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Abstract: The durability of low temperature proton exchange membrane fuel cell (PEMFC) catalysts
crucially affects their lifetime. The choice of carbon support is important in terms of increasing the
stability of catalysts. In this research, Pt/C samples were obtained using the polyol synthesis method
on two types of carbon supports: the standard support, Vulcan XC-72, and carbon support with a
high degree of graphitization, ECS-002402. One method for assessing structural characteristics is
through transmission electron microscopy (TEM), according to which materials G1 and G2 showed
an average nanoparticle size of 3.7 and 4.2 nm, respectively. On all catalysts, the oxygen reduction
reaction proceeded according to the four electron mechanism. Durability was assessed by changes in
ESA and activity in the ORR after 1000 cycles, with changes in the upper potential values: 0.7; 1.0;
1.2; and 1.4 V. After accelerated stress testing, the G1 material showed the greatest residual activity
at a potential of 1.4 V (165 A/g (Pt). Based on the results of comparing various ADT protocols, the
optimal mode of 0.4 and 1.4 V was chosen, and should be used for further studies comparing the
durability of Pt/C catalysts.

Keywords: platinum electrocatalyst; carbon support; oxygen reduction reaction; durability; stress-test;
catalyst activity; degradation; corrosion resistance

1. Introduction

In the world today, increasingly greater attention is paid to the search for alternative
energy sources. One promising source of current is in fuel cells (FC). FCs are a highly
efficient, reliable, durable, and environmentally friendly way to produce energy [1–3].
Low-temperature fuel cells with an operating temperature range of 25–100 ◦C acquire great
importance. Compared with high-temperature fuel cells, they are characterized by their
compactness, high power, environmentally friendly fuel, and autonomy [4–7]. To increase
the rate of chemical reactions occurring in fuel cells, special platinum-containing catalysts
are used. Therefore, one of the most important parts of the fuel cell is its nanostructured
catalyst based on nanoparticles (NP) of platinum or its alloys deposited on carbon mate-
rial with a developed surface [8–10]. The carbon support plays a major role in terms of
increasing the stability of catalysts during operation. Highly dispersed carbon supports
are characterized by indicators such as hydrophobic/hydrophilic properties of the surface;
diameter, shape, and volume of pores; and degree of corrosion resistance [11–15]. When
synthesizing Pt electrocatalysts, it is important to use a carbon support with an optimal
surface area [15,16].

The main requirements for electrocatalysts are a high area of an electrochemically
active surface (ESA), oxygen reduction reaction (ORR) activity, as well as durability during
FC operation [17–19]. It is difficult to achieve a combination of high activity and stability,
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as these parameters depend differently on the structural and morphological characteristics
of platinum-containing electrocatalysts [20,21]. The best way to evaluate the durability
of a catalyst is long-term testing in membrane–electrode assembly (MEA) [18,22,23]. This
method of investigating stability is expensive and time- and energy-consuming; therefore,
at the initial stages of the research, studies are carried out in laboratory conditions [24–26].
Electrocatalysts are tested for stability by accelerated degradation testing (ADT) in the
form of multiple repetitions of cyclic potential sweep in different potential ranges [27,28].
In the process of ADT, the changes in the ESA and specific activity values of the catalyst
are recorded.

For laboratory stress tests, the potential range, sweep rate, electrolyte composition,
and temperature all play an important role [29]. The degradation of electrocatalysts can be
caused by the dissolution of platinum NPs; detachment of NPs from the carbon surface;
agglomeration of particles; metal reprecipitation; and oxidation of the carbon support.
There are two main types of degradation mechanisms for Pt-containing electrocatalysts,
associated with the degradation of Pt nanoparticles or carbon support oxidation. The
contribution of each of the degradation processes depends on the potential range of the
ADT [30,31]. It is widely described in publications [23,32] that, at a potential of 0.4–1.0 V,
degradation processes are predominantly associated with the transformation of metal NPs
distributed over the support surface. At potentials above 1.1 V, the main contribution is
from processes of material degradation due to oxidation of the carbon support. As a result,
both the isolation of support parts with deposited NPs and the detachment of metal NPs,
loss of electronic contact, and a decrease in the ESA can occur [33–35].

