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Abstract

Objectives: The paper studies the effect of the uniformity of spatial distribution of Pt nanoparticles over the support surface
in Pt/C materials on the microstructure and electrochemical behavior of PtCo/C catalysts obtained on their basis. PtCo/C
catalysts are synthesized by the impregnation of Pt/C followed by heat treatment in an Ar/Hy atmosphere. The use of a
Pt/C material with a platinum mass fraction of about 20% and a uniform distribution of Pt nanoparticles over the surface
of the carbon support makes it possible to obtain a PtCo/C catalyst, the activity of which in the oxygen reduction reaction
at 0.90 Vis 1215 A/g (Pt), which is 4.8 times higher than a similar figure for a commercial Pt/C catalyst. In this case, the
use of a Pt/C material with an ununiform distribution of nanoparticles leads to the production of a PtCo/C catalyst with
large particle size and low active surface area, which significantly worsens its activity in oxygen reduction reactions. The
purpose of this article is to study the effect of the uniformity of the spatial distribution of Pt nanoparticles over the support
surface in Pt/C materials on the microstructure and electrochemical behavior of the PtCo/C catalysts obtained from them.

Experimental: PtCo/C catalysts were synthesized by impregnation with Pt/C followed by heat treatment in an Ar/H,
atmosphere.

Conclusions: The use of a Pt/C material with a platinum content of approximately 20% and a uniform distribution of Pt
nanoparticles over the carbon support surface allows the production of a PtCo/C catalyst with an oxygen reduction reaction
(ORR) activity of 1215 A/g (Pt) at 0.90 V, which is 4.8 times higher than that of a commercial Pt/C catalyst. The use of a
Pt/C material with a non-uniform distribution of nanoparticles results in a PtCo/C catalyst with a large particle size and a
low active surface area, which significantly reduces its ORR activity.
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1. Introduction

Finding ways to enhance the activity and
stability of platinum-based electrocatalysts
is a critical task for advancing various areas
of hydrogen energy, such as low-temperature
fuel cells (LTFCs) [1-4]. One effective approach
involves doping platinum with d-metals (e.g.,
Co, Ni, Fe, Cu) [5-7]. By varying the composition
and structure of the resulting nanoparticles,
this strategy can improve the functional
characteristics of the catalyst [8—14] while
reducing its cost.

It is known that a catalyst’s performance is
largely determined by its morphology, including
the distribution of metal nanoparticles on
the carbon support, as well as their shape,
composition, structure, average size, and size
distribution [15-18]. Furthermore, catalysts
incorporating bimetallic nanoparticles often
exhibit enhanced stability due to stronger
metal-support interactions. Therefore, for
bimetallic systems, these factors must be
carefully considered when developing an optimal
synthesis strategy.

Among various candidates, PtCo/C catalysts
are regarded as the most promising for LTFCs,
combining high activity in the oxygen reduction
reaction (ORR) with outstanding stability [4,
19, 20]. The high practical relevance of research
on PtCo/C catalysts is underscored by their
application in commercial systems, such as the
Toyota Mirai fuel cell [21].

The functional properties of bimetallic
catalysts are determined by the chemical
composition and structure of their nanoparticles,
as well as by the distribution of these particles on
the carbon support. For instance, achieving a high
degree of alloying in PtCo/C catalyst nanoparticles
is crucial. Cobalt atoms that are not incorporated
into the platinum lattice can dissolve during
operation and poison the polymer electrolyte
membrane, thereby degrading the performance
of the LTFC [22]. However, incorporating Co
atoms into the Pt nanoparticles during synthesis
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is challenging. In many cases, subsequent heat
treatment is required, which can lead to particle
agglomeration (coarsening), a reduction in active
surface area, and consequently, a loss of catalytic
activity. Furthermore, forming bimetallic PtCo
nanoparticles with an ordered alloy structure (an
intermetallic phase) can significantly enhance the
catalyst’s stability compared to materials with a
disordered alloy structure [22, 24].

High-temperature synthesis in a reducing
atmosphere is a promising route for producing
platinum-based electrocatalysts for low-
temperature fuel cells, offering advantages such
as high-performance characteristics. Several
methods exist for the high-temperature synthesis
of bimetallic platinum catalysts.

