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Abstract

Platinum-carbon catalysts are widely used in manufacturing proton-exchange membrane fuel
cells. Increasing Pt/C activity and stability is an urgent task, optimization of their structure seems to be
one of the possible solutions. In the present paper, Pt/C electrocatalysts which contained small (2 - 2.6
nm) nanoparticles of a similar size, uniformly distributed over the surface of a carbon support, were
obtained by the original method of liquid-phase synthesis. A comparative study of the structural
characteristics, catalytic activity in the oxygen electroreduction reaction and durability of the
synthesized catalysts, as well as their commercial analogs has been carried out. It was shown that the
ordering of the structural and morphological characteristics of Pt/C catalysts makes it possible to reduce
the negative effect of NPs small size on their stability. As a result, the obtained catalysts are
significantly superior to their commercial analogs in ORR activity, but not inferior to them in terms of
stability.

Keywords Electrocatalyst, Morphology Control, Oxygen reduction reaction, Platinum

Nanoparticles, Size Distribution

Introduction
Nowadays low-temperature proton exchange membrane (PEMFC) fuel cells are gaining wider

application. This is due to their environmental friendliness, low operating temperature, high
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adaptability of specific characteristics [1-3]. The key components of PEMFC membrane-electrode
assemblies (MEA) are the proton-exchange polymer membrane and porous electrode layers, in which
current-forming reactions of oxygen electroreduction (ORR) and hydrogen oxidation or an organic
reducing agent oxidation, e.g. methanol, occur [4, 5]. The need in carrying out high rate electrode
reactions requires electrocatalysts, platinum nanoparticles or its alloys (NPs), deposited mainly on
nano/microparticles of carbon supports being the best choice [6-8]. The most important functional
characteristics of the catalytic layers are their activity in the corresponding reactions and stability,
which reflects the ability to maintain its activity during operation. These characteristics depend on the
PEMFC operating conditions, the composition and structure of the catalytic layers, and the catalysts
themselves [9].

Platinum-carbon catalysts, whose composition and structure determine their functional
characteristics, make up the key component of MEA catalytic layers. Of particular importance is the
study of the catalyst electrochemical behavior in the ORR, since it is at the cathode that strong
polarization and pronounced degradation of the catalyst take place. Such a degradation occurs as a
result of both the operation at high anodic potentials and the effect of aggressive oxygen-containing
intermediates, which are formed during the multistage oxygen electroreduction reaction. When
comparing platinum catalysts based on the same carbon support, differences in their electrochemical
behavior are determined by the difference in the composition (Pt-loading in Pt/C), structure (shape and
size of the platinum NPs, dispersion of their size and features of spatial distributions, and the strength
of NPs adhesion to the support [10]. The latter is likely to depend on the method/conditions of the
synthesis [11].

The number of publications related to the effect of the Pt/C catalysts structure on their activity,
primarily in ORR, is rather large. Nevertheless, more and more new papers, specifying the peculiarities
of such an influence, are being published every year. Initially, most researchers were inclined to believe
that a decrease in the size of nanoparticles is accompanied by a significant decrease in the platinum
specific surface activity. K. Kinoshita was one of the first to obtain such results [12]. As a first

approximation, specific activity of platinum in the catalyst, being referred to the unit mass of the metal



Imass (Mass activity), is determined as a product of the electrochemically active surface area (ESA)
multiplied by the specific activity (lsp) of platinum:

Lngss = ESA * I, (D).

