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Abstract—A comparative analysis of the microstructure and electrochemical behavior of a platinum
PCN catalyst synthesized over a nitrogen-doped carbon support and a commercial Pt/C-electrocatalyst
HiSPEC3000 is carried out. The PCN catalyst is characterized by a smaller size of platinum nanoparticles
and exhibits not only a higher activity in oxygen reduction reaction but also a higher corrosion-morphological
resistance in acidic media.
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INTRODUCTION
Low-temperature fuel cells with proton-exchang-

ing membranes are effective and environmentally-
friendly systems for the chemical-to-electrical energy
conversion. Electrochemical reactions occur therein
at electrodes separated by membrane. Fuel (hydrogen,
methanol, ethanol, or formic acid) is oxidized at
anode [equation (1)], thus releasing electrons which
migrate to cathode via external circuit. At the cathode,
oxygen is electrochemically reduced to water [equa-
tion (2)]; the reaction has a complicated mechanism.
It is recognized that this process includes different
reaction paths, such as direct 4e-reduction of
adsorbed oxygen to water [equation (2)]; 2e-reduction
[equation (2.1)] to adsorbed H2O2 which then either is
desorbed or is exerted to a secondary 2e–-reduction to
water [equation (2.2)]. For example, the process
occurring in a hydrogen–air fuel cell can be roughly
presented as a sum of two half-reactions:

(1)

(2)

(2.1)

(2.2)

The kinetics of the oxygen electroreduction reac-
tion [equation (2)] are crucial for the effectiveness of

the operation of fuel cells with proton-exchanging
membrane. The low rate of the oxygen reduction reac-
tion produced high overvoltage in the operating of
oxygen electrode. It is well known that platinum-con-
taining materials are the most active, widely used elec-
trocatalysts for the oxygen reduction reaction [1, 2].
To increase the catalyst surface area, the platinum
metal used to be converted to nanoparticles anchored
at the support surface, most often, a carbonaceous
one. The very usage of the platinum-containing cata-
lysts hit up against a whole slew of difficulties. The
platinum resources are limited, the prices in the plati-
num market are very high. In the fuel cell mass pro-
duction, the cost of the catalyst may reach up to 50%
of the cost of the fuel cell’s membrane–electrode
assembly [3]. One more problem is the Pt/C-catalyst
insufficient stability. Under fuel cell operation, plati-
num dissolves, this is characteristic of small particles,
the more so, nanoparticles. In addition, there occur
nanoparticles agglomeration and the carbonaceous
support degradation because of its oxidation by oxy-
gen-containing intermediates. The carbonaceous sup-
port corrosion is also a source of the fuel cell catalytic
layer degradation. The carbonaceous support for the
fuel cell catalyst as such is thermodynamically unsta-
ble because of its low reversible potential: 0.207 V vs.
reversible hydrogen electrode at 25°C [4]. This poten-
tial is lower than the cathode potential at the open cir-
cuit voltage (~1.0 V), hence, there is no thermody-
namic factors preventing the carbon corrosion in the
membrane–electrode assembly operation [5]. It was
reported [6, 7] that the carbon support oxidation
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occurred when the cathode potential exceeded 1.0 V
vs. reversible hydrogen electrode. As to the reaction
kinetics, the carbon corrosion rate is so small at poten-
tials below 0.9 V that can be neglected. And yet, in the
presence of Pt the carbon oxidation can occur even at
the potential of 0.6 V [5, 8–10]. Under normal service
conditions, the membrane–electrode assembly tem-
perature approaches 65°C and the cathode local
potential is below 0.9 V, so, the carbon corrosion rate
is insignificant in virtue thereof [11]. However, during
the fuel cell start/shutoff the amount of hydrogen in the
near-anode space drops down dramatically [4, 11–14],
which, in its turn, gives rise to the increase of the cath-
ode potential up to 1.2 V and higher. This leads to the
acceleration of the carbonaceous support corrosion.
The fuel exhaustion at the anode is often connected
with the presence of oxygen or the anode f looding.
The matter is that membrane is not an ideal separator,
and oxygen from the cathodic space can propagate
through the membrane and accumulate during peri-
ods between the gas sequential passing. In addition,
improper control of gas humidity in fuel cells can
result in wrong distribution of the water f low and the
electrode surface isolation.

