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Abstract: Three 40 wt % Pt/C electrocatalysts prepared using two different approaches—the polyol
process and electrochemical dispersion of platinum under pulse alternating current—and a commercial
Pt/C catalyst (Johnson Matthey prod.) were examined via X-ray diffraction (XRD) and transmission
electron microscopy (TEM). The stability characteristics of the Pt/C catalysts were studied via
long-term cycling, revealing that, for all cycling modes, the best stability was achieved for the Pt/C
catalyst with the largest platinum nanoparticle sizes, which was synthesized via electrochemical
dispersion of platinum under pulse alternating current. Our results show that the mass and specific
electrocatalytic activities of Pt/C catalysts toward ethanol electrooxidation are determined by the
value of the electrochemically active Pt surface area in the catalysts.

Keywords: nanoparticles; platinum catalyst; synthesis method; polyol process; electrochemical
dispersion; alternating current; ethanol electrooxidation; electrocatalysis; fuel cell

1. Introduction

A vast amount of global experience has so far been accumulated in the creation of electrocatalytic
materials for solid polymer fuel elements. In particular, elucidating the effect of composition and type
(platinum or platinum-free systems) of catalyst [1,2], size and content of electroactive particles [3],
composition and structure of support [4,5], and parameters that determine the performance of the
catalyst at the nanolevel, i.e., adsorption site structure [6] or the presence of metal nanoparticle
defects [7], on the efficiency of materials involved in the electrocatalytic processes running in proton
exchange membrane fuel cells (PEMFCs) is within the scope of many relevant works.

In addition to the long-term study of platinum-free electrocatalytic systems [1,8,9], attempts are
still being made to reduce the platinum content in the materials via the creation of composites,
where platinum is partly replaced with a base metal (alloys or core–shell structures) [10–12].
So, real PEMFCs still operate on pure Pt/C catalysts with a large amount (40 wt % or higher) of
platinum.The above parameters that determine the performance of the electrocatalytic material can
be varied by making relevant changes in the synthesis route. Currently, Pt/C electrocatalysts can be
obtained using two main approaches. The first is the so-called “bottom-up” approach, where platinum
nanoparticles are produced via the chemical reduction of platinum ions to metal Pt particles using
impregnation and microemulsion methods [13]. The other is represented by the “top-down” ways,
where the formation of platinum particles is achieved by the fragmentation of bulk platinum to
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nanosized particles. Among these methods are ball-milling and laser ablation [14]. In other words,
all top-down methods today are based primarily on physical phenomena. The use of chemical
(or electrochemical) top-down methods for the synthesis of metal nanoparticles and, especially,
supported nanocatalysts is a rather rare phenomenon. Although the influence of the synthesis
conditions of Pt-based catalysts on their electrocatalytic activity has already been investigated in some
works [15,16], only impregnation and microemulsion approaches were taken into account for this goal;
that is, two chemical bottom-up methods were compared. Thus, in the present work, the properties
of Pt/C catalysts obtained by two methods, which are both chemical but belong to the two different
groups of methods (a top-down approach and a bottom-up approach), are compared for the first time.

2. Materials and Methods

2.1. Chemicals

In the presented work, the following chemicals and materials were used: hexachloroplatinic
acid hexahydrate, H2[PtCl6]·6H2O (ACS reagent, ≥37.50% Pt basis, Merck KGa, Darmstadt,
Germany); sodium borohydride, NaBH4 (ReagentPlus®, 99%, Sigma-Aldrich, USA); sodium hydroxide,
NaOH (BioXtra, ≥98%, Sigma-Aldrich, St. Louis, Mo., USA); ethylene glycol, C2H6O2 (ReagentPlus®,
≥99%, Sigma-Aldrich, USA); sulfuric acid, H2SO4 (99.999%, Sigma-Aldrich, USA); ethanol, CH3CH2OH
(95%, Sigma-Aldrich, USA); ammonium hydroxide solution, NH4OH (ACS reagent, 28.0–30.0% NH3

basis, Sigma-Aldrich); acetone, CH3COCH3 (ACS reagent, ≥99.5%, Sigma-Aldrich, USA); platinum foil
(thickness 0.5 mm, 99.99% trace metals basis, Sigma-Aldrich); and carbon, Black Vulcan XC 72R
(Fuel Cell Store ©, College Station, TX, USA). Nafion™ perfluorinated resin, aqueous dispersion
(10 wt % in H2O, eq. wt. 1000), was also used. All solutions were prepared fresh daily in deionized
water (purified by a Milli-Q water system).