It is important to note that the durability of materials largely depends on the prop-
erties and type of carbon support. It was noted in [36] that supports with a high degree
of graphitization exhibited a lower tendency for degradation and oxidation during the
operation of electrocatalysts. Thus, the use of supports with a high degree of graphitization
could make it possible to obtain electrocatalysts with high activity and stability [11].

The aim of this work was to obtain and comparatively study the stability of Pt/C
electrocatalysts based on carbon supports with different degrees of graphitization in various
stress testing protocols.

In this work, the degradation of Pt electrocatalysts for low-temperature fuel cells
(LTFCs) at an elevated temperature (60 ◦C) in the “start-stop” stress testing mode was
studied in detail. The conditions of this experiment were as close as possible to real
conditions, as LTFCs work at temperatures up to 80 ◦C, and their switching on and off
systems was simulated by the above described mode [37]. For the first time, the degradation
of electrocatalysts was normalized per 1 C of electricity passed, taking into account the
surface area of each catalyst. This approach is very innovative and important for evaluating
the effectiveness of catalyst stability assessment under laboratory conditions.

2. Results and Discussion

The first phase of the research examined the structural characteristics of the chosen
carbon supports. The XRD data showed that the ECS support had narrower and more
pronounced reflections of graphite (002) and (100) at 25.8 and 42.8 2θ degrees, respectively,
compared with the Vulcan support, which had 2θ degrees of the (002) 25.1 and (100)
43.5 facets, indicating a greater degree of graphitization of the pattern ECS support
(Figure 1a). This result is consistent with the combined scattering spectroscopy results
(Figure 1b), which show that the carbon support has two distinct peaks at around 1346 and
1600 cm−1 that correspond to the D and G band, respectively [38]. From the Raman curves,
the intensity ratio of ECS was found to be ID/IG = 1.01, which was lower than for the Vulcan
(ID/IG = 1.17). This parameter for the ECS support was consistent with the manufacturer’s
data [39]. A lower ID/IG ratio according to Raman spectroscopy indicates a greater degree
of support graphitization [40].
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Figure 1. XRD patterns (a) and Raman spectroscopy (b) of carbon support.

Then, we carried out a comparative evaluation of support durability. The corrosion
of the support was calculated, taking into account the charge/discharge currents in the
double layer region. Figure 2 shows that the Vulcan support is more corroded than the ECS.
This can be judged both by the amount of electricity that passed through the system during
exposure to high (1.4 V) and low (0.8 V) potential, and by the type of CVs before and after
ADT (Figure S1).
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Figure 2. (a) Average corrosion gravimetric charges adjusted for ESA and (b) CVs of activated carbon
support before and after ADT. Electrolyte is 0.1 M HClO4, atmosphere of Ar, and T = 60 ◦C. The
potential sweep rate is 20 mVs−1.

After studying the structural characteristics of carbon supports, Pt/C catalysts were
synthesized. The mass fraction of platinum in the obtained materials was 39% (Table 1).

Table 1. Composition, structure, and electrochemical characteristics of Pt/C catalysts.

Sample Carbon
Support

Pt-
Loading,
wt. %

Average
Crystallites
Diameter,
DAv, nm
(XRD)

Average
NPs Size,
DAv, nm
(TEM)

ESA,
m2 g−1

(Pt)

E1/2,
V

Number of
ē

(E = 0.85 V)

Imass, Ag−1

(Pt)
(E = 0.85 V)

Isp, Am−2

(Pt)
(E = 0.85 V)

Tafel
Slope,

mV/dec

G1 ECS 39 3.2 3.7 130 0.90 4.0 479 3.7 63.6

G2 Vulcan
XC-72 39 2.6 4.2 50 0.88 3.8 279 5.6 42.2
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According to the XRD analysis of Pt/C materials on different carbon supports
(Figure 3), a phase of nanodispersed platinum and carbon can be distinguished. The
reflection in the 25◦ region corresponds to the carbon phase (PDF # 26-1076), and the
reflections in the regions near 40 and 46◦ correspond to the (111) and (200) reflections of the
platinum phase (PDF # 04-0802). The average diameter of the crystallites in the obtained
Pt/C catalysts was calculated using the Sherrer formula and was 2.6 and 3.2 nm for the
G2 and G1 samples, respectively (Table 1). The appearance of a more pronounced carbon
peak near the values of the 2θ ≈ 25◦ on the G1 X-ray diffraction pattern indicates a high
graphitization degree of the ECS carbon support.
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Figure 3. XRD patterns of Pt/C materials.

