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Abstract The influence of the atmosphere composition (CO,
Ar, air), in which wet synthesis of Pt/C electrocatalyst was
carried out, on the structural and morphological characteristics,
and electrochemical behavior of electrocatalysts have been
studied. For comparison, commercial Pt/C electrocatalysts with
the same platinum loading were also studied. It has been shown
that the adsorption of CO molecules on the surface of the
growing platinum nuclei leads to the decrease in the average
size of the nanoparticles and the narrowing of the size distribu-
tion in the Pt/C. Homemade electrocatalysts, with the values of
electrochemically active surface area being from 94 to
139 m2 g−1 (Pt), prove to be in no way inferior to their com-
mercial counterparts in oxygen reduction reaction mass activi-
ty. Durability of the homemade Pt/C samples in accelerated
stress tests exceeds durability of the commercial ones.
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Introduction

Over the past decades, platinum nanoparticles deposited on a
carbon support have been the best electrocatalysts for the pro-
ton exchange membrane fuel cell (PEMFC) [1]. Platinum
alloying by some d-metals improves activity and, in certain

cases, durability of electrocatalysts [2–4]. Reduction in the
mass fraction of the precious metal in the catalysts also results
in the reduction of their cost [1]. Platinum replacement by the
Pt–Ru alloy has significantly increased PEMFC tolerance of
the hydrogen electrode to the CO impurity [4]. At the same
time, replacement of platinum by its alloys on the oxygen elec-
trode is not widely used in PEMFC manufacture. The point is
that degradation of a catalyst, as well as corrosion of metal
nanoparticles, takes place in the process of PEMFC operation
[5]. The degradation phenomenon is more pronounced on the
oxygen electrode whose potential can achieve high values,
while intermediates of the oxygen electroreduction are highly
reactive [6]. In the case of the two-component platinum alloys,
an alloying component mostly undergoes selective dissolution.
This component has a lower thermodynamic stability com-
pared to platinum [6]. The formed metal cations replace hydro-
gen ions in the ionomer sulfo groups. As a result, proton con-
ductivity of the membrane and the thickness of the catalyst
layer are reduced. This effect leads to accelerated degradation
of the membrane and damages the fuel cell system [6].

The activity and durability of Pt/C catalysts are connected
with their structural and morphological characteristics. The
point is that the physicochemical properties of the noble metal
nanostructures strongly depend on their shape, size, and size
distribution; the strength of anchoring; and the character of
spatial distribution on the carbon support surface [4, 7]. By
controlling these parameters, one can change the properties of
the resulting electrocatalysts [4, 7]. The problem, however,
consists in the following: (i) mass activity and stability of
the catalysts generally antisymbatically depend on the size
of nanoparticles [4] and (ii) optimization of one morphologi-
cal characteristic during the synthesis of nanoparticles, e.g.,
the size, may be accompanied by undesirable changes in other
characteristics, such as the shape [8]. The search for a com-
promise between the activity and stability of electrocatalyst, as
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well as the search for the ways of obtaining the Pt/C micro-
structure with the optimum combination of several character-
istics, stipulates continuous efforts to improve the methods of
Pt/C synthesis [7].

In the search of the optimal synthesis method, researchers
usually stick to the following widely accepted characteristics
of Pt/C electrocatalysts with the desired microstructure (mor-
phology): the optimum value of platinum nanoparticles being
2–4 nm, a narrow size distribution, a uniform spatial distribu-
tion of nanoparticles (when no aggregation of nanoparticles is
formed), and strong adhesion of the nanoparticles to the sur-
face of the support. An important feature of the catalyst mor-
phology, which directly depends on the previous characteris-
tics, is an electrochemically active surface area (ESA) of plat-
inum. In view of the negative correlation between the nano-
particle size and specific activity (A cm−2 (Pt)) of the catalyst
[9], high mass activity is usually observed for Pt/C catalyst
with the ESA values from 70 to 90 m2 g−1 (Pt) [10]. While
discussing the stability of the oxygen Pt/C catalyst, many au-
thors point out that a decrease of the nanoparticles less than
3 nm in the size leads to a dramatic reduction in stability [3].
However, this issue requires further study, because it is neces-
sary to take into account different mechanisms of catalyst
degradation and the change in the contribution of each mech-
anism to the degradation process depending on PEMFC oper-
ation conditions [3, 11].