2.2. Synthesis of Pt/C via the Polyol Process

A carbon support with a weight of 0.2 g and H2[PtCl6]·6H2O solution were added to an ethylene
glycol/water (75 mL/30 mL) organic mixture. The carbon support concentration in the electrolyte
solution was 2 g L−1. The suspension of carbon support in NaOH solution was homogenized under
ultrasound for 30 min. An aqueous ammonium solution was then added dropwise to achieve a solution
pH of 11; the mixture was stirred in a magnetic stirrer for another 30 min. After that, 15 mL of a freshly
prepared 0.5МNaBH4 solution was introduced under constant stirring (200 rpm); the mixture was then
stirred for 50 min. At the end of the synthesis, the suspension was filtered and washed repeatedly with
acetone and distilled water to achieve a neutral pH value. The powdered electrocatalyst was dried at a
temperature of 75 ◦C until constant weight was reached. The catalyst obtained by the polyol process
was marked as sample “CH”.

2.3. Synthesis of Pt/C via EDPAC

Synthesis of Pt/C via the electrochemical dispersion pulsed alternating current (EDPAC) technique
was carried out as follows. Two electrodes made of Pt foil, each with a surface area of 6 cm2, were placed
into the electrolyzer with Vulcan XC-72 carbon support suspended in 2M NaOH aqueous solution.
The carbon support concentration in the electrolyte solution was 2 g L−1. The suspension of carbon
support in the NaOH solution was stirred and cooled to 45–50 ◦C before synthesis. During the synthesis,
a pulsed alternating current with a density of 1 A/cm2 (frequency 50 Hz) was applied to the platinum
electrodes to disperse them into metal nanoparticles, as described in a previous work [17]. The synthesis
was carried out with constant stirring (200 rpm). The metal loading in the catalyst was controlled via
the synthesis time. At the end of the synthesis, the suspension was filtered and rinsed with distilled
water to achieve a neutral pH value. The electrocatalyst powder was then dried at a temperature of
75 ◦C until constant weight was accomplished. The catalyst obtained by the EDPAC method was
marked as sample “ED”.
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The platinum content in the synthesized Pt/C catalysts determined by thermogravimetry analysis.

2.4. Physical Characterization

Thermogravimetric measurements were made on a Mettler Toledo TGA/DSC 1 in the range of
303–1073 K at a heating rate of 10 K/min under an air atmosphere.

The X-ray diffraction (XRD) data were collected on a Bragg−Brentano D8 Advance Bruker
laboratory diffractometer (40 kV/30 mA Cu Kα radiation) equipped with a lynxEye XE detector.
The diffractograms were recorded in the angular range 2θ = 20–90 angle at a scan rate of 0.18 angle/min,
with an accumulation time of 5 s per spectrogram. A standard powdered LaB6 sample (NISTSRM660a)
was used to find the instrumental resolution function. The structural and microstructural characteristics
of the composites were determined using the Rietveld refinement technique with two sets of linear
combinations of spherical harmonics for the Laue class m3m. The background was simulated with
2θ−6 coefficients of a polynomial function.

The measurements via transmission electron microscopy were made by means of a JEOL JEM 1400
microscope at an accelerating voltage of 120 kV in the light field. The phase composition of powders
was determined from the electron diffraction patterns that were indexed using the crystallographic
database. Samples were prepared via dispersion in ethanol and exposed to ultrasound for 10 min.
A droplet with suspended particles was applied onto copper meshes covered with a carbon film
(Holey Carbon Grid). Once the alcohol had evaporated, the meshes were placed in the microscope for
further analysis.