It was found that the average size of Pt NPs in the synthesized catalysts varied from
3.7 (G1) to 4.2 nm (G2), according to the TEM analysis (Figure 4). It should be noted that
the difference between the crystallite sizes determined by XRD and the size of NPs from
TEM data is a typical case for nanostructured Pt/C materials. These differences are related
to the principle of calculation and data processing by the presented research methods, the
possible contribution of NP structural defects to the broadening of XRD patterns, and the
difficulties in recognizing ultra-small particles in TEM micrographs. In material G1, the
average crystallite size was 3.2 nm, and the average NP size was 3.7 nm. In this catalyst,
NPs were well crystallized and did not contain amorphous regions. When comparing
the histograms of the NP size distribution, it is evident that the smaller size of NPs was
combined with a narrower size distribution (Figure 4).

Intense oxidation of Pt/C materials G1 and G2 begins at a lower temperature and
occurs in a narrower temperature range than the oxidation of carbon materials, according to
the results of thermogravimetry (TGA) (Figure 5a). This is typical for Pt/C catalysts [41,42]
and is associated with the acceleration of carbon support oxidation due to the catalytic
effect of platinum. The combustion of pure supports occurs in one stage (single process), as
the differential scanning calorimetry (DSC) curves have only one broad peak (Figure 5b,
Vulcan and ECS curves). In turn, the pattern of Pt/C combustion is very complex, and
there are several maxima on the DSC curve. A similar result was obtained in [43] and is
explained by the uneven distribution of Pt on the particles of the carbon support. The
nature of Pt/C material combustion on different carbon supports differs considerably: the
G2 material burns in a narrower temperature range, and the G1 in a wider range (Figure 5b),
which indicates the uneven distribution of Pt and greater resistance of the carbon support
to oxidation. In addition, the maximum of DSC curve combustion of the G2 material is at a
lower temperature (389 ◦C), compared with the G1 material (455 ◦C).
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Figure 5. (a) TGA and (b) DSC curves of Pt/C catalysts and Vulcan and ECS oxidations.

The cyclic voltammograms of the obtained Pt/C catalysts have a form typical of a
platinum electrode (Figure 6a). Sample G1 is characterized by higher currents in all CV
regions compared with G2, which is associated with both the high specific surface area of
catalyst G1 and the high dispersity of the ECS support. Despite using the same synthesis
method for Pt/C, G2 showed a 2.6 times lower ESA, which is consistent with the larger
average NP size determined by TEM (Table 1, Figure 4).

The number of electrons involved in the oxygen reduction reaction was close to 4,
according to Koutetsky–Levich plots, for both materials (Figure S2) (Table 1). Sample G1
was characterized by a higher half-wave potential (Figure 6b) and, as a consequence, a
higher mass activity (Table 1). The experimental data were fitted to two Tafel slope regions
(Figure S3) at low (E > 0.8 V) and high (E < 0.8 V) overpotential to enable a comparison
with literature data (Table S1) [44–50]. The slope of the Tafel curve for the G1 material
was slightly higher than for the G2 material (Table 1). Due to the smaller size of the NPs,
the platinum in G1 is likely to participate more effectively in the ORR compared with G2.
It is known from the literature [51] that the activity in ORR directly depends on the size
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of nanoparticles in the case of Pt electrocatalysts. As the average size of the NP catalyst
G1 was smaller than G2 (Table 1), the fraction of active facets in it is larger; due to this, it
showed greater activity in ORR.
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T; = 60 ◦C.

