons (n) involved in
the current-generating reaction falls into the 3.8—4.1
range for all studied catalysts (Table 3). This evidently
points to the predominant behavior of the oxygen
electrooxidation reaction according to the four-elec-
tron mechanism.

Table 3. Some parameters characterizing electrochemical behavior of PSC-, PNSC-, and commercial Pt/C-catalysts

Eelectrochemically active Mass-activity, | Specific activity, E,, (ORR),V Number of
Sample surface area A/g (Pt) A/m? (Pt) 1(/126 00 rpm’) electrons in ORR
Hads/des mZ/g (Pt)| co mZ/g (Pt) (E=090V) (E=0.90V) at E=0.90V
PSC-1 525 45+t5 69+ 3 1.3+0.1 0.89 4.0
PSC-2 565 48+ 5 64+3 1.6 £0.1 0.87 3.8
PNSC-1 58+ 6 45+*5 162 + 8 2.71+0.1 0.92 3.9
PNSC-2 63+6 63+6 179+ 9 2.8+0.1 0.92 4.1
JM20 79 + 8 78 £ 8 178 £ 9 22101 0.91 4.1
RUSSIAN JOURNAL OF ELECTROCHEMISTRY Vol.57 No.8 2021
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Fig. 5. Dependence of the oxygen electroreduction rate on
the electrode potential. Catalysts: (/) PSC-1; (2) PSC-2;
(3) PNSC-1; (4) PNSC-2; (5) commercial Pt/C sample

(JM20)). Potential scanning rate 20 mV s, disc rotation
velocity 1600 rpm. 0.1 M HC1O4, O, atmosphere.

To our knowledge, no information on the Pt—Ni—
Sn-materials catalytic activity in the ORR can be
found in literature; therefore, a correlation with litera-
ture data was traced only for the Pt/(SnO,/C)-materi-
als. In work [39], a Pt/(SnO,/C)-catalyst showed
higher half-wave potential and mass-activity (0.90 V
and 153 A/g, respectively) as compared with parame-
ters of analogous catalysts of the PSC-series, that were
obtained in this work. At the same time, the support
described in work [39] contained much less SnO,,
whereas the platinum nanoparticles were deposited
thereon with a synthesis procedure that differed from
that we used in this work. In work [56], composite
Pt/Sn0O,-systems deposited onto carbon nanotubes
and carbon paper were studied. Despite the fact of
positive effect of the SnO, additive on the composite
catalyst activity observed in work [56], the prepared
materials had rather low activity in the ORR; on this
reason, there’s nothing to do except comparing their
activity at the potential 0.85 V. In work [57], a num-
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ber of catalysts were prepared at different oxide sup-
ports; among them, the largest specific activity
[1.43 A/m? (Pt) at 0.90 V] was demonstrated by a
Pt/Sn0O,/C-material. The above value approximately
corresponds to the activity of the PSC-materials
obtained in this work (Table 3).

To compare the platinum-containing catalysts
activities in the alcohol oxidation reactions basing on the
cyclic voltammetry data, few parameters must be used:
the oxidation onset potential (E,) [15, 34, 35, 46], the
oxidation specific maximal current (/,,,) in the direct
potential scanning run [34, 45, 48, 58], and the charge
consumed in the alcohol oxidation (Q), which can be
determined by the peak in the voltammogram direct