Nowadays, different approaches to Pt/C catalyst synthesis
coexist quite successfully [12]. The most commonly used
methods are based on the chemical reduction of platinum from
the precursor solution by ethylene glycol, borohydride, form-
aldehyde, and others [13–15]. These methods of synthesis are
cost-effective and relatively simple for implementation.
Unfortunately, some difficulties connected with the imple-
mentation of these methods arise, while materials with a nar-
row size distribution of the nanoparticles are obtained, espe-
cially in the synthesis of catalysts with the high platinum load-
ing [16].

Control over the nucleation and growth of nanoparticles,
their spatial distribution, and anchoring to the carbon surface
during the chemical reduction plays the fundamental role for
any process of the Pt/C catalyst synthesis [17]. It is of partic-
ular significance for both heterogeneous and homogeneous
nucleation, when the metal nanoparticles are first formed in
the solution, and only then deposited on the surface of the
carbon support [18].

Researchers commonly use additive stabilizing agents to
control the nanoparticle size and size distribution during the
chemical synthesis of Pt/C catalysts. Molecules of stabilizers
are adsorbed on the surface of the growing platinum nuclei and
thus impede their growth and aggregation [19]. Unfortunately,
this approach has several disadvantages: (i) pollution of cata-
lysts by organic additives, which cannot be easily desorbed,
causes reduction in catalytic activity [20] and (ii) mass fraction

of a noble metal in the catalyst could be reduced due to addi-
tional difficulties in adsorption of nanoparticles on the carbon
support surface. Some authors [20, 21] suggest removing sta-
bilizing additives by thermal treatment at 150–200 °С.
However, when heated, the coalescence of small-size nanopar-
ticles is facilitated and this results in ESA reduction [21]. The
problem of the adsorbent choice, which has a positive effect on
the process of nucleation/growth of platinum nanoparticles on
the surface of the carbon carrier, but which does not pollute the
resulting catalyst, has not been resolved yet.

It is common knowledge that different media components
can be easily and firmly adsorbed onto the surface of the
platinum metal [22]. Adsorption of medium components also
occurs on the highly developed surface of the carbon particles.
However, the influence of the atmosphere on the microstruc-
ture of the platinum deposit, formed in the liquid phase syn-
thesis of Pt/C catalysts, is poorly discussed in literature. We
believe that the adsorption of gas molecules contained in the
solution is one of the factors which affect the processes of
nucleation, growth, and coalescence of the Pt nucleus. Of
particular interest, in our opinion, is the study of the CO in-
fluence, which is a powerful adsorbent with regard to plati-
num [23–25]. It is important to note that the CO molecules,
which are adsorbed on the surface of platinum and carbon, can
be easily removed in the process of a successive drying of the
synthesized catalysts.

The influence of the atmosphere (CO, air, Ar) on the mi-
crostructure and electrochemical behavior of Pt/C materials
obtained by the chemical reduction of Pt(IV) in the liquid
phase has been studied in the present paper. The research is
based on the hypothesis that the adsorption of CO molecules
on the surface of the growing platinum nuclei will slow down
their growth and hamper the coalescence of the nanoparticles,
resulting in the increase of the metal surface area in Pt/C. We
took into account the possible effect of the CO, O2 gas mole-
cules, adsorbed on the surface of platinum and carbon, on the
conditions of platinum nanoparticle adhesion or the lack of
such effect in the case of Ar. Thus, on the assumption that
even in the case of a similar size and size distribution of the
nanoparticles, we believe that the electrochemical perfor-
mance of Pt/C catalysts could be different.