Thus, by liquid-phase synthesis, it was possible to obtain Pt/C electrocatalysts with a
narrow NP size distribution on different carbon supports: Vulcan XC-72 and ECS. The ECS
support is characterized by a higher degree of graphitization, is less prone to corrosion,
and makes it possible to produce a material with a higher ESA and catalytic activity.

The next stage of research was to study the durability of the obtained materials under
conditions of multiple application of potentials: 0.4 and 0.7 V; 0.4 and 1.0 V; 0.4 and 1.2 V;
and 0.4 and 1.4 V. The upper potential was varied in order to follow the trend in the
degradation of Pt/C electrocatalysts depending on ADT conditions.

According to the CV results before and after accelerated stress testing under various
conditions (Figure 7), it was clear that both materials degrade to a greater extent when ADT
in the potentials 0.4 and 1.4 V is used, and to the least extent in the potentials 0.4 and 0.7 V.
Despite a slightly greater degradation of the G1 material (Table 2) regardless of the ADT
conditions, the ESA value of the material remained 2.2–2.6 times higher compared with the
G2 material.

Table 2. Characteristics of Pt/C catalysts after ADT in different potential ranges.

Sample ESA,
m2g−1(Pt)

Durability,
% E1/2,V Number of ē

(E = 0.85 V)
Imass, Ag−1 (Pt)

(E = 0.85 V)
Isp, A m−2 (Pt)

(E = 0.85 V)
Tafel Slope,

mV/dec

ADT potentials 0.4 and 0.7 V

G1 125 95 0.90 4.0 459 3.7 58.1
G2 49 98 0.86 3.8 238 4.8 54.6

ADT potentials 0.4 and 1.0 V

G1 118 91 0.90 3.9 389 3.3 66.2

G2 45 96 0.83 3.7 188 4.2 52.0

ADT potentials 0.4 and 1.2 V

G1 98 75 0.89 3.9 380 3.9 59.4
G2 44 88 0.85 3.7 182 4.1 53.5

ADT potentials 0.4 and 1.4 V

G1 73 56 0.87 3.7 165 2.3 54.2
G2 30 60 0.82 3.6 145 4.8 48.9



Catalysts 2022, 12, 1179 7 of 16Catalysts 2022, 12, x FOR PEER REVIEW 7 of 17 
 

 

 

Figure 7. 2 CVs of Pt/C catalysts before and after different ADT protocols: (а) 0.4 and 0.7 V; (b) 0.4 

and 1.0 V; (c) 0.4 and 1.2 V; and (d) 0.4 and 1.4 V. The potential scan rate is 20 mVs−1, the electrolyte 

is 0.1 М HClO4, and Т = 60 °С. 

Additionally, stability was evaluated by the change in ORR activity before and after 

ADT (Figure 8). After the stress test, the voltammograms of oxygen electroreduction for 

both catalysts slightly shifted to the region of lower potentials, which indicated a decrease 

in catalyst activity. Based on the type of potentiodynamic curves, it can be concluded that 

Pt/C samples degrade most in potentials of 0.4 and 1.4 V (Table 2). When comparing the 

activity of materials in the ORR after ADT, it was noted that, regardless of the ADT 

conditions, the G1 material demonstrated a higher mass and specific activity and a higher 

half-wave potential compared with the G2 material. At the same time, with an increase in 

the upper potential, the difference between the activity of G1 and G2 following ADT 

decreases (Table 2). 

Figure 7. 2 CVs of Pt/C catalysts before and after different ADT protocols: (a) 0.4 and 0.7 V;
(b) 0.4 and 1.0 V; (c) 0.4 and 1.2 V; and (d) 0.4 and 1.4 V. The potential scan rate is 20 mVs−1, the
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Additionally, stability was evaluated by the change in ORR activity before and after
ADT (Figure 8). After the stress test, the voltammograms of oxygen electroreduction for
both catalysts slightly shifted to the region of lower potentials, which indicated a decrease
in catalyst activity. Based on the type of potentiodynamic curves, it can be concluded that
Pt/C samples degrade most in potentials of 0.4 and 1.4 V (Table 2). When comparing
the activity of materials in the ORR after ADT, it was noted that, regardless of the ADT
conditions, the G1 material demonstrated a higher mass and specific activity and a higher
half-wave potential compared with the G2 material. At the same time, with an increase
in the upper potential, the difference between the activity of G1 and G2 following ADT
decreases (Table 2).