The fuel cell restart after long halt used to result in
the acceleration of the cathode corrosion, which
favors structural changing [14]. In the fuel cell start,
degradation of Pt per se is relatively small due to the
high cathodic potential (over 1.0 V); by contrast, the
carbon direct oxidation prevails. However, Pt can play
the role of catalyst in the carbonaceous support corro-
sion. Nonetheless, the catalyst degradation mecha-
nisms connected with the Pt oxidation to PtO or PtO2
and their further dissolution in water as Pt2+ should be
taken into consideration in the evaluating of any strat-
egy of the carbon corrosion prevention during the fuel
cells’ getting started [14]. The carbonaceous support
oxidation resulted in the change of the porosity, loss of
contact with some platinum nanoparticles, blocking of
gas delivery to the platinum nanoparticles, weakening
of the Pt-nanoparticles’ adhesion and their further
agglomeration. In addition, it can favor increase in the
hydrophilic oxygen-containing groups’ concentration
at the carbonaceous support surface [11, 14], which
aggravated problems connected with the f looding.

All above-described processes lower the catalyst
activity [15–17]. Therefore, the development of stable
nanomaterials combining small Pt content with high
activity in the oxygen reduction reaction is a hot topic
in the research destined to the increasing of the effec-
tiveness of catalysts for fuel cells.

The most successive approaches to the increasing
of the platinum-containing electrocatalysts’ stability
can be divided into three trends:

(1) optimization of the Pt/C-catalyst morphology
with taking into consideration of the Pt-nanoparticles’
size, form, and peculiarities of their distribution over
the support surface [16–18];
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(2) formation of highly active nanoparticles based
on Pt–M bimetallic systems (M is the transition
metal) with controlled architecture and composition
[17–19];

(3) development of carbonaceous supports with
elevated stability based on nanotubes, graphene, and
graphitized carbonaceous materials, as well as carbo-
naceous supports doped with heteroatoms N, S, B, or
F [11, 20]. Nitrogen-containing carbonaceous materi-
als are studied most intensely.

Concerning the latter trend, it is necessary to dis-
tinguish between the using of the heteroatom-doped
carbonaceous materials as platinum-less catalysts and
their application as supports for the platinum
nanoparticles. It was reported [2, 21] that porous car-
bons doped with heteroatoms (e.g., N, S, and P)
showed electrocatalytical activity with respect to the
oxygen reduction reaction. The matters is that the car-
bon doping with the heteroatoms affected the electron
density distribution over its surface, hence, the mate-
rial’s catalytic activity [20, 21]. In the majority of
papers devoted to the effects of nitrogen incorporated
into the carbonaceous materials’ structure these mate-
rials are used right as platinum-less catalysts in alka-
line media. For catalytic areas with the N–C group,
the carbon atom with the Lewis basicity neighboring a
pyridine N atom considered being a catalytic center in
acidic media [22]. Despite this, active N–C-centers
demonstrated low activity and selectivity in the oxygen
reduction reaction [21, 23, 24]. This resulted in high
H2O2 yields. The using of C–N as individual catalytic
system is likely to be impossible in acidic media.

