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Abstract

The effect of the SnO, nanoparticles content on the structure and electrochemical behavior of Pt/(SnO,/C) catalysts contain-
ing about 20 wt% Pt was studied. In this case, SnO,/C nanostructured materials were obtained by tin electrodeposition on the
carbon particles in suspension. It was found that the optimal combination of stability and activity in the oxygen electrore-
duction reaction is demonstrated by materials containing 25-30% wt. SnO,. A comparative assessment of the durability and
activity of Pt/(SnO,/C) catalysts and a commercial Pt/C catalyst with 20% Pt-loading has been carried out.

Keywords PEMFC - Oxygen electroreduction reaction - Pt/SnO,/C electrocatalyst - Pt nanoparticles - Stability - Non-

carbon support

Introduction

Low-temperature fuel cells (LTFC) with a polymer mem-
brane have numerous advantages: no polluting emissions
into the environment, low noise, high energy conversion
efficiency, and their autonomy. This made them promising
for use in mobile and stationary power plants [1-3]. Despite
the LTFC advantages, some economic and technical barriers
hinder their large-scale commercialization. The search for
effective electrocatalysts to be used in the oxygen reduc-
tion reaction (ORR), which combine high rates of activ-
ity and stability, is one of the actively developing areas of
research in the field of LTFC. Platinum and its alloys with
some d-metals, deposited in the form of nanoparticles on
the surface of carbon supports, are the best ORR catalysts
[4-6]. Carbon, which plays the role of an electrically con-
ductive carrier, is susceptible to corrosion during LTFC
operation, which leads to deterioration of platinum adhe-
sion to the carrier surface and loss of electrical contact by
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individual platinum nanoparticles (NPs), having a decrease
in the functional characteristics of the catalyst as a result
[7-9]. In this regard, to optimize the composition of the cata-
lysts or obtain new catalysts that exhibit high stability in the
course of LTFC operation combined with high activity in
ORR proves to be an urgent task.

Tin (IV) oxide, which has semiconducting properties, was
proposed as a promising carrier material [10-17]. It was
shown in previous studies [16, 17] that SnO, particles com-
bined with carbon can increase the electrocatalytic activity
of Pt in ORR due to the electronic interaction between Pt and
SnO,, which occurs during the formation of three-boundary
structures: Pt-SnO-C. Recent studies have also shown that
tin oxide is capable of increasing the platinum-containing
catalyst stability with regard to CO, as well as increasing
their activity in the reactions of alcohols electrooxidation
[18, 19].

Tin oxide is most often obtained by hydrolysis of tin salts
[16, 17, 20]. However, as the control over the surface mor-
phology and purity of the resulting product are regarded,
electrochemical methods of obtaining materials are con-
sidered to be more promising [21, 22]. Electrochemical
methods make it possible to control the potential and the
current in the synthesis process, which makes it possible
to select conditions for obtaining materials with a certain
composition/structure and, as a result, certain functional
characteristics.
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Earlier we have shown that the use of a SnO,/C composite
material, containing 4% wt tin oxide as a carrier of platinum
nanoparticles allows increasing the resistance of the catalyst
to degradation while maintaining the activity in the oxygen
reduction reaction at the level of commercial Pt/C material
[23]. However, it remains unclear what the optimal compo-
sition of the Pt/(SnO,/C) catalyst is and how an increase in
the mass fraction of tin dioxide affects the functional char-
acteristics of materials.

This study is based on the hypothesis that the use of the
SnO,/C nanostructured composite as a carrier will increase
the activity of supported platinum electrocatalysts in ORR,
as well as their corrosion-morphological stability. The aim
of this work was to obtain a number of SnO,/C materials
by the original method of electrolytic deposition, to syn-
thesize Pt/(SnO,/C) catalysts based on them, and to study
the structure and electrochemical behavior of the obtained
platinum-containing catalysts in the ORR.