It was found that with the increase in the ESA, the ORR mass activity of Pt/C passed through a
flat maximum in the ESA values range of 60-90 m? g}(Pt), which was explained by the inverse
dependence of each factor in formula (1) on the size of platinum NPs [13]. Later it was shown that the
effect of the platinum NPs size on the specific surface activity was much weaker than it seemed to be
at first. For example, according to the results [14], with a decrease in the average size of platinum
nanoparticles from 5-6 nm to 1-2 nm, the specific ORR activity of Pt/C decreased no more than 2 times.
In this case, an increase in ESA due to a decrease in the NPs size can prevail over a decrease in Isp and,
according to Eq. (1), leads to an increase in the mass activity of Pt/C catalysts containing ultra-small
platinum NPs. For example, in [15, 16] the authors succeeded in obtaining Pt/C electrocatalysts based
on ultra-small platinum NPs, which demonstrate a higher ORR mass activity in comparison with
widespread commercial Pt/C analogs. In fact, different sites of NPs surface have different specific
activities in the ORR [17], as a result the control of the NP shape, leading to an increase in the
proportion of more active areas, can lead to a significant increase in the Pt/C activity [18]. Moreover,
according to the calculations in [19], NP of each size can have its own optimal shape, which provides
the highest ORR mass activity. Nevertheless, it is important to take into account that real Pt/C catalysts
contain nanoparticles of different sizes. Control over the size of the particles can cause the change in
their shape, which, in turn, can result in the formation of maximum on the curves of activity dependence
on the average NPs size [20].

The effect of Pt/C catalysts structure on durability has been less studied than the effect on ORR
activity. To assess the catalysts stability, one requires much longer testing than to evaluate their
activity. Moreover, the correlation between the results of evaluating catalysts durability obtained
during accelerated stress testing and the use of fuel cells in real practice is far from being perfect.
Therefore, along with the study of the certain factors influence on the catalyst stability, the search for
the optimal methods and conditions for stress testing in an electrochemical cell is still progress.
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Degradation of electrocatalysts is a highly complex process and it can proceed in accordance with
different mechanisms [9]. It has been established that the regression of the Pt/C functional
characteristics can be associated with different reasons: dissolution of small platinum nanoparticles
(less than 3 nm in size) [14, 21]; reprecipitation of platinum from small nanoparticles into larger ones
[14, 22, 23]; agglomeration of nanoparticles in the process of their surface diffusion [9, 23]; a change
in the shape of the nanoparticles [4, 24]. It can be due to the oxidation of the carbon carrier, which
causes the detachment of platinum nanoparticles and the loss of their contact with the support [25, 26,
27], as well as the isolation of particles by adsorbed carbon monoxide released due to carbon oxidation
[28-31]. Each of the mechanisms described above can play a greater or smaller role, depending on the
conditions of the catalysts testing, the features of their composition and structure [32].

When the same support is used, the stability of Pt/C catalysts during their operation is affected
primarily by the mass fraction of the metal and the size of the nanoparticles [33, 34]. Catalysts stability,
as a rule, increases with increasing NPs size [14, 33-38]. The probability of agglomeration and
coalescence of NPs during stress testing also decreases with an increase in the average distance between
platinum NPs in catalysts, an increase in their stability being the result [14]. Apparently, a relatively
high stability of the small-sized systems is possible when the platinum NPs are close in size and their
distribution is uniform over the surface of the carbon support [36, 39-42]. For example, as it is shown
in [42], the growth of the nanoparticles during the catalyst operation accelerates when large and small
NPs are localized in the same regions of the support surface, and it slows down if the catalytic layer is
formed from an ordinary mixture of two catalysts with small and large nanoparticles, respectively.

The need to reduce the content of expensive platinum in the catalysts, forces researchers to follow
the path of reducing the size of NPs. However, the opposite effect of the NP size on the mass activity
and stability of the catalysts, forces us to seek a compromise or, in other words, to seek structures with
an optimal combination of the catalyst activity and stability. In this regard, of particular interest are the
methods for the synthesis of catalysts, which make it possible to obtain materials that combine small
size of the nanoparticles, their narrow dimensional and ordered spatial distribution over the surface and

pores of support.



This study is based on the hypothesis that Pt/C catalysts containing small nanoparticles which
are close in size, uniformly distributed over the surface of a carbon support, can be both more active
and more stable than catalysts based on larger particles, but with less uniformity of dimensional and
spatial distribution.

Thus, the aim of this study was to obtain Pt/C catalysts containing small NPs narrow in size and
with uniform spatial distributions and to compare the ORR activity and stability of the obtained
catalysts and conventional analogs containing NPs of a larger size, but with the less ordered
dimensionally-structural characteristics. Taking into account the above requirement, we have chosen

commercial catalysts that are widely used both in research and in fuel cells manufacture.