The first approach involves impregnating a
high-surface-area carbon support with precursors
of platinum and a d-metal in the required
ratio, followed by carbothermic reduction in an
inert atmosphere with hydrogen [25-27]. The
uniformity of the final product depends heavily
on the properties of the carbon support and the
high-temperature reduction conditions. Another
method utilizes a pre-synthesized Pt/C catalyst
(often commercial), which is impregnated with
a d-metal precursor. Subsequent heat treatment
in an inert atmosphere with a small amount of
hydrogen reduces the metal oxide/hydroxide
and facilitates its “fusion” with platinum
nanoparticles [28, 29]. In this case, the properties
of the resulting bimetallic catalyst are determined
not only by the temperature and atmosphere
but also by the microstructure of the initial Pt/C
material.

While several studies have investigated the
effects of temperature and atmosphere on the
properties of PtM/C catalysts prepared by this
method, systematic studies on the influence of
the Pt/C precursor’s microstructure are lacking.
This includes the role of the average size and
size distribution of platinum nanoparticles,
as well as their dispersion on the carbon
support, on the structural characteristics



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

A.K. Nevelskaya et al.

and electrochemical performance of the final
bimetallic catalysts.

Therefore, the aim of this work was to
prepare a series of PtCo/C catalysts via
high-temperature treatment in a reducing
atmosphere using Pt/C precursors with varying
microstructures, and to conduct a comparative
study of the composition, structure, and
catalytic activity of the resulting materials in
the oxygen reduction reaction.

2. Experimental

2.1. Deposition of Co(OH)z on a Pt/C
catalyst

The development of highly efficient catalysts
containing non-precious metals is an important
and promising area of hydrogen energy research.
The synthesis method described herein allows
for the production of catalysts exhibiting high
activity in ORR and enhanced stability.

A sample of a Pt/C catalyst (with a Pt loading
of approximately 20 wt. %) was placed in a
beaker, and 60 mL of ethylene glycol (reagent
grade, AO “EKOS-1”, Moscow, Russia) measured
with a cylinder was added. A magnetic stir
bar was placed into the resulting suspension,
and it was stirred on a magnetic stirrer for
2-3 minutes. Subsequently, the mixture was
subjected to ultrasonic dispersion twice for 2
minutes each (using an Ultrasonic Processor
FS-1200N) and then returned to the magnetic
stirrer. A calculated volume of the cobalt
precursor, CoSO4-7H,0, as an aqueous solution
with a concentration of 0.071 M, was added via
a dispenser, and stirring was continued for 1
hour [30].

Following this, a calculated amount of
NaOH, dissolved in 20 mL of bidistilled water,
was introduced to precipitate cobalt hydroxide.
The mixture was stirred on a magnetic stirrer
for another hour. The catalyst suspension was
filtered using a Biichner funnel with “Blue
Ribbon” filter paper and washed sequentially
with water, ethanol, and again with water, each
for at least three cycles. The catalyst on the filter
was then dried at 80 °C in a vacuum oven. After
drying, the catalyst was separated from the filter
paper, and the resulting powder was subjected
to thermal treatment in a tube furnace at 700 °C
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for 1 hour under a flow of inert gas containing 5
% hydrogen.

Two types of Pt/C catalysts were used to
prepare the bimetallic catalysts: (1) a catalyst
with a uniform distribution of nanoparticles
on the Vulcan XC-72 carbon support (Fig. 1a),
designated as Pt/C-u, which is characterized by a
high electrochemical active surface area (ECSA) of
80 m?/g(Pt); and (2) a catalyst with a non-uniform
distribution, a high fraction of agglomerates
(Fig. 1b), and an ECSA of 25 m?/g(Pt), designated
as Pt/C-n. After thermal treatment at 700 °C, the
samples were labeled as PtCo/C-u and PtCo/C-n,
respectively, according to the type of Pt/C
material used.

2.2. Investigation of the composition and
structure of PtCo/C catalysts

The phase composition of the obtained
materials was studied on an ARL X’TRA
diffractometer (CuKa) in the 26 range from 15°
to 55° with a step of 0.04° and a recording rate
of 2° per minute. The elemental composition of
the materials was studied by X-ray fluorescence
analysis on an RFS-001 spectrometer with total
internal reflection (TXRF). The average size, shape,
and spatial distribution of nanoparticles on the
surface of the carbon support were studied using
a JEM-F200 transmission electron microscope
(TEM) JEOL). AJEOLEM-01361RSTHB beryllium
sample holder with a double tilt was used for TEM
measurements. TEM images were obtained at
magnifications from 30000x to 600000x.