Experimental
Synthesis of the Nanostructured Sno,/C Materials

The preparation of the SnO,/C materials was carried out
according to the original procedure described in detail in
previous studies [23, 24]. The electrode space of the two-
electrode electrochemical cell was filled with a suspension of
a dispersed carbon material, a tin (II) chloride solution being
uses as a basic electrolyte. The suspension was prepared
by mixing Vulkan XC72 carbon black (Cabot Corporation,
USA; specific surface area~ 270 m? g~!) and water solu-
tion of 1 M tin (II) chloride and 1 M H,SO,. The resulting
mixture was dispersed in a Sonics ultrasonic homogenizer
for 2 min; then, it was continuously stirred on a magnetic
stirrer to maintain the homogeneity of the suspension. Elec-
trodes were immersed in the suspension. A copper wire with
a working surface area of 0.5 cm? was used as a cathode, and
a graphite rod was used as an anode. The electrolysis was
carried out with vigorous stirring of the suspension, a direct
current of 9 A being passed through it.

Microparticles of carbon, in contact with the cathode dur-
ing mixing, actually became a part of the cathode. On such
microparticles the process of the tin ion electroreduction
took place, followed by the formation of the nanosized crys-
tals of this metal. During electrolysis, many particles of the
carbon support repeatedly meet the stationary cathode and
nucleation/growth of tin particles occurred on their surface
as a result. The constant renewal of carbon microparticles in
the electron-conducting near-cathode layer, caused by arti-
ficial convection, led to a more or less uniform distribution
of electrodeposited tin over the surface of carbon micropar-
ticles (see “Results and Discussions”). Apparently, already
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in the process of preparation, a part of the tin nanoparticles
was oxidized by the dissolved oxygen and transformed into
the nanoparticles of tin oxide (IV).

When electrolysis was over, the suspension was filtered
and then washed repeatedly with the bidistilled water until
the medium was neutral. Drying was carried out in a dry-
ing cabinet at 80 °C for a day. During filtration and drying,
unoxidized tin NPs deposited on a carbon support were oxi-
dized to form tin dioxide NPs.

Pt/(Sn0,/C) Preparation

Pt/(SnO,/C) catalysts were synthesized by the chemical
reduction of H,PtCly from the liquid phase, as described
in Alekseenko et al. [25], in a suspension containing the
particles of a composite SnO,-C support. The calculated
mass fraction of Pt in Pt/(SnO,/C) was 20% wt. For this,
the powdered composite obtained by the electrodeposition
method was placed in 20 ml of ethylene glycol; after that, the
required amount of H,[PtCl]*6H,0 was added. The result-
ing suspension was homogenized by ultrasound, then 0.5 ml
of 37% wt. HCOH and 1 M NaOH solution in a water—
ethylene glycol (1: 1) mixture were successively added until
pH = 11. After standing for 2 h at 90 °C and spontaneous
cooling of the stirred suspension, the mixture was filtered
on a Buchner funnel, the product was washed 5-6 times
with bidistilled water and ethyl alcohol, then dried at 80 °C
to constant weight.

Measurement Methods and Techniques

X-ray phase analysis and thermogravimetry were used to
determine the composition of the obtained SnO,/C and Pt/
(SnO,/C) materials and the presence of crystallites of tin
dioxide and platinum in them. Powder diffractograms of
metal- and oxide-carbon materials were recorded on an auto-
matic diffractometer ARL X'TRA (Thermo Fisher Scien-
tific, Switzerland) (geometry according to Bregg-Brentano,
radius 260 mm, vertical theta-theta goniometer) using cop-
per K-alpha radiation (4 = 1.5418 A). Typical settings:
40 kV, 30 mA, scan step 0.02°. The registration rate was
varied from 2° per minute for simple X-ray phase analysis
up to 0.5° per minute to clarify particular features of the
structure. A regular plate of polycrystalline alpha quartz was
used as a calibration standard.

The presence of tin oxide and platinum in the materi-
als, as well as the average size (diameter) of crystallites (D)
for both platinum and tin dioxide, was determined based on
the obtained diffraction patterns using reflections (111) and
(101), respectively. D was calculated with the Scherrer for-
mula, the value of the peak width at a half maximum being
substituted into it: D = KA/(FWHM cos8), where 4 is the
wavelength of monochromatic radiation, 10\; FWHM is the
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peak width at half maximum (in radians); D is the average
crystallite size, nm; @ is the reflection angle, radians; and
K = 0.89—Scherrer’s constant.