Results and Discussion

The X-ray diffraction patterns of the catalysts that we have synthesized, and the commercial
analogs with different platinum contents have a similar shape, typical for Pt/C materials (Fig. 1). The
presence of the nanosized platinum crystallites causes broadening of the characteristic maxima of
platinum. The broadening increases with a decrease in the Dayv. The results of calculating the Dav values

according to the Scherrer equation are shown in Table 1.
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Figure 1: X-ray diffraction patterns of Pt/C materials.
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Table 1: Parameters characterizing the composition and structure of Pt/C catalysts

Pt-loading in Pt/C, Average -
] Average Specific Average
o(Pt), wt. % crystallites _ )
] NPs size, | number of distance
Sample diameter,
_ Dnp, Nm NPs, between NPs,
Theoretical | Actual Dav, Nm
(TEM) | N, 10®m? A, nm
(XRD)
G20 20 20.4£0.6 1.2 2.0 9.6 8.0
Gas 25 24.7 £ 0.7 1.2 - - -
Gao 30 30.9+0.9 1.3 2.6 9.8 7.4
Gss 35 34.0+1.0 1.3 - - -
Guao 40 39.0+1.2 1.3 2.6 13.0 6.2
JM2o - 20.0+0.6 2.5 2.7 4.5 12.2
JMao - 400+ 1.2 3.7 3.7 7.6 9.9




The mass fraction of platinum in the obtained materials ranged from 20.4 wt. % (G20) to 39 wt.%
(G40). The average crystallite size in the catalysts was from 1.2 nm (samples G20, G25) to 1.3 nm
(G30, G35, G40) (Table 2). Selective electron microscopic study of the synthesized materials (Fig. 2)
showed that with an increase in the Pt-loading in the catalysts, the average nanoparticle size also
increased from 2 nm (G20) to 2.6 nm (G30, G40).

The difference in the sizes of nanoparticles (crystallites) determined from the results of X-ray
diffractometry and TEM is typical for nanostructured Pt/C materials. It is due to several factors: the
difference in the principles of calculation which serve the basis for the corresponding methods of
research [43], the possible contribution of NPs structural defects to the broadening of the X-ray
diffraction patterns maxima [44], and problems of ultra-small particles recognition in TEM
micrographs. In the commercial catalysts JIM20 and JM40, their composition being similar to that of
G20 and G40, the average crystallite size is 2.5 and 3.7 nm, and the average NP size is 2.7 and 3.7 nm,
respectively. Comparison of the NPs size distribution histograms indicates that in the synthesized Pt/C
catalysts the smaller size of NPs is combined with their size distribution, which is narrower than that
in commercial reference samples (Fig. 2). For example, in sample G20, 92% of NPs have the size of
2.0 £ 0.5 nm, while in the commercial analog JM20 they have the size of 2.75 £ 0.75 nm (Fig. 3). A

similar difference is observed when we compared G40 and JM40 analog (Fig. 2).
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Figure 2: Micrographs of Pt/C samples of catalysts G20 (a, b), G30 (c, d), G40 (e, f), IM20 (g, h)

and JM4O0 (i, j) and histograms of the nanoparticles size distribution in the corresponding materials.

We estimated the ordering of the spatial NPs distribution over the support surface. To this end,

for each Pt/M material in TEM micrographs, we calculated the fraction of NPs not being in contact



(non overlapping) with other NPs or being in contact with one, two, or three other NPs. In this case,
with the assumption that the smaller the number of intersections of NP images in the micrographs is,
the more ordered NPs are distributed over the carrier surface. Disadvantages of such a simplified
system used for analyzing the distribution uniformity are due to the following reasons: i) need to
analyze the structure of a three-dimensional object from its two-dimensional image, and ii)
consideration of intersections, in the case when NPs are located on the lower and upper parts of the
carbon particle but only their images overlap. Nevertheless, even such a comparison proves to be
useful, especially in the case of comparing Pt/C materials with a similar specific number of
nanoparticles per unit of surface. The histograms of the NPs distribution by the number of intersections

for different samples are shown in Fig. 3a-e.
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Figure 3: Histograms of the nanoparticles distribution by the number of intersections with
"neighbors" (a-e) and a schematic representation of the spherical nanoparticles location within the

geometric model (). See the text below for additional explanations.