run [59]. Judging by the charge (Qcy op ) , consumed in
the methanol oxidation in the direct potential scan-
ning run (Table 4) and the methanol oxidation maxi-
mal current (/,,,,) (Fig. 6a), the studied catalysts can be
ranked according to their activity: PtRu/C < PSC-1 <
PSC-2 < PNSC-2 < PNSC-1. The result correlates
well with the data [58] showing that the PtNiSn/C-
catalyst activity, judging by the methanol oxidation
maximal current, is by a factor of 1.8 larger than that of
PtSn/C; by a factor of 1.24, than that of PtNi/C-
materials. At the same time, the PtRu/C-catalyst
demonstrated the lowest potential (£,) of onset of the
methanol oxidation, hence, the largest activity at rela-
tively low potentials. To our view, it would make sense
to compare the catalyst activity in the alcohol oxida-
tion reactions by using chronoamperometry method
at potentials approaching that of onset of the methanol
oxidation (here 0.60 V). The methanol oxidation cur-
rent in the initial stage of the measurements (/,,;) for
the PNSC series materials is somewhat larger (Table 4,
Fig. 6b) than that with PtRu/C-catalyst; much lower,
with that from the PSC series. All studied samples
showed significant decrease in the methanol oxidation
current in the course of the chronoamperogram
recording process (30 min); however, the largest cur-
rent at the end of the measurements (/y,) was also
shown by the PNSC and PtRu/C-catalysts (Fig. 6b,
Table 4). Thus, on the strength of all parameters, the

Table 4. Some parameters characterizing the catalysts electrochemical behavior in the alcohol oxidation reactions

Methanol Ethanol
Sample I x Icyon, A/g (PY) I x Ienon,
E,,V max> Ocuon O E,V max> Oc 101 A/g (Pt)
A/g (Pt) 102, C/g (Pt) A/g (Pt) (102, C/g (Pt)
Iini Ifin Iini [fin

PSC-1 0.58 [554 £28 46 £ 2 40+2 | 13+£0.6 | 0.58|575+29 139+ 7 168 =+ 8 47 £2
PSC-2 0.55 | 739 +£37 73+ 4 30£1 | 10£0.5 | 0.58 | 515£26 137+ 7 166 = 8 44+ 2
PNSC-1 | 0.54 |958 +48 1055 1075 | 47+£2.3 [0.29 848 £42 199+ 10 (28114 55+3
PNSC-2 | 0.56 |864 =43 94+ 5 915 | 5126 |0.31 923 +46 259+ 13 |244 =12 6613
PtRu/C 0.47 |376 £ 19 41+ 2 89t4 | 48+24 |0.58 508 25 20410 |136 %7 44+ 2
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Fig. 7. Cyclic voltammograms (a) and chronoamperogram at potential 0.6 V (b) for: (1) PSC-1; (2) PSC-2; (3) PNSC-1;
(4) PNSC-2; (5) commercial PtRu/C sample. Currents are normalized to the Pt mass. Electrolyte: 0.1 M HClIO, solution added

with 0.5 M C,HsOH, Ar atmosphere.

mass-activity of the obtained PtSnNi/C-materials in
the methanol oxidation somewhat exceeds the activity
of the commercial PtRu/C-catalyst.

On the comparing of electrochemical behavior of
the studied materials in the ethanol oxidation, accord-
ing to the cyclic voltammetry data, the most signifi-
cant difference is observed in the ethanol oxidation
onset potentials (£,) (Fig. 7a, Table 4). For the three-
metallic PtSnNi/C-materials of the PNSC series, the
E, values are by approximately 0.30 V less as compared
with the PSC- and PtRu/C-catalysts. On the compar-
ing of the charge consumed in the ethanol oxidation
during the direct run of the potential scanning

(Oci.0n ), and the ethanol oxidation maximal current

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 57

(1,.) (Table 4, Fig. 7a), the PNSC series catalysts
demonstrated the highest mass-activity in the ethanol
oxidation. Thus, the studied materials can be ranked
in the following series as regard their catalytic activity
in the ethanol oxidation: PSC-2 < PSC-1 < PtRu/C <
PNSC-1 £ PNSC-2. This series somewhat differs
from the catalyst activity series in the methanol oxida-
tion. The difference can be due to the difference in the
methanol and ethanol oxidation mechanisms, in par-
ticular, with the possible involvement of the —C—C—
bond disruption in the case of ethanol oxidation.

According to results of chronoamperometry, the
three-metallic  PtSnNi/C-materials demonstrate
larger activity judging both by the initial current values
and the current upon 30-min exposure to the potential
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of 0.6 V (Fig. 7b, Table 4). Note that the commercial
PtRu/C-catalyst is the least active with respect to the
ethanol oxidation.