2.5. Electrochemical Measurements

All electrochemical measurements were made using a standard three-electrode cell. A working
electrode was made following a technique described in a previous work [17]. A platinum wire was
used as the counter electrode, and an Ag/AgCl electrode was the reference electrode, although all
potentials in the study are given relative to a reversible hydrogen electrode (RHE). The voltages were
recalculated relative to the RHE using the Nernst equation and preliminarily measuring the pH values
of the solutions used in the experiments.

The electrochemically active surface area (ECSA) was evaluated via CO stripping.
The CОadsorption was performed in a pre-deaerated background electrolyte (0.5 M H2SO4) at
E = 0.3 V. The ECSA was calculated with respect to the charge used in CОads oxidation, given the fact
that its value to oxidize a monolayer of CO adsorbed on Pt is equal to 420 µC cm−2.

The electrocatalytic activity of the Pt/C catalysts was determined via cycling voltammetry
through ethanol electrochemical oxidation (0.5 M H2SO4 + 0.5 M EtOH). To characterize the specific
activity, the current was correlated with the electrochemically active surface area (cm2) of platinum.
The operation stability of the Pt/C electrocatalysts was evaluated via multiple cycling in 0.5МH2SO4 in
obedience to stress testing modes [18,19], and the relevant data are listed in Table 1.

Table 1. Experimental conditions for evaluation of the operation stability of the Pt/C catalysts during
cycling. The electrochemically active surface area (ECSA) during cycling was calculated using the
HUPD method.

Parameter Accelerated Ageing, Mode 1 Soft Ageing, Mode 2

Number of cycles 1500 5000
Electrolyte 0.5 М H2SO4 0.5 М H2SO4

Temperature (◦C) 22–23 22–23
Potential range (V) 0.05–1.35 0.6–1.0

Potential sweep rate (mV s−1) 50 100
ECSA measurement Every 100 cycles Every 500 cycles
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The microstructural and electrochemical characteristics of the ED and CH Pt/C catalysts were
compared with those of a commercial 40 wt % Pt/C catalyst (Johnson Matthey) that was marked as
sample “JM”.

3. Results and Discussion

3.1. Physical Characterization of Pt/C Electrocatalysts

All the synthesized Pt/C composites exhibited the presence of XRD reflexes corresponding to an
fcc lattice (Fm3m) of platinum, as observed in Figure 1a. The microstructural characteristics, as well
as the unit cell parameters of the catalysts, were found via Rietveld refinement of the diffractograms
(see Table 1). According to the results, we have the following:
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Figure 1. (a) XRD powder patterns of the Pt/C catalysts; (b) Particle size distribution of catalysts.
The blue line refers to the catalyst prepared by the electrochemical dispersion pulsed alternating current
technique (ED), the green curve is associated with commercial catalyst (JM), and the red curve is from
the catalyst obtained by the polyol process (CH).

(i) The average Dav value of the Pt nanoparticles in the samples ranges from 2.5 to 4.7 nm; in the
case of the ED catalyst prepared via the electrochemical method, the Dav value is almost twice as high
as those of the commercial catalyst and the CH sample obtained via the polyol process.

(ii) The unit cell parameter of the Pt/C nanoparticles is smaller than that for bulk Pt, reducing with
a decrease in Pt particle size on account of the size effect by analogy with a situation described in a
previous work [20].

(iii) The anisotropy factor R = D200/D111, determining the Pt nanoparticle shape [21], is almost
equal for all samples and refers to the R factor of a cuboctahedron.

(iv) The geometric surface area of the catalyst nanoparticles, calculated according to the technique
reported in a previous work [22], as well as the average size and particle size distribution are given in
Table 2. The particle size distributions are also shown in Figure 1b.

Table 2. XRD data of the Pt/C catalysts.