In the samples with the measured NPs size, the average distance between the nanoparticles was
calculated using a simplified geometric model. It was assumed that spherical particles of the same size

are uniformly distributed on the flat surface of the carrier. Within the framework of the model, one can



describe the geometry of NPs distribution having surrounded them with a region of a certain radius R,
its value depending on the radius of NPs (r) and the distance between them () (Fig. 3, f).
To determine the values of parameters R and A, the number of nanoparticles per 1 m? of the carbon

support was calculated:

_ m(Pt)
Nyp = m(NP)*S(C) (2),

where m(Pt) is the mass of platinum applied to 1 g of carbon support,
m(NP) is the mass of one spherical platinum particle (g),
S(C) is the surface area of the carbon support (m? g*), equal to 250 m? g.

The mass of a spherical particle is determined by its size:
m(NP) = %m‘P’p (3),
where p is the platinum density (21.45 * 10 g m™).

R was calculated according to the formula:

0.5

R= o ().

The average distance between nanoparticles (A) was calculated by the formula:

A=2(R-r) (5).

The results of the model calculation of the specific number of NPs and the average distance between
NPs for the studied catalysts are shown in Table 1.

Characteristics analysis of the platinum NPs spatial distribution carried out in accordance with
the results of the TEM micrographs processing (Fig. 2a—e), indicates a greater uniformity of the spatial
distribution of platinum NPs in the G series catalysts as compared to the JM20 and JM40 samples. For
example, in catalysts G20 and G40, 57% and 42% of NPs, respectively, are not adjacent to their
“neighbors”. At the same time, in commercial samples JM20 and JM40 of similar composition, the
proportion of such NPs is only 40% and 26%, respectively. The share of NPs that has one or more
intersections with "neighbors™ grows in the series G20 (43%) <G30 (52%) <G40 (58%) <JM20 (60%)
<JM40 (74%). It is important that, due to the large average size and average mass of NPs in commercial

samples, the specific number of such particles is somewhat smaller, and the average distance between
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NPs, calculated within the framework of a simplified model, is slightly larger than that for NPs in
catalysts G20, G30, and G40 (Table 1). This means that there are no geometric reasons that could cause
a lower ordering of NPs spatial distribution on the surface of a carbon support in commercial Pt/C
catalysts.

Thus, the original procedure used for the synthesis of Pt/C catalysts made it possible to
successfully solve the first of the tasks posed in this study - to obtain Pt/C materials characterized by a
smaller size of nanoparticles, their narrower dimensional and more uniform spatial distribution over
the surface of the Vulcan XC-72 carbon support, as compared with the commercial electrocatalysts
JM20 and JM40.

The cyclic voltammograms of Pt/C catalysts have a characteristic form (Fig. 4). As the content
of platinum in the catalysts increases, the specific currents decrease in all sections of the CVs (Fig. 4).
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Figure 4: Cyclic voltammograms of Pt/C samples. Sweep rate 20 mV s*. 2nd cycle.

Electrolyte - 0.1 M HCIOg4 solution saturated with Ar at atmospheric pressure.

The calculation based on the amount of electricity consumed for the electrochemical adsorption
and desorption of an atomic hydrogen monolayer showed that an increase in the Pt-loading in the
obtained samples (from 20.4 wt.% to 39 wt.%) leads to a decrease in the ESA (from 120 to
88 m? g}(Pt)) (Table 2), which is due to both an increase in the average size and an increase in NPs

coalescence (Table 1, Fig. 3).
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Table 2: Parameters characterizing electrochemical behavior of Pt/C catalysts

sample ESA, m?g Eip, V Number | lImass, A g o, A M(PY
L(Pt) (at 1600 rpm) of & L(Pt)