The mass fractions of tin oxide (®(SnO,)) and plati-
num, in SnO,/C and Pt/(SnO,/C), respectively, were deter-
mined by thermogravimetry from the mass of the SnO,
or (Pt+Sn0,) residue after carbon combustion (800 °C,
40 min).

The ratio of tin to platinum in the samples was deter-
mined by the method of X-ray fluorescence analysis on a
spectrometer with total external reflection of X-ray radiation
RFS-001 (Research Institute of Physics, Southern Federal
University). The range of determined chemical elements
according to the periodic table of chemical elements is from
Al to U. The exposure time of the samples is 300 s. Reg-
istration and processing of X-ray fluorescence spectra was
carried out using the UniveRS software (SFedU).

JEM-2100 microscope (JEOL, Japan) at a voltage of
200 kV and a resolution of 0.2 nm was used to obtain TEM
photographs. For measurements, 0.5 mg of the catalyst was
placed in 1 ml of isopropanol and dispersed by ultrasound;
after that, the resulting suspension was applied to a copper
grid covered with a layer of amorphous carbon and dried in
air at room temperature for 20 min.

EDX method analysis of the elemental composition was
carried out by identifying the positions of the characteristic
lines of the elements on the energy scale in the secondary
X-ray spectrum obtained at a given point (area) and by com-
paring them with the tabular data. Then, the concentrations
of elements were calculated with the eZAF (MThin) soft-
ware algorithm, implemented in the TEAM EDAX software,
their intensity, and the cross section of the secondary X-ray
emission for a given line of this element being taken into
account. Phase distribution maps were obtained with the
TEAM EDAX software by combining areas on the elemental
composition map that have the same concentration values of

Fig. 1 X-ray diffraction patterns C
of the carbon support Vulcan
XC72 and SnO,/C materials
with a mass fraction of tin oxide
from 4 to 42% wt

$nO
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the detected elements (within the specified values), on the
image marked with a certain color as one phase.

Cyclic voltammetry was used to measure the platinum
electrochemical active surface area (ECSA). A thin layer
of Pt/(SnO,/C) material was applied to the end face of a
rotating disk electrode. To obtain the catalysts suspension
(catalytic “ink”), 900 pL of isopropyl alcohol and 100 pL of
a 0.5% aqueous emulsion of Nafion® polymer were added
to 0.0060 g of each sample. Then, the suspension was dis-
persed with ultrasound for 15 min. Under continuous stir-
ring, an aliquot of “ink” 6 pL in volume was taken with a
microdispenser and applied to the end face of a polished and
degreased glassy carbon disk with an area of 0.196 cm?, the
exact weight of the drop being recorded. To fix the porous
layer of powder after drying, another 7 pL. of 0.05% Nafion
solution in isopropanol was applied; then, the electrode
was dried for 15 min at room temperature. The potential
sweep was set, and the current values were recorded with
the AFCBPI1 potentiostat (Pine Applied Instrumentation,
United States).

Initially, to standardize the platinum surface and remove
impurities, 100 potential sweep cycles were performed at the
rate of 200 mV s~ in the potential range from 0 to 1.26 V.
Then, 2 cyclic voltammograms (CV) were recorded in the
potential range 0.03 to 1.20 V at a sweep rate of 20 mV s~ .
Next, based on the amount of electricity consumed for elec-
trochemical adsorption and desorption of atomic hydrogen,
ECSA was calculated using the 2nd CV, as described in
Menshchikov et al. [26]. An Ag/AgCl/KCI electrode was
used as a reference electrode. All potential values in this
work are given relative to a reversible hydrogen electrode
(RHE).