Sample ED CH JM

Dav (nm) 4.74 2.55 2.48
∆Dav 0.86 0.5 0.2

D111 (nm) 6.68 2.76 2.70
D200 (nm) 4.71 2.08 2.01
D200/D111 0.78 0.77 0.83
<D> (nm) 5.56 2.69 2.68
σ (nm) 3.49 1.63 1.69

Sgeom (m2 g−1) 28.13 59.96 58.14
a (Å) 3.9153 3.9133 3.9151
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It can be clearly seen in the TEM images (Figure 2a–c) of the catalysts that the most uniform
distribution of platinum nanoparticles over the carbon support surface was observed in the JM sample.
For the CH and JM composites, the Pt nanoparticle sizes were found by TEM to be 4.9 nm and 3.5 nm,
respectively, while the ED sample demonstrated an average Pt nanoparticle size of about 10.4 nm.
This may be due to a greater degree of agglomeration of platinum nanoparticles in the ED sample.
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Figure 2. (a)–(c) Transmission electron microscopy images and (d)–(f) platinum particle size
distributions in the Pt/C electrocatalysts: ED (a,d), CH (b,e), and JM (c,f) samples; a comparison
of Pt particle sizes (D111) evaluated via XRD and TEM (h); TGA of the ED, CH, and JM samples (i).

This tendency of Pt nanoparticle size variation depending on the catalyst synthesis conditions
coincides with the XRD results (Figure 2h). Meanwhile, the ratio of Pt nanoparticle sizes evaluated via
TEM to those provided by XRD (DTEM/DXRD) is much higher for the ED and CH composites than for
the JM sample. This is testimony to the higher degree of agglomeration of ED and CH as compared to
the commercial JM composite. That leads us to the following questions: What is the reason for such a
large difference in the degree of platinum agglomeration in Pt/C samples obtained via different ways?
Does it mean that agglomeration deteriorates the properties of the electrocatalyst?

Recall that the ED sample was produced via the “top-down” route, i.e., by the dispersion of
platinum electrodes in the electrochemical cell at high cathode potentials. To interpret the mechanism
of formation of platinum nanoparticles from bulk metal in the electrochemical system, we can offer the
following explanation: platinum dispersion through (i) the emergence of intermetallic compounds of
platinum with the electrolyte cation that is then decomposed by water (electrochemical dispersion) [17];
(ii) the formation of platinum anions stabilized with electrolyte cations that are precursors of platinum
nanoparticles (cathodic corrosion) [23].



Processes 2020, 8, 947 6 of 13

According to both approaches, platinum particles may form at only the cathode potentials.
However, the dispersion of platinum in previous works [17,24,25] was implemented using pulsed
electrolysis modes with short-term achievement of high anode potentials (>2 V) that make it possible
to form three forms of chemisorbed oxygen and phase platinum oxides, the presence of which
may simplify the intercalation of alkaline metal ions in the adsorption layer and thus increase the
reaction rate. At low platinum contents in Pt/Al2O3 catalysts, X-ray absorption spectroscopy (XAS)
revealed partly oxidized platinum nanoparticles PtOx [24] that were not detected in a Pt/C (20% Pt)
catalyst [17,25]. The important role of the anode current component, as well as that of the pH level of the
near-electrode layer in terms of anodic dilution of noble metals during electrochemical release of oxygen
was mentioned in several works published by Karl Mayrhofer’s scientific group [26–31]. The ability to
form colloidal Pt particles due to the formation of poorly soluble complexes [Ptδ+ . . . O2

δ−] on the
electrode surface during charge transfer involving molecular oxygen was also noted in [32].

Thus, in spite of differences in understanding the mechanisms of formation of platinum-group
metal nanoparticles via dispersion of a metallic electrode by electric current, it appears that the most
important feature of the EDPAC method of producing Pt/C catalysts is the ability to form platinum
nanoparticles in the near-electrode layer independently of the properties of the support. That, however,
favors the presence of agglomerated platinum particles in the ED sample (Figure 2h) and broadens the
platinum particle size distribution (Figures 1a and 2d).

Polyol synthesis of Pt/C catalysts using NaBH4 as a reducing agent is one of the most common
methods used to produce platinum-containing catalysts. The high reactivity of NaBH4 as a reducing
agent is among its most important benefits, allowing platinum to be reduced [33]. The use of ethylene
glycol during the synthesis is due to the ability of glycolic acid anions to adsorb on the platinum particles’
surface and to play the role of a stabilizing agent [34]. Regardless of the presence of a stabilizing agent,
the high rate of Pt reduction impedes efficient control of the phase formation processes, resulting in
nonuniform Pt nanoparticle distribution within a catalyst. Another reason for platinum agglomeration
during the polyol synthesis of Pt/C catalysts is the influence of the carbon support surface state.
As is known, the nature and state of the support exert a strong influence on the lattice strain, size,
and distribution of mono- and polymetallic platinum-group metal nanoparticles [35–37].