2.3. Electrochemical characterization

The electrochemical behavior of the
electrocatalysts was studied using a three-
electrode cell and a rotating disk electrode
(RDE) in a 0.1 M HCIO4 electrolyte [31].
Catalytic ink was prepared by dispersing
0.006 g of the catalyst in a mixture of 2000 uL
isopropyl alcohol and 40 uL of a 5 wt. % Nafion
solution via 30-minute ultrasonication to form
a homogeneous suspension. A calculated aliquot
of the ink was drop-cast onto a glassy carbon
disk electrode to achieve a uniform Pt loading
of 19-21 pg/cm?.

Standardization of the electrode surface
and recording of cyclic voltammograms (CVs) to
determine the ECSA were performed according
to the procedure described in [31]. The activity of
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the synthesized catalysts in ORR was evaluated
by voltammetry with a linear potential sweep
on a rotating disk electrode. The kinetic current
was calculated at a potential of 0.90 V using the
Koutecky-Levich equation [31]. All potentials
in this work are given relative to a reversible
hydrogen electrode (RHE).

3. Results and discussion

Two Pt/C materials with distinct
microstructures were selected for cobalt
doping: (1) Pt/C-u with a uniform distribution
of nanoparticles on the carbon support surface
(Fig. 1) and an average crystallite size of
approximately 2.3 nm (Table 1); and (2) Pt/C-n,
a material with a non-uniform nanoparticle
distribution, pronounced agglomeration, and a
slightly larger average crystallite size of 3.0 nm,
as determined by X-ray diffraction (XRD) analysis.

It should be noted that despite using the
same amount of cobalt precursors (calculated
for a Pt:Co atomic ratio of 1:1) deposited on the
Pt/C materials, the composition of the resulting
PtCo/C materials differed depending on the
synthesis methodology. When cobalt precursors
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were deposited onto the Pt/C-u material using an
alkali, the composition of the resulting catalyst
was Pt Co,, which corresponds to the atomic
ratio of the precursors used in the synthesis.
In contrast, for the PtCo/C-n catalyst derived
from the Pt/C-n material, the composition
corresponded to PtCo, . This indicates that the
PtCo/C-n catalyst contained a lower proportion
of Pt compared to the PtCo/C-u material, which
may be attributed to specific features of the
synthesis procedure and metal losses during the
process. The platinum mass fraction in the PtCo/
C-n material was 14 % (Table 1), which is lower
than expected from the precursor loading and
supports the assumption of metal losses during
synthesis.

During the deposition of cobalt onto a Pt/C
support followed by thermal treatment in an inert
atmosphere, two primary processes can occur:
the formation of bimetallic PtCo nanoparticles
via atomic diffusion, and the coarsening of metal
nanoparticles through agglomeration.

The formation of bimetallic nanoparticles
after the deposition of cobalt precursors on Pt/C
materials and subsequent thermal treatment is

Pt/C-u  CoSO, NaOH Pt/C-n  CoSO, NaOH
20 % Pt
Pt:Co 1:1
700 °C 1 h, Ar/5%H,

ISR e

Fig. 1. Synthesis scheme of PtCo/C catalysts on various Pt/C materials
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Table 1. Structural characteristics of PtCo/C catalysts obtained on the basis of various Pt/C materials
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o Composition . Composition | Average crystallite
Sample o(Pt), % TXRE Lattice parameter, A XRD size, nm
Pt/C-p 21#1 Pt 3.94(6) - 2.3%0.2
Pt/C-u 18+1 Pt 3.93(3) - 3.0%0.2
PtCo/C-p 18+1 PtCo, , 3.85(3) PtCo,,, 4.5%0.2
3.86(6) PtCo, 30+3
PtCo/C-H 14+1 PtCo, , 3.81(1) PtCo, ,, 101

confirmed by XRD data. A shift of the reflections
corresponding to the face-centered cubic (fcc)
structure of platinum towards higher 26 angles
was observed (Fig. 2a). This indicates a decrease
in the crystal lattice parameter (Table 1) due
to the formation of an alloy of platinum with
cobalt. The extent of the peak shift and the
phase composition of the resulting PtCo/C
catalysts depend on the type of Pt/C material
used. For the PtCo/C-u catalyst, derived from
the uniformly distributed Pt/C material, a single
PtCo phase with a lattice parameter of 3.853 A
was formed. In contrast, XRD analysis of the
PtCo/C-n catalyst revealed two distinct metallic
phases (Table 1). The composition of the Pt-Co
alloy can be estimated from the lattice parameter
using Vegard’s law. For the PtCo/C-n material,
the compositions are PtCo  , and PtCo, , for the
phases with lower and higher cobalt content,
respectively. A discrepancy was noted between
the composition of the bimetallic phases

a)

— Pt/C-u

— PtCo/C-u

Intensity a.u.