Experimental

The Pt/Cmaterials were prepared by chemical reduction of the
metal precursors (H2PtCl6·6H2O, Aurat, Moscow, Russia)
from a carbon suspension based on water-organic solvents
with formaldehyde (HCHO) (37 wt%) as a reducing agent.
Vulcan XC-72 (Cabot Corp., SBET = 250–280 m2 g−1) was
used as a carbon support. At first, 0.1 g of Vulcan XC-72
carbon powder was suspended in an aqueous solution of the
appropriate amount of chloroplatinic acid. Then, 0.5 mL of
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37% formaldehyde with a mole ratio of HCHO/PtCl6
2− 20:1

was added into the suspension. Thereafter, a 1M NaOH solu-
tion (H2O/EG 1:1) was gradually added to the suspended
mixture until the pH of the mixed solution reached 11–12.
Then, the suspension was maintained for 2 h at 90 °C heating
(constant stirring). Finally, a strong electrolyte such as HCl
solution was added as a sedimentation promoter. The catalysts
were filtered, washed, and dried in air at 80 °C [26].

To study the influence of the atmosphere composition (air,
CO, Ar) on the characteristics of Pt/C materials, the corre-
sponding gas (CO or Ar) was bubbled through the reactionary
mixture during 2 h in the course of the Bformaldehyde^ syn-
thesis. Pt/C samples obtained in air, CO, or Ar atmospheres
were referred to as Pt/C, Pt/CCO, and Pt/CAr, respectively [26].

The synthesis of the samples was repeated at least three
times to assess the reproducibility of the obtained Pt/C catalyst
characteristics.

Commercial Pt/C electrocatalysts with the same platinum
content—E-TEK (E-TEK, 20 wt% Pt) and HiSPEC 3000
(Johnson Matthey, 20% Pt)—were also examined to compare
their behavior with the behavior of the obtained materials.

The mass fraction of platinum (ω (Pt)) in the Pt/C was
determined by thermogravimetric mass residue (Pt) after com-
bustion (800 °C, 40 min). The measurement accuracy was
±3% (Table 1).

The XRD patterns of Pt/C materials were recorded in the
range of 2 theta angles of 15–75° on a ARL X’TRA (Thermo
Scientific, Switzerland) X-ray diffractometer with a Cu Kα

radiation source (λ = 0.154056 nm) at room temperature.
The fine structure was estimated from the broadening of the
diffraction maxima using the procedure described in [29].

TEM study was performed using a JEM-2100 (JEOL,
Japan) microscope operated at an accelerating voltage of
200 kV. Of electrocatalyst powders, 0.5 mg was placed in
1 mL of heptane to prepare the samples for TEM analysis.
Then, the suspension was ultrasonically dispersed, and one
drop of suspension was deposited onto a copper grid sputter-
coated with carbon. The metal particle size distribution and
the average size of the nanoparticles (Dav) in the catalysts were

obtained by direct measurement of 500 randomly selected
particles by TEM images.

The active surface area was determined on a stationary elec-
trode using the cycling voltammetry method. Measurements
were performed in three-electrode cells at room temperature;
a saturated silver chloride electrode was used as a reference
electrode. All potentials in this work are referenced versus a
reversible hydrogen electrode (RHE). A 0.1-MHClO4 solution
saturated with Ar at atmospheric pressure was used as an elec-
trolyte. The investigated thin layer of Pt/C, applied on glass
carbon disc electrode (0.196-cm2 geometric surface area),was
used as a working electrode.

To obtain Bcatalyst inks^ containing a metal-carbon cata-
lyst, 100 μL of 0.5% Nafion polymer aqueous emulsion and
900 μL of isopropanol were added to each sample (0.0060 g)
and the suspension was further dispersed with ultrasonic
waves for 10–15 min. A total of 6 μL of catalyst ink was
selected with a microdozator upon continuous stirring and
then applied as a drop on an electrode butt end checked the
exact weight. To fix on the Pt/C electrode, 7 μL of 0.05%
Nafion solution was applied over the catalyst layer so as to
remain on the electrode after droplet has dried.