G20 120+ 12 0.92 3.8 250 2.1

Gas 116 £12 0.93 4.1 220 1.9

Gso 98+ 10 0.92 4.1 208 2.1

Gss 93+9 0.92 3.9 194 2.1

Gao 88+9 0.94 4.0 186 2.1
JM20 84+8 0.91 3.9 182 2.2
JM40 65+7 0.92 4.0 122 1.9

When comparing the synthesized and commercial catalysts of the same composition, one can see that
the ESA of JM catalysts is lower than G (Table 2), which is due to the difference in their structural
characteristics described above (Table 1). The commercial catalyst JM40 has the minimal ESA value
(Table 2).

The study of the ORR kinetics, carried out by the method of linear voltammetry using RDE (Fig.
5), showed that ORR proceeds according to the 4-electronic mechanism on all catalysts (Table 2). The
values of the half-wave potential of oxygen electroreduction vary for the studied catalysts in the range
from 0.91 V (JM20) to 0.94 V (G40) (Table 2). Note that the values of the specific kinetic currents of
all catalysts are very close and amount to 2.05 + 0.15 A m (Pt) (Table 2). This suggests that a change
in the size of the nanoparticles in the range from 2.0 to 3.1 nm does not affect the specific activity of
platinum in ORR. The key factor, which determines mass activity of the catalysts under these
conditions, is the ESA. As the ESA grows in the series G40 <G35 <G30 <G25 <G20, the mass activity
of the synthesized catalysts also increases (Table 2). Note that the mass activity of sample G20 is
almost 1.5 times higher than that of JM20, a commercial analog with a similar platinum content (Table

2).
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Figure 5: (a) Linear voltammograms of the ORR. The rotation speed of the disk is 1600 rpm™;
(b) j* - @ %° dependence at 0.90 V potential. The rate of the potential sweep is 20 mV s, 0.1 M

HCIO4 solution saturated O at atmospheric pressure.

During stress testing of the catalysts, a regular decrease in currents occurs which is more
pronounced in the oxygen region of the CV (Fig. 6). Interestingly, the value of relative stability of the
G series catalysts was found to be the same, independent of either the mass fraction of platinum in the
catalysts or the average NPs size (Table 3). Despite the larger size of platinum nanoparticles in
commercial catalysts, their relative stability turned out to be somewhat lower than that in the samples
we synthesized. Apparently, the higher ordering of the catalyst structure compensates for the negative
effect of the smaller NP size on the process of their degradation. According to [14, 34], the decrease in
ESA and the activity of catalysts during the cycling of the potential in the range of 0.6 - 1.0 V is largely

due to the processes of platinum reprecipitation and coalescence of NPs.
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Figure 6: Cyclic voltammograms of (a) G40 and (b) JM40 catalysts measured at a potential

sweep rate of 20 mV s for every 500 stress test cycles. Electrolyte is 0.1 M HCIO4, Ar atmosphere.

It is obvious that the proximity of the NP sizes and the uniformity of their distribution should slow
down the course of these negative phenomena. As we have already noted, the positive role of proximity
of the NP sizes located in adjacent regions of the catalyst with regard to its stability was demonstrated
in [42].

On completion of the stress test, a decrease is observed in the specific activity of the catalysts in
ORR, which is most pronounced for samples with a low platinum loading - IM20 and G20. This follows
from the comparison of voltammograms (Fig. 7), the values of the specific kinetic currents of ORR on

the studied catalysts before (Table 2) and after (Table 3) the completion of the stress test.
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Figure 7: Dependence of the catalysts ESA on the number of stress test cycles.

The relationship between the ORR mass activity of the catalysts with specific activity and ESA can be
expressed by the formula [38]:

Imass = X (I Ok )ESA (6),

where I, is the specific activity of the NP surface areas (faces, edges, etc.) of the k-type, Ok is the
fraction of the nanoparticle surface belonging to the k-type areas. Taking into account platinum
nanoparticles with the different number of catalytically active sites on their surface (different types of

faces, edges, vertices, steps, etc.), it can be assumed that the smaller the amount of platinum is

14



contained in the catalytic layer, the faster the proportion of the most active sites decreases during stress
testing of the catalysts. Since platinum NPs in samples G20 - G40 have a similar size, and the number
of NPs in the catalytic layer increases with an increase in the platinum loading in the catalyst during

the test, a much larger amount of oxygen is reduced in catalyst G20 at each NP than in catalyst G40.