The stability was evaluated not only by the change in ESA value and ORR activity,
but also by the amount of electricity that passed through the catalyst during the entire
experiment (Figure 9), as rectangular pulses were applied to the system during the ADT.

In Figure 9, there is a logical trend: the higher the upper potential, the more electricity
passes through the surface of the catalyst. The dependence of the amount of electricity
on the number of cycles during testing is also affected by the upper potential: for ADT
up to 0.7 V, the dependence has a minimum slope angle (Figure 9a), and at up to 1.4 V
(Figure 9d), we have the maximum slope angle, regardless of the samples under study.
This indicates a greater degree of degradation in material with an increase in the upper
potential. Despite a similar degradation trend, G1 is more prone to degradation compared
with G2, as G1 is characterized by rather high absolute values of electricity, due to its high
surface area. For the first time, the degradation of electrocatalysts at different potentials
was normalized per 1 C of electricity passed, considering the surface area of each catalyst
(Figure S4). The similarity in the degree of degradation that occurs based on the amount of
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electricity passed through a unit of the catalyst surface during the stress test suggests that
the greater degree of degradation in the G1 material is most likely associated with a larger
ESA value. As noted earlier, despite the greater degradation, the G1 material on the ECS
support had greater activity after various types of ADT, compared with the material on the
Vulcan XC-72.
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Based on the results described above, we concluded that both materials showed the
most degradation in wide potentials (0.4 and 1.4 V); therefore, following ADT, the materials
under these conditions were studied by TEM. In G1, the average NP size by TEM after the
stress test increased from 3.7 to 4.0 nm, and in G2, from 4.2 to 6.3 nm. The nature of the NP
size distribution for G1 remained practically unchanged (Figure 10), whereas for G2 ,the
width of the size distribution significantly increased. These results were consistent with the
ESA, as G1 degrades to a lesser extent. Note that after the ADT, both catalysts contain large
agglomerates consisting of two to four nanoparticles (Figure 10).
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3. Materials and Methods
3.1. Chemicals and Materials

For our experimental carbon supports, Vulcan XC-72 (Cabot Corporation, Boston,
MA, USA.), ECS-002402 (Pajarito Powder, Albuquerque, NM, USA), H2PtCl6 * 6H2O
(mass fraction of Pt 37.6%, «Aurat», Moscow, Russia), ethylene glycol (top grade, not
less than 99.8%, «Rehacor» LLC, Rostov-on-Don, Russia), sodium hydroxide («Rehacor»
LLC, Rostov-on-Don, Russia), and sulfuric acid (JSC «Vekton», Saint Petersburg, Russia)
were used.

3.2. Synthesis of Catalysts

Polyol synthesis was used to obtain Pt/C catalysts on carbon supports of different
grades: Vulcan XC-72 with a surface area of 270–290 m2/g [2,52] and ECS-002402 with a
surface area of 410–430 m2/g [39]. Carbon material ECS-002402, in contrast with Vulcan
XC-72, was characterized by a high degree of graphitization, which positively affects its
corrosion-morphological stability [39]. In this synthesis, ethylene glycol simultaneously
acts as both a solvent and reducing agent [53].

A carbon support weighing 0.15 g was added to 80 mL of ethylene glycol. Then 10 mL
of 10 wt.% isopropanol and 3.3 mL of 1 M NaOH were added with stirring until a pH of 7
was reached. The resulting suspension was homogenized by ultrasound for 5 min. After
that, with constant stirring, the calculated amount of the H2PtCl6·6H2O solution was added.
The mixture was heated to 80 ◦C and kept under stirring for 3 h. After spontaneous cooling,
6.6 mL of 1 M H2SO4 was added dropwise (in order to precipitate the Pt nanoparticles
on the carbon support) and the suspension was stirred for 1 h. The Pt/C catalyst was
separated by filtration and washed repeatedly with bidistilled water and isopropanol. The
sample was dried at 60 ◦C until a constant weight was reached.