When determining the area of the platinum active surface
by the amount of electricity spent on oxidation of a chem-
isorbed CO monolayer, CO was blown through the solu-
tion for 20 min at a potential of the investigated electrode
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Sn0, 42% SnO,
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Fig.2 a TEM micrograph of a
SnO,/C material surface frag-
ment and b a histogram of the
size distribution of SnO, nano-
particles. Mass fraction of
Sn0O,—42%. Some tin dioxide
NPs are circled in the photo-
graph

of 0.1 V, and then argon was blown through for 30 min.
After that, two CVs were recorded in the potential range
of 0.03—1.20 V at a potential sweep rate of 20 mV s~!. The
ECSA was calculated based on the amount of electricity
consumed for the electrochemical desorption of CO, as
described in Kuriganova et al. [21].

The catalyst activity in the ORR was measured in the
electrolyte, O, being passed through it for 1 h. Voltam-
mogram recording with a linear potential scan towards
high values was performed at a rate of 20 mV/s at four
rotation speeds of the disk electrode: 400, 900, 1600,
and 2500 rpm. To take into account the contribution of
the ohmic voltage drop, the potential of the electrode
under study was refined using the formula: E = E_, -
I * R, where E_, is the set value of the potential and
I * R is the ohmic potential drop equal to the product of
the current strength and the resistance of the solution
layer between the reference electrode and the investigated

Fig.3 X-ray diffraction patterns
of Pt/(SnO,/C) samples, which
contain about 20 wt% platinum
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electrode, which was 25 ohms. This resistance value is in
good agreement with the literature data [27]. To calculate
the contribution of the processes occurring at the elec-
trode in the deoxygenated solution (Ar atmosphere), a
similar curve recorded at the same electrode during meas-
urements in the Ar atmosphere was subtracted from the
voltammogram: 1(O,)-I(Ar), as described in Shinozaki
et al. [28]. The catalyst activity in the ORR (kinetic
current) was determined from the normalized voltam-
mograms, the contribution of mass transfer under the
conditions of using RDE being taken into account. The
calculation of the kinetic current at a potential of 0.90 V
(RHE) was carried out according to the Koutetsky-Levich
equation [29]:

i = /i + /iy = Vi, + 1/Za®

Z=0.62 nFD*?p=16 ¢,
where i is the current at the disk electrode, A-cm™2; i is
the kinetic current, A-cm~2; i, is the diffusion current,

Pt

Pt Pt

S29pP

\ R S25P

S42P
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Table 1 Parameters characterizing the composition and structure of
electrocatalysts

Sample w, % wt Platinum to tin ~ Average crystallite
ratio, PtSn, size, nm (XRD)

Pt SnO, Pt SnO,
S4P 20.0 4.0 PtSngys, 2.3 2.5
S25P 222 248 PiSn, s, 1.7 45
S29P 18.6 29.4  PtSn, o 1.7 4.3
S42p 177 423 PtSny 1.3 23
HiSPEC3000 20.0 - - 3.0 -

A-cm™2; w is the rotation speed of the disk electrode

(rad-s™"); n is the number of electrons involved in the
electroreduction of an oxygen molecule; F is the Faraday
constant, C-mol~"; D is the diffusion coefficient, cm?-s~";
v is the kinematic viscosity of the electrolyte, cm?s ¢
is the oxygen concentration in solution, mol-cm™>.

To assess the stability of electrocatalysts, the method
of voltammetric cycling in a three-electrode cell in the
potential range of 0.6—1.4 V with a potential sweep rate
of 100 mV/s was chosen. Cycling was carried out in a
0.1-M HCIO, solution in an Ar atmosphere at 25 °C for
2000 cycles; in this case, after every 100 cycles, two
cyclic voltammograms were recorded (at a potential
sweep rate of 20 mV/s, the potential range was 0.03 to
1.20 V). The second CV was used to calculate the surface

Fig.5 a - Photo of the S4P sam-
ple surface fragment obtained
by transmission electron
microscopy, b - STEM image
of the S4P surface, ¢ - result

of the composition analysis by
the method of energy disper-
sive transmission microscopy,
and d - the histogram of the
platinum NPs size distribution
(For microscopic examination,
the catalyst is deposited on the
surface of a copper mesh, which
causes a reflection of copper

in b)

Fig.4 Schematic representation of versions for the location of plati-
num nanoparticles on the surface of SnO,/C carrier: a - Pt NP is
located on the SnO, surface, b - Pt NP is located on the carbon sur-
face, ¢ - Pt NP is in contact with both SnO, and carbon (three-phase
contact)

area (§) as described earlier. Stability was assessed by
the change in the SJ-/S0 ratio, where j is the number of
stress test cycles, and by the S,(,,/S, value.