Thus, in spite of the fact that both syntheses were carried out under identical hydrodynamic
conditions, the degrees of agglomeration of Pt nanoparticles in the catalysts are different, which is due
to the fundamentally different mechanisms of Pt nanoparticle formation during the polyol process and
EDPAC synthesis.

According to TEM data, the commercial JM catalyst exhibits a uniform distribution of Pt
nanoparticles within the support surface and a narrow nanoparticle size distribution (Figure 2c,f,h).
In addition, with a decrease in the size of Pt nanoparticles in the catalyst, the temperature of the
onset of thermal oxidation of carbon also decreased during thermogravimetric analysis of the Pt/C
sample (Figure 2i). It should be also noted that the platinum content in the synthesized Pt/C catalysts
determined by thermogravimetry was 40 ± 1 wt %.

The presence of platinum agglomerates in the ED catalyst reduces the electrochemically active
surface area (ECSA) of ED. Only a part of the platinum surface participates in redox processes,
decreasing the mass activity of the catalyst. Meanwhile, studies [38,39] have revealed a positive effect
of agglomerated Pt particles on the kinetics of CОoxidation, due to the fact that OH and CO species
participating in the reaction are adsorbed on different nanoparticles, resulting in inter-particle processes.

3.2. Electrochemical Measurements

The electrochemically active surface area (ECSA) is one of most important characteristics of Pt/C
electrocatalysts. To evaluate the surface area of porous materials, there is a frequently used method
based on physical adsorption of nitrogen, the so-called Brunauer–Emmett–Teller BET method [40].
However, for Pt/C catalysts, most important is the surface area of the platinum particles, on which an
electrochemical reaction is possible [41].
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Among the most popular electrochemical methods for evaluation of the ECSA in Pt/C
electrocatalysts is hydrogen underpotential deposition (HUPD) [42]. Typically, to determine the
ECSA with respect to the charge involved in hydrogen desorption (via the HUPD method),
cyclic voltammograms are recorded in different potential ranges [43]. Figure 3a displays part of the
cyclic voltammogram (CV) curves (sample CН) for the Н2 adsorption/desorption region, acquired in
0.5 M H2SO4 under nitrogen in potential ranges of 0.03–1.3 V and 0.05–1.3 V vs. RHE. Even a slight
shift in the cyclic potential boundary by 20 mV to the cathode range alters the ECSA value (the shaded
area in Figure 3a), i.e., this method brings some experimental errors, which leads to an increase in the
ECSA for Pt/C electrocatalysts (Table 2). Moreover, the accuracy in determining the ECSA via the HUPD

method may decrease because of a spill-over effect based on the transition (surface diffusion) of poorly
adsorbed hydrogen from the Pt surface to the carbon support surface, resulting in a smaller amount of
electricity consumed for adsorption/desorption of H2 and, consequently, in a lower ECSA value.
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For this reason, the ECSAs of the Pt/C electrocatalysts were evaluated using CO stripping
(Figure 3b,c). CO stripping is the most commonly discussed electrocatalytic reaction [44–48].
The mechanism of electrooxidation of CОon a Pt surface is described by the Langmuir–Hinshelwood
mechanism. The ECSA is determined with respect to the charge involved in CОads oxidation, given that
the oxidation of a CO monolayer adsorbed on Pt requires a value of 420 µC cm−2.

It was observed that the ECSA increased with decreasing Pt particle size in the catalyst at all
degrees of particle agglomeration (Table 3, Figure 2h). The highest ECSA value was for the commercial
JM catalyst at 26 ± 0.5 m2 g−1. It should be noted that in various studies (Table 3), the ECSA values
of the JM catalyst (40 wt % Pt) differed from each other by more than a factor of 10 (from 18 to
190 m2 g−1), despite the fact that quite similar procedures were used to prepare the “catalytic inks”
and working electrodes.