The catalysts obtained on the ECS and Vulcan carbon supports were labeled as G1 and
G2, respectively.

3.3. Attestation of Catalysts’ Structural and Morphological Characteristics

The mass fraction of platinum in the studied samples was determined by thermo-
gravimetry from the mass of the unburned residue (Pt). X-ray phase analysis (XRD) was
used to determine the phase composition of the samples and size of the nanoparticles
(crystallites). XRD patterns were recorded on an ARL X’TRA diffractometer with Bragg–
Brentano geometry. Typical settings were: 40 kW, 35 mA, scanning step 0.02 degrees in
coordinates 2θ, and shooting speed 2 degrees per minute. Phase analysis was carried out on
the basis of data obtained from open sources, with Crystallography Open Database (COD)
also being used [54]. The fitting of the X-ray patterns was carried out using a SciDavIs
processing packet; the position of the peaks, their full width at half maximum (FWHM),
and area were determined by the Lorentz function approximation method. The average
size of platinum crystallites was determined by diffractograms using reflection (111). The
average crystallite diameter was determined by the Scherrer formula (1), as described
in [55], in which the corresponding value of the full width at half maximum (FWHM) was
substituted:

Dhkl = K × λ/[FWHM × cos(θ)] (1)

where λ—is the wavelength of monochromatic radiation; FWHM—full width at half
maximum (in radians); Dhkl is the average thickness of the “stack” of reflecting planes in
the coherent scattering region, i.e., the average diameter of the crystallites; θ—the angle of
reflection; and K = 0.89—the Scherrer constant. To take instrumental widening into account,
the diffractometer was pre-calibrated using a plate of polycrystalline annealed α-quartz
with a grain size of 2 to 4 microns as a standard sample.

Features of the spatial and dimensional distribution of platinum nanoparticles before
and after the stress test were studied by transmission electron microscopy (TEM). TEM
photographs were taken using the JEM-F200 and FEI Tecnai G2 F20 S-TWIN microscope
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equipped cold field emission electron gun with acceleration voltage at 200 kV and 12–15 µA
current. For measurements, 0.5 mg of the catalyst was placed in 1 mL of isopropanol and
dispersed by ultrasound. A drop of the resulting suspension was applied to a copper grid
coated with an amorphous carbon layer, which was dried in air at room temperature for
20 min. The histograms of NP size distribution in the catalysts were plotted from the results
of determining the sizes of at least 400 particles randomly selected from TEM images in
different parts of the sample. The accuracy of determining the average NP size (Dav.NP)
was ±5%.

Thermal analysis of obtained materials was performed using a combined TGA and
DSC/DTA analyzer NETZSCH STA 449 C Jupiter in an atmosphere consisting of 80% N2
and 20% O2 in a temperature range from 40 to 800 ◦C at a heating rate of 10 ◦C/min and gas
flow rate 20 mL min−1 using corundum crucibles. Weight of samples used for oxidation
was 2–4 mg. All corundum crucibles were covered with lids that allowed gas flow during
measurements. This was necessary to prevent the loss of Pt/C due to the rapid exothermic
reaction of carbon. Thermograms and DSC curves show typical results of the individual
tests. The kinetics study of thermal oxidation of each material was performed several times.
Results (TGA and DSC/DTA curves) were well-reproduced. DSC and TGA curves for the
oxidation of one of the studied Pt/C materials obtained in several experiments are shown
in supplementary materials as evidence of high reproducibility.

Thermograms were represented in dimensionless units (the ordinate), where the
weight fraction of reacted carbonωwas defined by the formula,ω = (mt − mt = 800)/(mt = 120
− mt = 800), where mt is the sample weight at a given temperature, mt = 800 is the sample
weight at 800 ◦C, and mt = 120 is the sample weight at 120 ◦C. In search of a formula for
calculating ω, we proceeded from the fact that at 800 ◦C, the weight of all the samples
reached a constant value due to the complete combustion of carbon.