The using of the nitrogen-doped carbonaceous
materials as a platinum support in acidic media is
studied but fragmentarily. Nonetheless, the prospects
of these systems were demonstrated in many works.
Because of the Pt catalytic effect on the carbon oxida-
tion during long-term use of Pt/C-catalyst, the sup-
port degradation is accelerated with the increasing of
the Pt : C ratio [21]. It is believed [21, 24] that the
introducing of heteroatoms into the substrate struc-
ture favors lowering of the platinum aggressive action.
According to works [20, 25], the metal deposition onto
the nitrogen-doped carbon resulted in a well pro-
nounced mutual isolation of the metal nanoparticles;
and this is the reason of the increased catalyst stability
against the acidic/alkaline corrosion and the prolon-
gation of is service life. The introducing of N-atom
into carbon layers makes the neighboring carbon
atoms electron-deficient and decreased the gap
between the conduction band and Fermi level, which
leads to larger charge mobility [26, 27]. However, in all
these studies too little emphasis is put on the role of
the carbon modification when it is used as a support
for the Pt-nanoparticle-based cathodic or anodic
electrocatalysts in acidic media.

In this work, we performed a comparative study of
a platinum electrocatalyst synthesized at an N-doped
8  No. 6  2022
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Table 1. Composition and structural characteristics of the electrocatalysts

Material
Ssu(С), 
m2/g

Platinum mass 
fraction, %

Platinum crystallite 
size, nm (XRD)

Platinum lattice 
parameter, Å

Nanoparticle average 
size, nm (TEM)

JM20 220 ± 22 20 ± 2 2.4 ± 0.2 0.3920 2.7 ± 0.2
PCN 250 ± 25 22 ± 2 0.8 ± 0.2 0.3968 1.9 ± 0.2
support and commercial Pt/C-catalyst JM20 (HiS-
PEC3000, Johnson Matthey) concerning their activity
in the oxygen reduction reaction and stability over dif-
ferent potential ranges in acidic electrolytes. The study
is based on the hypothesis that the carbon support
modification with nitrogen atoms can favor strength-
ening the adhesion of the deposited platinum
nanoparticles to the support. This must have a positive
effect on the catalyst stability and, probably, its activity
in the oxygen reduction reaction.

EXPERIMENTAL
Synthesis of the Modified Support

The Ketjen black EC DJ-600 supports were modi-
fied with nitrogen after the procedure described in
work [27]. In the experiment, acetonitrile was the
nitrogen source. A support aliquot was charged to a
quartz U-reactor. The reactor with the support was
passed-through with argon saturated with the acetoni-
trile vapor at the room temperature for 4 h. The reactor
temperature was 890°С; the f low rate, 0.4 сm3/s. The
obtained material (in what follows, denoted as CN)
contained 3.4 wt % of nitrogen; its surface area (after
BET) is 250 m2/g. According to XPS data, the oxygen
atom surface concentration in the modified support is
about 2.8–3.6 at % [27]. The N/C ratio obtained by
using XPS is equal to the bulk N/C-ratio obtained by
CHN-analysis, and this points to the nitrogen uni-
form distribution over the entire bulk [27].

Synthesis of the Pt/C–N-Electrocatalyst
The Pt/C–N-catalyst was synthesized by the plat-

inum chemical reduction in H2PtCl6·6H2O solution
(ТU 2612-034-00205067–2003) in the support-con-
taining suspension. The support was a CN carbona-
ceous material. 0.15 g of the carbonaceous support was
put into 18 mL of ethylene glycol (top-grade, purity no
less than 99.8%, GOSТ 19710–83). The suspension
was agitated using magnetic stirrer for 15 min, then
homogenized for 1 min at the amplitude of 50%.
Then, 6.64 mL of chloroplatinic acid solution [con-
centration 0.0179 g/mL (H2O)] was added under con-
stant agitation. After 5-min-agitation, 5.5 mL of 0.5 М
NaОН solution was added, to set рН 10–11. The mix-
ture was transferred into round-bottom 100-mL-flask.
Then, 1 mL of formaldehyde (top-grade, concentra-
tion 37.2 wt %, GOSТ 1625–89) was added under con-
stant agitation. Further, in the inert atmosphere the
RUSSIAN JOURNA
temperature was elevated up to 80°С at which the
reaction mixture was kept for 2 h under constant agita-
tion. After spontaneous cooling of the suspension for
40 min, the product was filtered out, the filtered mate-
rial was washed in sequence with portions of twice dis-
tilled water and isopropanol. The catalyst was oven-
dried at 80°С for 1 h, then dried in desiccator over
Р2О5 for 12 h. In what follows, this product is denoted
as PCN.