Results and Discussions

SnO,/C composites with tin mass fraction from 4 to 42%
wt. were obtained by electrolytic deposition of tin on car-
bon black microparticles. The presence of a tin (IV) oxide
phase in these materials was confirmed by the X-ray phase
analysis (Fig. 1). An increase in the mass fraction of SnO,
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in the materials leads to an increase in the intensity of char-
acteristic peaks in the X-ray diffractogram (Fig. 1).

To study the structure of the SnO,/C composite by trans-
mission electron microscopy, the sample with the highest
tin oxide content, 42% wt., was chosen. Analysis of TEM
images (Fig. 2) showed that the nanoparticles of tin oxide
were indeed formed on the microparticles of a carbon sup-
port, uniformly distributed over the surface of carbon parti-
cles, as a result of electrodeposition and subsequent oxida-
tion of tin nanocrystals. The average size of tin dioxide NPs
in a composite containing 42% wt. SnO, was 2.9 + 0.2 nm.
Thus, the method of electrocrystallization of tin on car-
bon particles, which we developed for the preparation of
SnO,/C materials, allowed the formation of deposited tin
dioxide nanoparticles of a smaller size in comparison with
the methods described in the literature [16, 17, 20-22]. Tak-
ing into account the results of Petrii [30], we believe that the

formation of primary tin nanoparticles occurs mainly on the
surface of carbon particles, and not in their pores.

Then, platinum NPs were deposited on the SnO,/C com-
posites, their mass fraction in the obtained materials being
about 20%. X-ray diffractometry confirmed the presence of
a platinum phase in all materials (Fig. 3). The average size
of platinum crystallites was from 1.3 to 2.3 nm (Table 1).

On the diffractogram corresponding to the S4P material
(hereinafter, the number in the sample’s name corresponds
to the mass fraction of tin dioxide in the material), reflec-
tions corresponding to SnO, are not visible. This is most
likely due to the low content of tin oxide compared to plati-
num. An increase in the mass fraction of tin oxide over 20%
makes it possible to clearly identify the presence of the cor-
responding peaks in the diffraction patterns (Fig. 3). The
intensity of these peaks increases with an increase in the
mass fraction of tin dioxide in the catalyst.

Fig.6 Elemental mapping of the Pt/(SnO,/C) surface fragment of the S4P sample: STEM image of the mapped fragment of the surface a and

maps of carbon b, tin ¢, and platinum d distribution
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Fig.7 a - Catalyst cyclic
voltammograms in the argon
atmosphere. b - voltammograms
of oxygen electroreduction
with the linear sweep rate of
potential O, atmosphere. RDE
rotation speed is 1600 rpm;

¢ I"!- %3 dependence at

0.90 V (RHE) potential. A
potential sweep rate is 20 mV e
s~ 0.1 M HCIO,
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In the process of platinum NP deposition on a composite
carrier, they can be anchored on different parts of its surface.
It can be assumed that the activity of platinum NPs fixed on
carbon (Fig. 4 (a)) will not change in comparison with Pt/C.
Platinum deposition on the surface of tin dioxide NPs (Fig. 4
(b)) can lead to a loss of electrical contact and, as a conse-
quence, to a decrease in the catalyst activity in the current-
forming reactions. According to the literature [16, 17], the
most preferable one is the third version in the arrangement
of platinum nanoparticles (Fig. 4 (b)). In this case, due to
the simultaneous contact with the electrically conductive
substrate and tin dioxide, platinum NPs can exhibit higher
activity in current-forming reactions. Obviously, depending
on the mass fraction of SnO,, the ratio of NPs with different
versions of attachment to the surface of the SnO,/C substrate
should change.