The Raman spectra were detected using a Renishaw inVia Reflex Raman spectrometer
with spectral resolution better than 1 cm–1.

3.4. Attestation of the Electrochemical Characteristics of the Catalysts

Electrochemical measurements were carried out in a standard three-electrode electro-
chemical cell at an elevated temperature (60 ◦C) using a potentiostat-galvanostat P-45X
(Elins). The silver chloride electrode was chosen as the reference electrode; the counter
electrode was platinum wire. The potential values are given relative to the reversible
hydrogen electrode (RHE). The electrolyte was 0.1 M HClO4.

To prepare the catalytic “ink”, 850 µL of isopropyl alcohol, 950 µL of deionized water,
and 200 µL of 1% aqueous Nafion® polymer emulsion were added to 0.0040 g of sample.
After that, the suspension was dispersed by ultrasound for 15 min. With constant stirring,
an aliquot of “ink” with a volume of 8 µL was taken with a microdoser and applied to the
end face of a polished and degreased glassy carbon disc electrode with an area of 0.196 cm2,
recording the exact weight of the drop. The electrode was dried in air for 20 min at 700 rpm.
The mass of the dispersed material deposited on the disk electrode was 8.5 × 10−5 mg/cm2

and 3.5 × 10−5 mg(Pt)/cm2, respectively.
Before making electrochemical measurements, the electrolyte was heated to 60 ◦C

in saturated Ar atmosphere for 40 min. Then, to activate the catalyst, 100 cycles were
performed in the potential range of 0.04 to 1.2 V vs. RHE. The potential sweep rate was
200 mV/s.

The electrochemically active surface area (ESA) was determined according to a cyclic
voltammogram by calculating the amount of electricity spent on electrochemical adsorp-
tion/desorption of hydrogen [56]. The CV registration rate was 20 mV/s and the potential
sweep range was from 0.04 to 1.2 V vs. RHE.

To determine the ORR activity of catalysts, the electrolyte was saturated with oxygen
for 1 h. After that, a series of voltammograms was measured in the range from 0.05 to 1.2 V
with a linear potential sweep at the rate of 20 mV/s. The electrode rotation speed was 400,
900, 1600, and 2500 rpm.
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The ORR activity of catalysts (Ik—kinetic current) was determined from normalized
voltammograms, taking into account the contribution of mass transfer under the RDE
conditions for a potential of 0.85 V (RHE) [57,58]. For this, a graph was built in the
Koutetsky–Levich coordinates—1/jk − 1/ω0.5, where jk is the kinetic current density
(referred to the geometric area of RDE) and ω is the electrode rotation speed. Dividing
the kinetic current by the platinum mass loaded onto the electrode and on the ESA, we
obtained such activity parameters as mass (Imass) and specific (Isp) currents, respectively. The
number of electrons involved in ORR was determined by the angle of the line in coordinates
1/j − 1/ω0.5.

3.5. Accelerated Degradation Tests

Before the start of stress tests, electrochemical activation of the catalyst was performed,
and the ESA was measured as described above. To control the degradation of carbon
materials in acidic solutions, they were subjected to repeated potential cycling in the range
of 1.4–0.8 V, holding at each potential value for 50 and 10 s, respectively. The total duration
of the stress test was 36 min. The amount of electricity (Q) passed at the upper (1.4 V)
and lower (0.8 V) potentials was measured [59]. The support corrosion was calculated,
considering the charge/discharge currents in the double layer region using formula (2).

(Q1.4 − Q0.8)/Q0.8 = Qcorr (2)

As a method of stress testing to evaluate the degree of degradation of the electro-
catalysts, we chose the protocol of multiple imposition of 3-s rectangular pulses (4 differ-
ent modes) of the potential at the following values: (a) 0.4 and 0.7 V; (b) 0.4 and 1.0 V;
(c) 0.4 and 1.2 V; and (d) 0.4 and 1.4 V. Cycling for 1000 cycles was carried out in a 0.1 M
HClO4 solution in a saturated Ar atmosphere at 60 ◦C. After every 200 cycles, two CVs
were recorded at the potential sweep rate of 20 mV/s in the potential range from 0.04 V to
1.2 V vs. RHE. At the end of the ADT, a series of voltammograms was recorded at electrode
rotation speeds of 400, 900, 1600, and 2500 rpm.