Methods for Testing of the Materials’ Composition 
and Structure

The platinum mass fraction in the catalyst was
determined by the mass of the Pt-residue after the cat-
alyst burning (800°С, 40 min). The measuring accu-
racy was ±3% (Table 1). The calculated platinum load
in the PCN catalyst is 23 wt %. X-ray diffraction pat-
terns of the Pt/C-materials were registered over the 2θ
angle range from 15 to 55 grad using an ARL X’TRA
diffractometer (Thermo Scientific, Switzerland),
which used filtered CuKα-radiation (λ = 0.154056 nm),
at the room temperature. The X-ray diffraction pat-
terns were processed by using a SciDavis software. The
crystallite average size (Dav) was calculated by the
Scherrer formula, basing on the characteristic (111)
reflection, as described in work [28]. The Dav determi-
nation accuracy is ±9% (Table 1).

The size of platinum nanoparticles in the PCN cata-
lyst, their distribution in size and space was studied by
transmission electron microscopy (TEM). The TEM-
photographs were obtained by using a JEM-2100
microscope (JEOL, Japan) at a working voltage of
200 kV at a resolution of 0.2 nm. The TEM-photo-
graphs of the JM20 commercial sample were obtained
by using a JEOL JEM-F200 microscope (at a voltage
of 200 kV, current of 12–15 μА, CFEG) equipped with
a cold field-emission electron gun.

In the measurements, 0.5 mg of the catalyst was
added to 1 mL of isopropanol and dispersed by ultra-
sonication. A drop of the obtained suspension was
applied to copper mesh coated by amorphous carbon
and dried in air for 20 min at the room temperature.
Histograms of the Pt-nanoparticles’ distribution in
size in the catalysts were plotted basing of the results of
at least 400 randomly chosen particles in the TEM-
images in the sample different spots.
L OF ELECTROCHEMISTRY  Vol. 58  No. 6  2022
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Table 2. Parameters characterizing the catalysts’ electrochemical behavior

Material
Electrochemically active surface area, 

m2/g(Pt), Hads/Hdes
Е1/2, V Ik, A/g(Pt) Ik, A/сm2(Pt)

JM20 84 ± 8 0.91 184 ± 18 2.19 ± 0.21
PCN 110 ± 11 0.91 256 ± 26 2.33 ± 0.24
Electrochemical Research Methods

Cyclic voltammogram were recorded at 25°С in a
three-electrode cell filled with 0.1 М HClO4 solution
saturated with Ar at ambient pressure. Saturated sil-
ver/silver chloride electrode was the reference elec-
trode; Pt-wire, the auxiliary electrode. Thin layer of
Pt/C deposited onto a glassy carbon disc electrode was
the working electrode. The procedure of the Pt/C
preparation and deposition is described at length in
work [17]. Prior to the electrode dipping into electro-
lyte solution, its surface was wetted with 0.1 М per-
chloric acid.

Primarily, we performed the electrochemical acti-
vation (standardizing) of the electrode surface. To that
end, 100 cycles of the potential scanning was carried
out over the potential range from 0.03 to 1.20 V (in this
work, potentials are given vs. reversible hydrogen elec-
trode) at a scanning rate of 200 mV/s. Further, two
cyclic voltammograms were recorded in the same
potential range, however, at a potential scanning rate
of 20 mV/s. The catalyst electrochemically active sur-
face area was determined from the half-sum of the
charges consumed in the atomic hydrogen electro-
chemical adsorption/desorption during the recording
of the 2nd cyclic voltammogram at a potential scan-
ning rate of 20 mV/s, as described in work [17]. The
accuracy of the electrochemically active surface area
determination is ±10% (Table 2).