The micrographs of a Pt/(SnO,/C) surface fragment show
nanoparticles of tin and platinum oxide (Fig. 5a). The spec-
tral data obtained from the results of energy-dispersive X-ray
spectroscopy (Fig. 5¢) also confirm the presence of SnO, on
the catalyst surface. At the same time, the photomicrographs
obtained in the reflected electron mode (Fig. 5b) indicate a
uniform distribution of the platinum NPs, 2.3 nm in average
size, over the catalyst surface (Fig. 5d). According to the
photomicrographs, a significant part of the platinum NPs is
in contact with both carbon and tin oxide NPs; i.e., it partici-
pates in the formation of the three-boundary zones described
in previous literature [16, 17].

Elemental mapping of the surface showed that a signifi-
cant proportion of platinum nanoparticles are located in the
same areas as tin dioxide NPs (Fig. 6a—d).

The CVs of Pt/(SnO,/C) electrodes after 100 cycles of
potential scan (see the “Experimental” section) have a shape
typical for platinum-containing materials (Fig. 7). Calcula-
tion of the Pt active surface area by the amount of electricity
consumed for electrochemical adsorption and desorption of
atomic hydrogen showed that the obtained catalysts have
rather high ECSA values (Table 2). For all materials, the
ECSA was about 90 m? g~!, which is slightly inferior to the
ECSA of the commercial Pt/C catalyst HISPEC 3000 (~ 106

Table 2 Parameters characterizing the electrochemical behavior of
electrocatalysts

Sample ECSA, m?/g(Pt) Half-wave
I —— potential in ORR,
Hads co E 12 Vv

S4p 92 103 0.90

S25P 85 91 0.91

S29P 97 90 0.90

S42P 92 101 0.90

HiSPEC3000 106 104 0.90

200

oo HiSPEC 3000
150 T

, ——S29P

100

50

1 (Alg) Pt

-50

-100 0,2 0,4 0,6 0,8 1 1,2
E (V) vs.RHE

Fig.8 Cyclic voltammograms of the chemisorbed CO oxidation on
the surface of the S29P catalyst and the commercial analogue HiS-
PEC 3000. Potential sweep rate is 20 mV s~!. Electrolyte is HCIO,

m? g~!). The obtained ECSA values are also confirmed by
the calculations based on the amount of electricity consumed
for the electrochemical desorption of chemisorbed CO. This
makes it possible to exclude the fact that SnO, directly takes
part in any electrochemical reactions that occur in the poten-
tial range of 0-0.4 V in regard to the RHE.

Nevertheless, we note that the presence of tin oxide in the
catalyst shifts the onset potential of CO oxidation and the
maximum of the CO oxidation peak to more negative values
(Fig. 8) Taking into account the literature data [16, 17, 21],
this effect can be caused either by the bifunctional mecha-
nism of catalysis or by the effect of the Pt/SnO, contact on
the electronic structure of platinum.

Sample S25P, with the kinetic current calculated accord-
ing to the Koutetsky-Levich equation (see the Technique
section) at a potential of 0.90 V (RHE), being 1.3 times
higher than that for the commercial Pt/C catalyst (Table 3).
An increase in the ORR activity in the series of Pt/(SnO,/C)
electrocatalysts occurs with an increase in the mass frac-
tion of tin dioxide to 25-30% wt. (Table 3). This is prob-
ably due to an increase in the proportion of platinum NPs

Table 3 Comparison of the catalysts ECSA, values of the half-wave
potential in the ORR, and kinetic currents before and after the stress
test

Sample ECSA, mz/g(Pt) Half-wave I,at E=0.90V,
potential in ORR, A/g(Pt)
Eyp, V
Before After Before  After Before  After
S4pP 92 18 0.90 0.75 180 <10
S25P 85 43 0.91 0.88 256 34
S29pP 97 44 0.90 0.86 198 26
S42p 92 45 0.90 0.85 120 21
HiSPEC 106 11 0.90 0.67 192 <10
3000

@ Springer



Electrocatalysis (2021) 12:489-498

497

Fig.9 a- Relative and b - absolute
changes in the area of the catalyst
electrochemically active surface
during the voltammetric stress
test. Stress test potential range
0.6-1.4V
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that simultaneously get in contact with both carbon and tin
dioxide. Further increase in the mass fraction of tin dioxide
up to 42% leads to a decrease in the ORR activity, which is
apparently caused by partial electrical insulation of platinum
due to an increase in the proportion of its nanoparticles,
deposited on the surface of tin oxide particles without direct
contact with carbon.