Table 3: Parameters characterizing the behavior of electrocatalysts on completion of the stress

test
Electric current at
Sampl | ESAsoo, | ESAsoo/ESA | Numbe =00V Evz, | 19°%ass/ Prnass,
e m? g 0, % re I:\ass_’ Isp, \Y; %
1(;;]) A m2(Pt)
G2o 103 86 3.9 118 1.2 0.89 47
Gos 100 86 3.8 132 1.3 0.91 60
G3o 84 86 3.7 155 1.8 0.92 75
Gss 80 86 3.5 145 1.8 0.92 75
Gao 76 86 4.2 130 1.7 0.93 70
JM20 69 82 4.3 60 0.9 0.88 33
JM40 55 82 3.6 83 1.5 0.90 69

As a result, reorganization of the NPs structure, accompanied by a decrease in the proportion of the
most catalytically active faces, is more pronounced with G20 catalyst than G40 catalyst. At the same
time, the total surface area of NPs does not change very much because of the structural reorganization
(Tables 2 and 3), which one can see when CVs in their “hydrogen” region before and after the stress
test are compared (Fig. 7). This determines proximity of the relative stability values, calculated from
the ESA ratio. Another reason for the platinum loading effect (the number of NPs in the catalytic layer)
on the change in the catalysts activity may be the poisoning of active centers by impurities contained
in the solution and in the carbon support. Prior to measurements, identical amount (about 0.036 mg) of
each catalyst was applied to the end of the disk electrode (see Experimental section). Taking into

account the Pt-loading in the catalysts and the corresponding ESA values (Tables 1 and 2), it is easy to
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calculate that the ESA in the initially formed catalytic layers was approximately 8.8 cm? for G20 and
12.4 cm? for G40. Obviously, with the identical quantity of impurities contained in the solution, the
poisoning of the active centers should be more pronounced on catalyst G20, because it is here that a
more significant decrease in the ORR specific activity is observed.

On completion of stress testing, the ORR mass activity of the catalysts increases in the following
order: IM20<JM40<G20<G40<G25 <G35<G30 (Table 3). The change in the form of voltammograms
before and after stress testing is clearly shown in Figure S4. A decrease in the value of E1; is observed
for all materials, but it is more pronounced for samples G20 and JM20, and less pronounced for - G30,
G35, G40 (Fig. S4, Table 3).

Due to the changes in the structural characteristics of the catalysts, values of all three parameters
in equation (6) can change in a different way during stress tests of each sample. This may be the reason
for some change of the catalysts location in the row of increased mass activity, as compared to their
location in the same row before stress tests. Nevertheless, on completion of the stress test, all of the
studied G series catalysts remained more active in the ORR compared to the commercial JM20 and
JMA40 catalysts.

The change in the ESA absolute values during stress testing, shown in Fig. 7 is described by the
linear dependence (see the correlation coefficients in Table 4). In the series of catalysts G20 - G40, the
rate of ESA reduction, calculated by the tangent of the slope formed by the straight lines, decreases
with an increase in the Pt-loading in the materials (Table 4). In this case, values of the ESA rate
decrease are very close in catalysts with identical Pt-loading - G20 and JM20; G40 and GM40,
respectively (Table 4). However, since the initial ESA for catalysts G20 and G40 are significantly
higher than that of JM20 and JM40, the synthesized catalysts G20 and G40 demonstrate higher mass

activity on completion of the stress test than their commercial analogs JM20 and JM40.