To determine the catalyst activity in the oxygen
electroreduction reaction, we took a series of linear
potential sweep voltammograms over the 0.0–1.20 V
range at a potential scanning rate of 20 mV/s. Primar-
ily, the cell was oxygen-saturated for 60 min at an elec-
trode rotation velocity of 700 rpm. The Ohmic resis-
tance contribution and the voltammogram normal-
ization were carried out after generally accepted
procedures described in works [29, 30]. The disc
electrode rotation velocities were 400, 900, 1600, and
2500 rpm, as it is required for its activity determination
by the kinetic current calculated from I–1–ω–0.5

dependences (in the Kouteckу–Levich coordinates)
[31].

The catalysts’ stability was evaluated by stress-test-
ing based on the multiple voltametric potential cyclic
sweeping at a rate of 100 mV/s: for 5000 cycles over the
0.6–1.0 V potential range and for 1000 cycles over the
0.6–1.4 V potential range. The stress-testing was car-
ried out in the argon-saturated 0.1 М HClO4 solution
at 25°C. When 5000 cycles were performed, two cyclic
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
voltammograms were recorded after each 500 cycles
over the 0.02–1.20 V potential range at a potential
scanning rate of 20 mV/s. In the stress-test with the
1000 cycles’ duration, these two cyclic voltammograms
were recorded after each 100 cycles. The electrochemi-
cally active surface area was calculated from the 2nd
cyclic voltammogram, as described above [18].

RESULTS AND DISCUSSION
The platinum mass fraction in the PCN sample

synthesized from the nitrogen-doped carbon is
22 wt % (Table 1), which is close to the calculated
value (23 wt %). This evidenced the support high sorp-
tion ability with respect to the metal nanoparticles.

The platinum crystallite average size in the PCN,
calculated by the results of the X-ray diffraction anal-
ysis, does not exceed 1 nm (Table 1). The comparison
of the X-ray diffraction patterns of the JM20 and PCN
samples showed that in the PCN sample the carbon
and platinum (111) reflections are shifted toward
larger and smaller 2θ angle values, respectively
(Fig. 1). It is our belief that the nitrogen heteroatoms
built-in to the carbon crystal lattice affected its struc-
tural characteristics. The platinum nanoparticles’
interaction with the heteroatoms can also affect the
interatomic distance in the nanoparticles’ crystal lat-
tice. This was translated to a larger value of the plati-
num crystal lattice parameter in the PCN, as com-
pared with that in JM20. In Table 1 we give the
nanoparticles’ average size and the elementary cell
parameters determined by the mathematical process-
ing with the use of the SciDavis software. We see from
table that the platinum-nanoparticle elementary cell
parameters for all samples are less than those in the
platinum metal bulk. When the particles’ average size
decreased down to approximately 2 nm the elementary
cell parameter decreased by 0.03 Å, which corre-
sponds to a deviation by 0.7% as compared with the
massive Pt. This could be understood as a result of the
size effect being a consequence of uncompensated
interatomic distances and reduced interplanar spac-
ings near the particle surface. As a result, the nanopar-
ticles shrink up which implies a decrease in the cell
parameter [32].