An accelerated voltammetric stress test in the potential
range of 0.6—1.4 V, which corresponded to the so-called
“carrier protocol” (see the “Experimental” section), was
performed to assess the resistance of electrocatalysts to deg-
radation. It is known that during the cycling of the potential
in this range, the degradation of the electrocatalyst is largely
associated with the corrosion of the carbon support, their
oxidation being catalyzed by platinum NPs at the contact
points [31, 32]. The test results showed that an increase in the
mass fraction of tin oxide on the whole lead to an increase in
the relative stability of electrocatalysts (Fig.9a), which was
apparently due to an increase in the fraction of platinum NPs
associated with SnO. Note that even a small addition of tin
oxide (4% wt.) lead to an almost twofold increase in relative
stability in regard to the commercial catalyst. As a result,
the commercial material that showed the highest ECSA
before the stress test had the lowest ECSA after the stress
test (Fig. 9).
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Measurement of the catalyst activity in the ORR before
and after stress testing showed that the most active samples
after the stress test are samples S25P and S29P (Table 3).
For these catalysts, the decrease in the half-wave potential
due to degradation was 30 and 40 mV, respectively. Note
that an increase in relative stability is observed with an
increase in the mass fraction of tin dioxide, which follows
from the comparison of values for both ECSA and kinetic
currents. However, relatively low kinetic currents before
and after the stress test do not allow the S42P sample to
be considered the best one in the given series. This result
correlates well with the data of Na Zhang et al. [17], who
observed a positive effect of SnO, on the stability of sup-
ported platinum electrocatalysts under “soft” stress testing
conditions.

Thus, the results of this study showed that the deposition of
platinum nanoparticles on a composite nanostructured support
SnO,/C has a positive effect on the functional characteristics of
electrocatalysts. The most promising materials are those contain-
ing 25-30% of tin dioxide, which is most likely associated with
the largest fraction of platinum NPs involved in the formation of
the three-boundary / \ contacts. A further increase in the

027
mass fraction of tin d10x1de in the catalyst, although accompa-
nied by an increase in stability, leads to a decrease in the catalyst
activity in the ORR.
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Conclusions

Tin nanoparticles, spontaneously oxidized to SnO, by the
components of the solution and by atmospheric oxygen, were
formed on the surface of the carbon particles in suspension
by the method of electrodeposition. As a result, composite
SnO,/C materials were obtained, which contained from 4
to 40% of tin dioxide in the form of uniformly distributed
small-sized NPs with an average diameter of less than 3 nm.

Pt/(SnO,/C) catalysts, in which platinum NPs maintain elec-
trical contact with carbon due to the small size of the tin dioxide
NPs, were synthesized by chemical reduction of Pt (IV) on the
particles of electrolytically obtained SnO,/C support. Electro-
chemically active surface area of platinum in most Pt/(SnO,/C)
catalysts containing 20 wt. Pt was close to 90 m?/g (Pt). Modi-
fication of the carbon support with the tin oxide nanoparticles
made it possible to increase the corrosion-morphological stabil-
ity of the catalysts under the voltammetric stress testing in the
potential range of 0.6-1.4 V and positively affected the cata-
lysts activity in ORR, when supports containing 25-29% wt. of
SnO wt. of SnO V and positively affected the catalysts activity
in ORR, when supports containing 25-29% wt. of SnO, were
used. The reason for the positive effect of SnO, on the catalyst
activity and stability is apparently due to the presence of the
three-phase contacts, in which platinum nanoparticles get in
touch with both tin oxide nanoparticles and the surface of the
carbon support.
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