Table 4: Coefficients of the slope angle formed by the straight-line dependencies "ESA - cycles

number" and the correlation parameters of the linear dependence equation
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Correlation
o(Pt), | -k*10°, o
Sample coefficient,
wt.% m?
R2
G20 20.4 3691 0.882
Gas 24.6 2982 0.959
Gao 30.9 2945 0.987
Gas 34.0 2855 0.938
Gao 39.0 2545 0.888
JM20 20.0 3327 0.968
JM40 40.0 2655 0.984

Conclusion

Pt/C catalysts G20, G25, G30, G35, G40 containing from 20 to 39 wt% platinum with NPs of a
small size (from 2 to 2.6 nm), which demonstrated narrow and uniform size and spatial distribution on
the surface and in the pores of the carbon support Vulcan XC-72, were obtained by the liquid phase
synthesis.

Due to the smaller size and higher ordering of the NPs spatial distribution, G series catalysts are
characterized by higher ESA values (from 120 to 88 m? g}(Pt)) than commercial Pt/C catalysts JM20
and JM40 (Johnson Matthey) (84 and 67 m? g(Pt)), which contained 20 and 40 wt.% platinum,
respectively. The ORR specific activity of all Pt/C catalysts turned out to be approximately the same;
however, due to the higher ESA values, the mass activity of G20 and G40 significantly exceeded the
mass activity of the corresponding commercial samples JM20 and JM40.

Catalysts degradation was studied with the help of a stress test protocol, used in the "soft" mode,
in which voltammetric potential sweep cycles were performed in the range 0.6 - 1.0 V. It was shown
that the ESA decrease of catalysts during 5000 stress test cycles is fairly well described by a linear
regression equation. The rate of ESA decrease reduces, as the Pt-loading in the catalysts increases;
however, it is almost identical for the synthesized and commercial catalysts with similar Pt-loading -

G20 and JM20, G40 and JMA40, respectively. After stress testing, the catalysts mass activity decreases
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less than the ESA. Apparently, the degradation of catalysts is due not only to a decrease in the ESA,
but also to a decrease in the fraction of the nanocrystals surface, which belong to the regions with the
highest catalytic activity. At the same time, the mass activity of the G series catalysts exceeds the mass
activity of commercial analogs both before and after stress testing.

The results of this study show that Pt/C catalysts containing smaller nanoparticles can
significantly exceed the catalysts based on larger nanoparticles in terms of ORR mass activity, and they
are not inferior to them in stability. The reason for an unexpectedly high stability of catalysts containing
small nanoparticles is most likely in the ordering of their structure, which manifests itself in the
proximity of the nanoparticle sizes and uniformity of their distribution over the support surface. We
have to admit that various methods for synthesizing Pt/C can also have an effect upon the surface of
the carbon support and the strength of the platinum NPs adhesion to its surface. Thus, the positive
effects of the structural ordering can compensate for the size effect that has a negative influence on
NPs stability.

It is important to note that at a similar degradation rate (ESA decrease during the stress test) the
Pt/C catalysts, that we have synthesized, demonstrated ORR mass activity which exceeded mass
activity of commercial Pt/C analogs by about 30-60%, both in the initial state and on completion of the

stress test.

Experimental

Materials

The synthesis of Pt/C catalysts was carried out in the liquid phase according to the procedure
described in detail in [16]. Formaldehyde was used as a reducing agent; synthesis was carried out in an
atmosphere of carbon monoxide (I1). To obtain materials with different mass fractions of platinum, the
mass of the carbon support (Vulcan XC-72) was changed, initially having been added to the reaction

medium. The composition of the obtained catalysts is given in Table 1.
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Commercial Pt/C catalysts JIM20 and JM40 (HISPEC3000, 20 wt.% Pt; HISPEC4000, 40 wt.%
Pt, Johnson Matthey) were used as reference samples.

Methods for certifying the composition and structure of Pt/C materials

The Pt-loading in the studied samples was determined by the gravimetry method. Ceramic
crucibles were calcined to get constant weight at 800-850 °C, next they weighed after complete
cooling. Then, ~ 0.02 g of Pt/C material was placed in crucibles and kept in a muffle furnace at 800—
850 °C for 40 minutes. Crucibles with a non-combustible residue (Pt) were weighed after complete
cooling. The difference in weight was used to determine the metal content in the sample.