Determination of the degree of degradation in combination with the measurement
of the amount of electricity spent on the Faraday processes was carried out in the “start-
stop” testing mode, in all 4 protocols. The stability of the catalysts was evaluated by
the change in the ESA and ORR potentiodynamic curves (1600 rpm). In this case, the
more electricity passed through the electrode during the stress test, the more active the
catalyst of the corresponding Faraday processes was. At the same time, the cathode (at the
lower potential) and anode (at the upper potential) amount of electricity were separately
summarized for each ADT protocol.

4. Conclusions

In this study, the degradation of Pt electrocatalysts for low-temperature FC (LFC)
at an elevated temperature (60 ◦C) in a “start-stop” stress-testing mode was studied in
detail. For the first time, the degradation of electrocatalysts was normalized per 1 ◦C of
electricity passed, considering the surface area of each catalyst. This approach is very
important for evaluating the effectiveness of assessing catalyst stability under laboratory
conditions. It was found that the degradation of platinum-containing electrocatalysts was
affected by the ESA; hence, the greater the electrochemically active surface area, the greater
the degradation.

Therefore, the Pt/C catalyst G1 on a highly graphitized ECS carbon support exhibited
greater ORR activity and durability based on various tests compared with the Vulcan XC-72
carbon-supported G2 material. The TEM results of the samples after ADT at the potentials
of 0.4 and 1.4 V showed an insignificant increase in the average NP size for the G1 sample,
which confirmed its high durability. After stress testing, the G1 material showed the highest
residual activity compared with the G2 material. At potentials of 0.4 and 1.4 V, the activity
(A/g (Pt)) was 165 and 145 A/g, respectively. The Tafel slope at a high overpotential was
54.2 mV/dec for G1 and 48.9 mV/dec for G2, respectively. It was found that among the
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stress tests used under various conditions, ADT at the potentials of 0.4 and 1.4 led to the
greatest degradation in the studied materials and is recommended for further comparative
study of catalysts for PEMFC.

It should be noted that the use of various stress testing protocols showed that the
material G1 had high values of mass activity and durability that significantly exceeded the
corresponding characteristics for the material G2. Thus, we managed to obtain a very stable
material on the ECS support with a high degree of graphitization, despite its high ESA.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12101179/s1, Figure S1: Determination of the amount of
electricity passed at the upper (1.4 V) and lower (0.8 V) potentials; Figure S2: A dependence of the
current strength on the rotation speed of the RDE in the Koutetskiy—Levich coordinates; Figure S3:
Comparison of Tafel plots (0.1 M HClO4, background corrected, IR compensated, O2 saturated);
Figure S4: The degradation of electrocatalysts G1 and G2, normalized per 1 C of electricity passed;
Table S1: The Tafel slope of Pt/C electrocatalysts during ORR.

Author Contributions: Conceptualization, I.G. and S.B.; methodology, I.G. and S.B.; validation, A.P.,
S.B. and N.L.; formal analysis, M.T. and I.P.; investigation, I.G.; data curation, S.B., M.T., N.L. and
I.P.; writing—original draft preparation, I.G.; writing—review and editing, S.B.; visualization, I.G.;
supervision, S.B.; project administration, I.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was financially supported by the Ministry of Science and Higher Education
of the Russian Federation (State assignment in the field of scientific activity No. 0852-2020-0019).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors are grateful to Guterman, V.E., Danilenko, M.V., and Nikulin, A.Y.
The authors appreciate the support of LLC “PROMETHEUS R&D” (Rostov-on-Don), LLC “Sys-
tems for Microscopy and Analysis” (Skolkovo, Moscow), and Shared Use Center “High-Resolution
Transmission Electron Microscopy” (SFedU) for conducting TEM studies.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

PEMFC Proton exchange membrane fuel cells
ADT Accelerated degradation testing
NPs Nanoparticles
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ORR Oxygen reduction reaction
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