TEM-microphotographs of the materials, contain-
ing the Pt-nanoparticle images, are presented in
Fig. 2. The microphotographs of the JM20 sample
(Fig. 2а) show nanoparticles sized from 1.5 to 4.5 nm,
as well as separate aggregates containing comprising
8  No. 6  2022
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Fig. 1. X-ray diffraction patterns for Pt/C- and Pt/CN-electrocatalysts and schemes of the patterns’ analysis for PCN (b) and
JM20 (c).
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Fig. 2. TEM-microphotographs of the catalysts JM20 (а), PCN (b). Right—histograms of the nanoparticles’ distribution in size
in the corresponding materials.
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2–4 particles. The nanoparticles’ average size is
2.7 nm. In the catalyst prepared at a doped support the
nanoparticles’ average size is 1.9 nm (Fig. 2b). Their
distribution in size is much narrower than in the com-
mercial sample JM20. The platinum nanoparticles are
distributed over the doped support more uniformly; at
a closer study of PСN images (Fig. 2b) it can be
observed that the considerable part of the nanoparti-
cles is distributed along spherical trajectories. We
believe that this can evidence the presence of meso-
pores whose edges could be thermodynamically
attractive for the nanoparticles’ nucleation and adhe-
sion. Thus, the nature and morphology of the support
material affected the Pt-nanoparticles’ distribution.

In Table 1 we give details such as the studied cata-
lysts’ composition and microstructure, the carbona-
ceous supports’ surface areas. Note that the carbona-
ceous materials used in both catalysts have surface
areas close to each other.

During the stage of the catalyst suspension deposi-
tion onto the glassy carbon electrode surface we
observed some difference in the lyophilic/lyophobic
properties of the corresponding catalytic inks. The dif-
ference is retained also for the catalytic layers formed
at the electrode. The PСN-catalyst layer appeared
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
being more hydrophobic and was worse wetted by

electrolyte. For this reason, the electrochemical stan-

dardizing of the PСN-catalyst surface, during which

its active surface was developed, took as long as

90 cycles, whereas the commercial electrocatalyst

JM20 surface appeared fully developed after only

30 cycles. We believe that the processes that can occur

at the surface and in the bulk of the deposited PСN-

catalyst porous layer in the course of multiple repeat-

ing of the cyclic voltammograms (see the Experimen-

tal section) could increase its hydrophily.

The form of cyclic voltammograms taken for the

standardized catalysts are characteristic of Pt/C-

materials (Fig. 3). The electrical double layer segment

of the cyclic voltammograms, which corresponds to

the electrical double layer charging processes over the

0.4–0.8 V potential range, is wider for PCN than for

JM20. This correlates both with the specific surface

area of the supports (Table 1) and with total surface

area of the platinum nanoparticles in the catalysts

(Table 2). Both catalysts demonstrated high values of

the electrochemically active surface area; at that, in

the PСN sample this area is larger by about 30%

(Table 2). This well corresponds to the special features

of the catalysts’ microstructure: in PСN the platinum
8  No. 6  2022



508 MOGUCHIKH et al.

Fig. 3. Cyclic voltammograms of catalysts in Ar atmosphere (а), stationary electrode; voltammograms of electrocatalysts in О2

atmosphere (b) at the rotating disc electrode, the rotation velocity 1600 rpm. Electrolyte 0.1 М HClO4, potential scanning rate
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–60

20

0

–20

–40

40

(a)

1.30.2 0.4 0.6 0.8 0.1 1.10

E, V vs. RHE E, V vs. RHE

JM20

PCN

JM20

PCN

I,
 A

/
g
(P

t)

I,
 A

/
g
(P

t)

–180

–30

–60

–90

–120

–150

0 (b)

1.10.5 0.6 0.7 0.8 0.9 1.00.4
nanoparticles are markedly smaller than in JM20
(Table 1).

The catalysts’ activity was evaluated by their kinetic
current and the oxygen electroreduction half-wave
potential, which were measured at four rotation veloc-
ities of the rotating disc electrode: 400, 900, 1600, and
2500 rpm. Note that at all rotation velocities the PСN-
catalyst showed lower limiting diffusion current of
oxygen reduction than the JM20 one (Fig. 3b). This
situation is likely to be due to some additional prob-
lems caused by oxygen diffusion in the PСN-catalyst
porous layer because of the PСN lower hydrophily.
Nonetheless, the PСN-electrocatalyst mass-activity
(Ik, A/g(Pt)) in the oxygen reduction reaction

appeared being much higher than that of the JM20-
electrocatalyst (Table 2). Taking into consideration
the negligibly small difference in the catalysts’ activity

in the oxygen reduction reaction (Ik, A/сm2(Pt))

(Table 2), it is the high electrochemically active sur-
face area (due to the small size of the Pt-nanoparticles
in the material) that should be considered to be the
main reason of the PСN-catalyst larger mass-activity.