It is worth mentioning that the Eonset and Epeak values behave as a function of the average platinum
nanoparticle size, being the highest for the JM Pt/C catalyst. This dependence seems to be due to a rise
in the binding energy of CОand the Pt surface with decreasing Pt nanoparticle size [48]. Among other
reasons could be the difference in the degree of surface defectiveness of the particles that are the active
centers for OHads adsorption and the variance in COads surface mobility [45,48].
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The most important functional feature of Pt/C electrocatalysts is their operation stability,
maintaining stability of their ECSA. Degradation of a Pt/C electrocatalyst can be due to the dilution of
platinum nanoparticles, their agglomeration and isolation by the ionomer, or oxidation of the carbon
support [19,49,50]. The operation stability of the Pt/C electrocatalysts was evaluated using express tests
in different voltammetric cyclic modes. The cyclic conditions corresponding to express testing modes
were applied in this work [18,19] to study the operation stability of the electrocatalysts (Table 1).

During cycling of the Pt/C catalysts in Mode 1, the relative change in ECSA was 47% (ED) to 17.8%
(CH). The ECSA of the ED sample decreased in a monotonic manner (Figure 4a), while the CH and JM
samples exhibited high rates of degradation. The CНand JM composites lost more than 80% of their
electrochemically active surface areas, with surface area losses of more than 40% at 500 cycles.

A similar tendency was observed during cycling in Mode 2. It is worth mentioning that the ECSA
of the ED sample in this cycling mode reached a maximum value by only the 1000th cycle, which is
due to the presence of partly oxidized Pt nanoparticles obtained via electrochemical dispersion [17,51]
and, consequently, to slower catalytic activity upon cycling in a narrow potential range.

Table 3. Comparative ECSA values of Pt/C electrocatalysts obtained by polyol methods and the
commercial JM catalyst in different labs.

Sample Preparation Method Particle Size, nm ECSA (m2 g−1)/Technique Ref.

JM (40 wt % Pt/C)

3.0 50.9/HUPD [52]
3.5 46.4/HUPD [53]
- 39.4/HUPD [54]

3.1 49 ± 1/HUPD [55]
4.6 60.8/HUPD [56]
3.0 74.5/CO stripping [57]
3.5 29.0/HUPD [58]
- 63.9/HUPD [59]

3.09 43.9/HUPD [60]
3.0 54.21/HUPD [61]
3.0 46.4/HUPD [62]
5.1 18.17/HUPD [63]
3.4 36.3/HUPD [64]

3.76 190.0/HUPD [65]
3.5 18.0 ± 0.1/HUPD

1 This work
22.0 ± 0.2/HUPD

2 This work
26.0 ± 0.5/CO stripping 3 This work

30 wt % Pt/C/polyol process 3.6 - [66]
19 wt % Pt/C/polyol process 2.0 99.0 ± 10/HUPD [67]
40 wt % Pt/C/polyol process 2.9 - [68]

40 wt % Pt/C/microwave-assisted polyol synthesis 2.6 ± 0.7 - [69]
40 wt % Pt/C/polyol synthesis 3.1 58.6/HUPD [49]
40 wt % Pt/C/polyol synthesis 2.9 53.0/HUPD [34]

CH (40 wt% Pt/C)/polyol synthesis 2.55 (XRD)
13.0 ± 0.1/HUPD

1 This work
15.0 ± 0.2/HUPD

2 This work
22.0 ± 0.2/CO stripping 3 This work

1 Potential range of 0.05–1.30 V; 2 Potential range of 0.03–1.26 V; 3 Eads = 0.3 V vs. RHE.

The electrocatalytic activity of the Pt/C catalysts was studied by using the example of ethanol
oxidation reaction (EOR). Figure 5a,b shows the cyclic voltammograms (CVs) of the Pt/C catalysts in
0.5 M H2SO4 + 0.5 M EtOH electrolyte. The anodic CV range at E = 0.7–1.1 V exhibits the ethanol
oxidation peak. The decrease in current density at potentials E ≥ 1.0 V is due to the removal of adsorbed
ethanol intermediates and to the adsorption of oxygen-containing particles. The cathodic CV range
also reveals the ethanol oxidation peak, but at potential values of E = 0.9 ÷ 0.4 V.