Thus, the three-metallic PtSnNi/C-materials
demonstrate the largest catalytic activity with respect
to the ethanol oxidation when judging by the data of
both cyclic voltammetry and chronoamperometry at
E = 0.6 V. The conclusion is in good agreement with
the results of work [49] in which the Ptg,Sn;(Ni,,/C-
catalyst showed the lowest onset potential in the etha-
nol oxidation and the highest catalytic activity over the
entire potential range as compared to Pty,Sn,;,/C-,
PtyyNi,,/C-, and Pt/C-materials. The Ptg,Sn,(Ni,;,/C
superiority was also confirmed [49] by the results of
the catalyst testing in MEAs: the Ptg,Sn,,Ni,,/C-cata-
lyst allowed reaching the maximal power exceeding
those of the Pty,Sn;,/C- and Pt/C-catalysts by a factor
of 3.9 and 7.8, respectively. The PtSnNi/C-material
obtained in work [48] also demonstrated higher activ-
ity in the ethanol oxidation as compared with Pt/C.
The PtSnNi/C-catalyst improved activity in the etha-
nol oxidation can be caused by the facilitation of dis-
ruption of the C—C bond in the ethanol molecule at
the nickel-alloyed platinum surface [49], as well as
presence of tin dioxide nanoparticles which easily
adsorb hydroxyl groups, and this facilitated the CO
adsorbed molecule oxidation at lower potentials.

CONCLUSIONS

Composite supports of complicated composition
containing tin and nickel (14 to 35%) were prepared by
the Sn electrodeposition and Sn and Ni co-deposition
onto highly disperse Vulcan XC-72carbonaceous
material. On the basis of the obtained composite sup-
ports, a series of catalysts was synthesized by using
chemical reduction of platinum in liquid phase. The
catalysts contained about 20 wt % Pt; the crystallite
average size was 2.2 to 3.8 nm. Unlike the X-ray dif-
fraction patterns of the supports, those of platinum-
containing PSC and PNSC catalysts showed no
reflections from Sn, Ni, NiO, and Ni(SnOH), phases,
which may be caused by the phases dissolution or
transformation in the course of the platinum chemical
deposition. The X-ray diffraction patterns of the
PNSC-catalysts are characterized by a significant shift
of the platinum reflection maximums toward larger 20
angles as compared with the pure platinum phase,
which evidences the formation of nanoparticles of the
PtNi or PtSnNi solid solution in the course of the syn-
thesis.

The mass-activity of the PNSC three-metallic
materials in the ORR is shown approaching that of the
commercial Pt/C-catalyst, despite their lower electro-
chemically active surface area; it exceeds the mass-
activity of Pt(SnO,/C)-materials significantly.

The behavior of the obtained PSC- and PNSC-
catalysts in the alcohol oxidation reactions differs sig-
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nificantly for methanol and ethanol, probably,
because differences in the oxidation mechanisms of
the alcohols. The commercial PtRu- and synthesized
PtSnNi/C-catalysts of the PNSC series are more
active in the methanol oxidation reaction than the
Pt(SnO,/C)-materials. At the same time, the
PtRu/C-catalyst demonstrated the methanol oxida-
tion onset potential by 70—90 mV less as compared
with the three-metallic catalysts of the PNSC series.
On the other hand, judging by all parameters, the
prepared PtSnNi/C-catalysts are much more active
in the ethanol oxidation than the commercial
PtRu/C-catalyst.

The high activity of the ternary PtNiSn/C-catalysts
in the alcohol oxidation reactions can be caused by the
promoting effect of nickel additive on the platinum
catalytic activity and the facilitating of hydroxyl group
adsorption at the tin inclusions of tin oxide nanoparti-
cles. Thus, the three-metallic catalysts are well per-
spective for the applications in alcohol-based fuel
cells. Further studies of the materials composition and
structure optimization are of significant interest.
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