The durability of the catalysts was evaluated by way
of multiple voltametric cycling in mild and hard mode
over the potential ranges 0.6–1.0 V (5000 cycles) and
0.6–1.4 V (1000 cycles). According to literature data,
the results of stress-testing in mild mode are mainly
connected with the platinum dissolution–reprecipita-
tion processes, its nanoparticles’ aggregation, whereas
the nature of carbonaceous support takes second place
[18, 33, 34]. In the hard mode stress-testing, the sup-
port per se durability with respect to degradation is
growing in importance [34]. Upon completing of the
stress-testing, the stability was evaluated by the chang-
ing of the catalysts’ electrochemically active surface
area and mass-activity in the oxygen reduction reac-
tion. In Figs. 4 and 5 we give the catalysts’ cyclic vol-
tammograms in argon atmosphere and voltammo-
RUSSIAN JOURNA
grams of the oxygen electroreduction at the PCN and
JM20 electrocatalysts prior to and after the corre-
sponding stress-tests.

The catalysts’ stress-testing in mild mode resulted
in the current lowering in the “hydrogen” and, in a
greater degree, “oxygen” segments of the cyclic vol-
tammograms (Figs. 4а, 4c). The oxygen electroreduc-
tion voltammograms at pre-stress-tested electrodes are
shifted toward the lower potential range (Figs. 4b, 4d),
which evidenced deceleration of the oxygen reduction
reaction. We note that after the stress-testing the PCN
catalyst showed larger oxygen-reduction limiting dif-
fusion current, which can be connected with the
development (increase in hydrophily) of the porous
catalytic layer deposited onto the rotating disc elec-
trode.

The catalyst hard-mode stress-testing resulted in
the current marked decrease both in the “hydrogen”
and in “oxygen” segments of the cyclic voltammo-
grams (Figs. 5а, 5c). At that, no broadening of the
cyclic-voltammogram electrical double layer segment
was observed during the cycling, which is an indirect
evidence of the support stability against oxidation
[18, 35]. The oxygen reduction reaction voltammograms
are also shifted toward lower potentials (Figs. 5b, 5d).
After 1000 cycles of the hard stress-testing, both cata-
lysts demonstrated more significant decrease of the
electrochemically active surface area (EASA) and
mass-activity in the oxygen reduction reaction than
after 5000 cycles of mild stress-testing (Fig. 6). In the hard
mode, the electrochemically active surface area of the

PCN catalyst dropped from 110 down to 40 m2/g(Pt); for
the commercial catalyst JM20, from 84 down to

22 m2/g(Pt), which comes to 36 and 26%, respectively.
The PCN and JM20 catalysts’ mass-activity decreased
after the stress-testing by a factor of 4.7 and 4.5,
respectively (Fig. 6b). At that, the absolute value of the
L OF ELECTROCHEMISTRY  Vol. 58  No. 6  2022
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Fig. 4. Cyclic voltammograms of stationary electrodes in Ar atmosphere (а, c) prior to and after stress-testing. Voltammograms
of oxygen electroreduction (b, d) prior to and after stress-testing at the rotating disc electrode rotation velocity of 1600 rpm. Cat-
alysts: (а, b) JM20; (c, d) PCN. Electrolyte 0.1 М HClO4. Potential scanning rate 20 mV/s. The stress-testing conditions:
5000 cycles over the 0.6–1.0 V potential range, 23°С.
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Fig. 5. Cyclic voltammograms of stationary electrodes in Ar atmosphere (а, c) prior to and after stress-testing. Voltammograms
of oxygen electroreduction (b, d) prior to and after stress-testing at the disc rotation velocity of 1600 rpm. Catalysts: (а, b) JM20;
(c, d) PCN. Electrolyte 0.1 М HClO4. Potential scanning rate 20 mV/s. The stress-testing conditions: 1000 cycles over the 0.6–
1.4 V potential range, 23°С.
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Fig. 6. Characteristic parameters of electrochemical behavior of Pt/C-catalysts prior to and after completing of stress-testing car-
ried out in mild (а) and hard (b) modes. For additional explanation, see text.
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PCN mass-activity still remained larger than that of
JM20 (Fig. 6b).