To study the structural characteristics of the obtained Pt/C materials, we used the powder
diffraction method. An ARL X TRA powder diffractometer with a Bragg-Brentano geometry (6-0),
CuKa radiation (A = 0.154056 nm) at room temperature, was used to record X-ray diffraction patterns.
X-ray diffraction patterns of the samples under study were recorded in the range of angles 5< 26 <90
degrees by the step-by-step scanning method with a detector movement step of 0.02 degree. The X-ray
diffraction patterns were processed with SciDavis software to properly extract the parameters of the
peaks, this being of particular significance when they overlapped in the case of the small size particles.
The average platinum crystallite size Day was calculated using the Scherrer equation, as described in
more detail in Supporting materials.

The size of platinum nanoparticles, the features of their size and spatial distributions were also
studied by transmission electron microscopy (TEM). TEM photographs were obtained using a JEOL
JEM F200 microscope (voltage 200 kV, current 12-15 pA, CFEG). To prepare a sample for
measurements, 0.5 mg of the catalyst was placed in 1 ml of isopropanol and dispersed by the ultrasound
for 10 minutes. A drop of the resulting suspension was applied to a standard copper mesh with a
diameter of 3.05 mm, covered with a layer of amorphous carbon 5-6 nm thick, next the sample was
dried in air at room temperature for 60 minutes. The histograms of the platinum nanoparticles size
distribution in the catalysts were plotted due to results of determining the sizes of at least 400 randomly
selected particles in the TEM images in different regions of the sample.

Electrochemical investigation
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Electrochemical measurements were performed in a three-electrode cell on a VersaSTAT3
potentiostat using a rotating disk electrode (RDE) (Pine Research Instruments, USA). Saturated silver
chloride electrode was used as a reference electrode. The potentials are given with regard to a reversible
hydrogen electrode (RHE).

A thin, porous catalyst layer was applied to the electrode using the so-called "catalytic ink". To
obtain a suspension of Pt/C catalysts ("catalytic ink"), 900 ul of isopropyl alcohol and 100 ul of a 0.5%
aqueous emulsion of Nafion® polymer were added to 6 mg of each sample. Then the suspension was
dispersed with the ultrasound for 15 minutes. Under continuous stirring, an aliquot of “ink” 6 pL in
volume was taken with a microdispenser and applied to the end of a polished and degreased glassy
carbon disk with an area of 0.196 cm?, the exact weight of the drop being recorded. The electrode was
dried in air for 20 minutes while rotating at 700 rpm.

Prior to measuring the electrochemically active surface area (ESA) of the catalyst, the electrolyte
was saturated with argon for 40 minutes. Then, 100 cycles were carried out in the potential range from
0.04 to 1.2 V relative to RHE. Potential sweep speed - 200 mV s,

The electrochemically active surface area (ESA) was determined from the cyclic voltammogram
by calculating the amount of electricity consumed for desorption (Qq) and adsorption (Qad) Of atomic
hydrogen, as described in more detail in Supporting materials. The voltammogram (CV) recording rate
was 20 mV s, the potential range was from 0.04 to 1.2 V relative to RHE.

To determine the catalysts ORR activity, the electrolyte was saturated with oxygen for 1 hour,
after which a series of voltammograms was measured in the range from 0.12 to 1.19 V with a linear
potential sweep at a rate of 20 mV s at electrode rotation speeds of 400, 900, 1600, and 2500 rpm.
The values of mass (Imass) and specific activity (Isp) were calculated for a potential of 0.90 V (RHE).

The method of multiple voltammetric cycling in the potential range of 0.6-1.0 V (RHE) with a
sweep rate of 100 mV s was chosen as a method for assessing the degree of electrocatalysts
degradation. Cycling was carried out in a 0.1 M HCIO4 solution saturated with argon at 25 °C for 5000

cycles. After every 500 cycles, two CVs were recorded at a potential sweep rate of 20 mV s in the
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potential range from 0.04 V to 1.2 V with respect to RHE to calculate the ESA as described above.

Detailed calculation of catalyst stability is given in Supporting materials.
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