30 35 40 45 50 55
26, deg

determined by XRD and the bulk composition
from elemental analysis. This suggests that
not all cobalt is incorporated into the platinum
lattice to form an alloy. The cobalt not alloyed
with platinum may exist in the material as a
separate phase, likely an X-ray amorphous cobalt
oxide or hydroxide. Analysis of the average
crystallite size in the bimetallic catalysts using
the Scherrer equation [31] showed that thermal
treatment leads to different structural changes
in the materials. For the PtCo/C-u catalyst, a
slight increase in nanoparticle size to 4.5 nm
was observed. Conversely, the PtCo/C-n material
exhibited more significant particle coarsening,
with sizes reaching 10-30 nm.

Furthermore, additional reflections
appeared on the XRD pattern of the PtCo/C-n
material after thermal treatment. The presence
of these reflections may indicate the formation
of Pt-Co intermetallic compounds. However,
their low intensity makes precise identification

b)
Pt/C-n
3 — PtCo/C-n
=
D
5
E
30 35 40 45 50 55
20, deg

Fig. 2. X-ray diffraction patterns of Pt/C materials and PtCo/C catalysts obtained on their basis with uniform
(a) and non-uniform (b) distribution of nanoparticles over the surface of the carbon support
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difficult.

According to TEM data (Fig. 3), the PtCo/
C-u catalyst is characterized by a uniform
distribution of metal nanoparticles on the carbon
support surface. TEM results also revealed that
the material contains nanoparticles with a size
range of 2 to 8 nm (Fig. 3b), as well as large
nanoparticle agglomerates up to 30 nm in size
(Fig. 3b). A particle size distribution histogram
was constructed based on the analysis of TEM
images (Fig. 3c), and the average size of the metal
nanoparticles was calculated to be 4.7 nm. The
histogram shows a wide dispersion, indicating
the presence of both small nanoparticles
(around 2 nm) and larger ones exceeding 8
nm. It is important to note that the large
nanoparticle agglomerates were not included
in the calculation of the average particle size
or in the construction of the histogram due to
methodological constraints in their accurate
accounting. The average nanoparticle size for the
PtCo/C-umaterial, as determined by TEM, closely
matches the average crystallite size of PtCo
calculated using the Scherrer equation (Table
1). Thus, the bimetallic catalyst derived from
the uniform Pt/C material exhibits a uniform
distribution of nanoparticles across the carbon
support surface but simultaneously possesses
a very broad particle size distribution and the
presence of agglomerates, which is a detrimental
factor for developing highly efficient catalysts.
Consequently, further optimization of the
cobalt precursor deposition method and thermal
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treatment conditions is likely required to obtain
a catalyst with a narrower size distribution.

Evaluation of the ECSA by cyclic voltammetry
(Fig. 4) revealed significant differences between
the PtCo/C materials derived from Pt/C precursors
with different uniformities. The ECSA for the
PtCo/C-u material was about 50 m?/g(Pt) (Table
2), which is somewhat lower than that of the
commercial Pt/C analogue (ECSA = 84 m?/
g(Pt)). This decrease is likely associated with the
larger size and broader size distribution of the
nanoparticles in the bimetallic material. Notably,
the deposition of cobalt followed by thermal
treatment led to a reduction in the ECSA for the
PtCo/C-u material compared to the original Pt/
C-u (Table 2), which can be attributed to particle
growth during the high-temperature synthesis of
the bimetallic catalyst. The ECSA for the PtCo/
C-n material, derived from the non-uniform
Pt/C precursor, was significantly lower than that
of PtCo/C-u. This can be explained both by the
lower initial ECSA of the Pt/C-n precursor and
the larger metal particle size in the final PtCo/
C-n material (Table 1).