The comparison of the catalysts’ behavior in the
course of the stress-testing in different modes allowed
concluding on a higher PСN stability as compared
with JM20. The nitrogen-doping of carbon is likely to
strengthen the Pt-nanoparticle adhesion to the sup-
port, which hindered the platinum dissolution, ham-
pered the nanoparticles’ breaking-off or displacement
along the support surface and thus prevented their
aggregation during the stress-testing. One more factor
increasing the sample stability can be the inherently
larger support graphitization degree emerged during
the carbonaceous materials high-temperature pro-
cessing. And this, in its turn, resulted in a decrease of
the number of oxygen-containing surface groups
which take precedence in the oxidation during the cat-
alysts’ testing over wide potential range and contribute
to the material degradation in total.

CONCLUSIONS

A platinum catalyst PСN with the platinum mass
fraction 22 wt % and the platinum nanoparticles aver-
age size 1.9 nm is synthesized in liquid phase using a
nitrogen-doped carbonaceous support. Electronic
interaction of the intercalated nitrogen atoms with
carbon atoms and deposited platinum nanoparticles
resulted in the shift of the carbon and platinum char-
acteristic reflections in the material’s X-ray diffraction
patterns toward larger or smaller 2θ, angles, respec-
tively. The platinum (111) reflections’ position in the
X-ray diffraction patterns allowed determining the
platinum crystal lattice parameter: 0.3968 Å in
the PСN nanoparticles; 0.3920 Å in the commercial
Pt/C-catalyst JM20 nanoparticles.

The electrochemically active surface area of the
PСN electrocatalyst and its mass-activity in the oxy-
RUSSIAN JOURNA
gen reduction reaction appeared being larger than
those of its commercial analog JM20. These differ-
ences are mainly due to the small size of the platinum
nanoparticles in the PСN and well pronounced uni-
formity of their spatial distribution. The large electro-
chemically active surface area gives rise to the PСN
high mass-activity in the oxygen reduction reaction,
whereas specific activities of the PСN and JM20 cata-
lysts are close to each other (they coincide within the
limits of experimental error).

The catalysts’ stability against degradation was
evaluated in two modes of voltametric stress-testing.
Despite smaller platinum nanoparticles’ size, the
PСN catalyst demonstrated higher stability in both
stress-tests. Upon the completing of the testing, it
retained its larger electrochemically active surface area
and mass-activity in the oxygen reduction reaction as
compared with the JM20.

We believe that the high stability of the PСN sam-
ple against degradation can be due to a combination of
optimal morphology (uniformity of the Pt nanoparti-
cles’ spatial distribution and some special features of
their arrangement in pores) and a positive impact from
the nitrogen atoms incorporated to carbon on the
strength of the platinum nanoparticles’ adhesion to
the support.

The platinum catalyst PCN synthesized on the
nitrogen-doped carbon support is of apparent value
for its testing in membrane–electrode assemblies of
hydrogen–air fuel cells. We conceive the nitrogen-
doped carbon material CN to be advantageous in the
producing of two-component platinum-metal elec-
trocatalysts as well.
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