It is worth mentioning the influence of the ECSA of Pt/C catalysts on their mass (MA) and specific
activity (SA) as determined using the current density of the ethanol oxidation peak in the anodic CV
range. As seen in Figure 5c, the larger the ECSA, the lower the surface activity of the Pt/C catalysts,
while the mass activity as a function of the ECSA follows the reverse trend.
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The stability of the Pt/C catalysts (Figure 5d) obtained in 0.5 M H2SO4 electrolyte containing 0.5 M
EtOH was estimated from the decrease in current density of the ethanol oxidation peak in the anodic
CV range during 200 cycles of the Pt/C catalysts in the potential range of 0.05–1.3 V.

The ED composite exhibited a characteristic linear decrease in catalytic activity in the EOR.
The commercial JM sample revealed a comparatively high degree of degradation in the first 50–100 cycles.
However, by the 200th cycle, the degree of degradation of the JM and ED catalysts was ~7%, whereas that
for the CH sample reached ~14% (Figure 5d). The relatively low tendency of the ED sample to degrade
during cycling in both 0.5 M H2SO4 and 0.5 M H2SO4 + 0.5 M EtOH electrolyte seems to be thanks to
the larger sizes of its Pt particles, which impede their quick agglomeration. Moreover, it was shown in
a previous work [17] that Pt nanoparticles prepared via the electrochemical dispersion of platinum
electrodes exhibit (100) crystallographic orientation of the Pt nanoparticles, which is more energetically
favorable for the adsorption of oxygen atoms [70].

4. Conclusions

Two Pt/C catalysts were produced via fundamentally different methods. The ED sample obtained
via electrochemical dispersion of platinum under the action of a pulsed alternating current (top-down)
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was characterized by a broad platinum nanoparticle size distribution; the average Pt nanoparticle
size provided by TEM was 10.4 nm. The CH composite produced via the polyol (bottom-up) method
revealed a narrow Pt nanoparticle size distribution in comparison to the ED sample; the average
Pt nanoparticle size was found to be 4.9 nm. Both catalysts were compared with a commercial Pt/C
composite (Johnson Matthey, or JM) that evidenced the lowest degree of platinum nanoparticle
agglomeration (against ED and CH). The ECSA value of the commercial JM sample was shown to
strongly differ in various literature sources. Thus, both the ECSA and the catalytic activity of Pt/C
electrocatalysts depend on the working electrode formation method and the experimental conditions.
Moreover, the mass and specific activities of the catalysts are first of all determined by the ECSA value.
Thus, it is essential to compare the different Pt/C catalysts in terms of their mass and specific activities.

To conclude, the bottom-up approach enabled us to obtain a Pt/C electrocatalyst (CH sample)
in which the average size of platinum nanoparticles was 4.9 nm and nanoparticles were uniformly
distributed within a carbon support surface. On the one hand, a relatively high ECSA ensured high
weight activity of the CH catalyst in the EOR process; on the other hand, the degree of degradation
of the catalyst during long-term cycling in 0.5 M H2SO4 and 0.5 M H2SO4 + 0.5 M EtOH electrolytes
was relatively high. The top-down method, namely, the electrochemical dispersion of platinum under
the action of pulsed alternating current, allowed us to produce a Pt/C electrocatalyst (ED) with larger
platinum nanoparticles (10.4 nm) and a comparatively low ECSA value that exhibited high stability
during cycling, whether placed in the background electrolyte or in ethanol. Despite the fact that
samples JM and CH have higher mass activity in comparison with ED, these samples also have a
higher tendency to degrade. Based on this, it can be assumed that, as a result, the mass activity of
samples JM and CH is at least that of the ED sample. However, to establish this as fact, it is necessary
to carry out longer experiments not in model conditions but in a single cell of a fuel cell.
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