The polarization curves in Fig. 4 exhibit
a typical shape for platinum-based catalysts.
From 1.10 V to an onset potential of about
0.98 V for PtCo/C-n and Pt/C, and about 1.00
V for PtCo/C-u (Fig. 4c, Region I; Fig. 4d), the
current is zero, indicating that the ORR does
not proceed. Upon reaching the onset potential,
the cathodic current increases as the potential
decreases. This region is independent of the

—

[T S E e - S EE e B S I SN
T

Frequency, %

2 3 4 5 6 7 8 9 10
Diameter of nanoparticles, nm

Fig. 3. TEM images (a, b) and histogram of the size distribution of nanoparticles (c) of PtCo/C-u catalyst ob-
tained on the basis of Pt/C catalyst with uniform distribution of nanoparticles
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b)

. —

3
T‘n‘] ,S -4
=
-10 1 Pt/C-n
-15 A
— PtCo/C-n
-20 T T T T \
0.0 0.2 0.4 0.6 0.8 1.0
E, V (RHE)
d)
J L ]
0.97 ] ° . 60 mV * Hispec 3000
1 L]
* . ® PtCo/C-u
0.95 4 .

® PtCo/C-n

E, V (RHE)

Fig. 4. Cyclic voltammograms of PtCo/C catalysts obtained using various Pt/C catalysts (a, b); linear potential
sweep voltammograms (c) and Tafel dependence for the obtained PtCo/C catalysts, as well as the commercial

Pt/C catalyst Hispec 3000 (d)

Table 2. Electrochemical characteristics of the obtained PtCo/C catalysts, as well as the commercial Pt/C

catalyst Hispec 3000

2
Sample ECSA, m?%/g (Pt) I, mA ig’tj(x)/g()(%)) Iz;l%rgo(\Plg) E,V
PtCo/C-p 50%5 5.0%0.5 1215+122 24.3*2.4 0.94+0.01
PtCo/C-H <3 0.6%0.1 192£19 0.88+0.01
Hispec 3000 84+8 1.2+0.1 254%25 3.0+0.3 0.91£0.01

electrode rotation rate, and the reaction rate
is governed solely by the sluggish kinetics of
the ORR. With a further decrease in potential,
oxygen diffusion to the electrode surface begins
to contribute. This region (Fig. 4c, Region II) is
characterized by mixed kinetic-diffusion control.
At even lower potentials, the cathodic current
becomes independent of the applied potential as
it becomes limited solely by the rate of oxygen

supply to the electrode surface — this is the
region of the limiting diffusion current (Fig. 4c,
Region III).

The catalytic activity at 0.90 V, normalized
both to the mass of Pt (mass activity, I ), and to
the ECSA (specific activity, I ), demonstrates the
superior performance of the PtCo/C-u material.
Its mass activity of 1215 A/g(Pt) and specific
activity of 24.3 A/m?(Pt) far exceed those of the
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commercial Pt/C analogue (254 A/g(Pt)), despite
its lower ECSA (Table 2). In contrast, the PtCo/
C-n material shows significantly lower activity
compared to the commercial Pt/C, which can
be attributed to its extremely low ECSA. Based
on the half-wave potential (E, ,), the studied
samples can be ranked in the following order of
increasing activity: PtCo/C-n < Pt/C < PtCo/C-u.
The half-wave potential serves as a key indicator
of activity, alongside kinetic current values.
Thus, it is confirmed that the PtCo/C-u catalyst,
possessing the highest half-wave potential of
0.94 V among all samples, exhibits the greatest
activity in the ORR.

4. Conclusions

A study on model Pt/C samples with uniform
and non-uniform distributions of platinum
nanoparticles demonstrated the decisive
influence of this parameter on the performance
of the resulting bimetallic PtCo/C catalysts.
It was found that the PtCo/C catalyst derived
from the uniformly distributed Pt/C precursor
exhibits a larger electrochemical surface area
and a mass activity more than six times higher
than that of the catalyst obtained from the
non-uniform Pt/C material. Furthermore, the
mass activity of the most active PtCo/C catalyst
exceeded that of a commercial Pt/C catalyst by
a factor of 4.8.

Thus, the presented high-temperature
synthesis method for PtCo/C electrocatalysts
has proven to be both promising and scalable for
producing highly efficient bimetallic materials.
Future work will focus on synthesizing catalysts
with varying metal loadings and testing their
performance in membrane-electrode assemblies
of low-temperature fuel cells.
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