Initially, to standardize the electrode surface, 100 cycles
were recorded in the potential sweep range of 0.03 to 1.26 V
at 200 mV s−1. Then, two voltammograms were recorded in
the same range of potentials, but the sweep rate was of
20 mV s−1. ESA of the catalyst was determined by the elec-
tricity amount spent on electrochemical adsorption/desorption
of atomic hydrogen in the registration process when the sec-
ond cyclic voltammogram (CV) scan rate was of 20 mV s−1,
as described in [26]. The measurement accuracy was ±10%
(Table 1). The correctness of determining ESA values by the
amount of adsorbed/desorbed atomic hydrogen was also ver-
ified by the electrochemical CO desorption method. In this
case, a constant electrode potential of 0.55 V was maintained,
and the electrolyte was saturated with CO for 20 min and then
with argon for 40 min. The CVs were measured in the 0.037–
1.27-V range at a scan rate of 20 mV s−1 (3 cycles).

The electrochemical surface area of platinum was calculat-
ed from the expression ESA=Q/(R ∗ L). Here,Q is the charge
consumed by CO oxidation or the half-sum of the charge
consumed by hydrogen adsorption/desorption less the contri-
bution from the double-layer region (μC); R is the charge
consumed by the electrochemical conversion of the hydrogen
or COmonolayer (210 or 420 μC cm−2 (Pt), respectively), L is
the Pt loading on the electrode, and ESA is expressed in
square centimeter per gram of Pt.

A series of linear voltammograms with the potential scan
rate of 20 mV s−1 was measured in the range of 0.12 to 1.20 V
at the speed of disc electrode rotation 1600 rpm to compare the
activity of catalysts in the reaction of oxygen electroreduction.
These curves were normalized as follows. The cell voltage, E,
is defined as E = Ereg − Ji*R, where Ereg is the registered value

Table 1 Some characteristics of Pt/C materials

Sample Pt loading,
ω (%) (TG)

D(111)
a (nm) εb (%) Dav

c (nm)

Pt/C 18 2.2 ± 0.1 0 2.1 ± 0.1

Pt/CCO 13 1.5 ± 0.2 0 1.5 ± 0.1

Pt/CAr 20 2.0 ± 0.2 5 · 10−3 1.9 ± 0.1

HiSPEC 3000 20 2.2 ± 0.1 – 2.0 [27]

E-TEK 20 2.3 ± 0.1 – 2.2 [28]

a The results of XRD
b ε is microdeformation
c The results of TEM
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of potential, Ji*R is the ion conduction resistance.
Сompensation for the resistance of the electrolyte has been
applied for R = 26 Ω. This value well corresponded to [30].
Correction of rotating disk electrode (RDE) linear sweep volt-
ammogram (LSV) curves depicting the contribution of the
processes in oxygen-free (Ar) solution (Ji(O2) − Ji(Ar)), as it
was written in [31], has been made. The electrocatalytic activ-
ities of Pt/C catalysts in the oxygen reduction reaction (ORR)
(kinetic currents) were extracted from the normalized RDE
LSVs using a well-known mass transport correction for
RDE measurements [32, 33], resulting from Koutecky-
Levich equation:

J k ¼ J d J= J d � Jð Þ;

where J is the experimentally obtained current, Jd refers to the
measured diffusion-limited current, and Jk is the mass trans-
port free kinetic current.

To assess electrocatalyst stability, a long-time (5000 cycles)
voltammetric cycling method in a three-electrode cell with the
potential sweep in the range of 0.6–1.1 V with a scan rate of
100 mV s−1 was selected [34]. After every 500 cycles, two
CVs were recorded to calculate ESA (potential sweep rate of
20mV s−1, the potential range of 0.03 to 1.26V). Stability was
evaluated by the value of the ESAj/ESA0 ratio, where j is the
number of cycles.

To calculate the values of the specific currents and stability
of the catalysts, the ESA values determined from the
desorption/adsorption of atomic hydrogen were used.

Results and discussion

The obtained Pt/C materials contain from 13 to 20 wt% of
platinum (Table 1). Only one, the most intensive Pt <111>
reflection, characterized by 2 theta maxima of about 39.9°,
is distinctly seen on the diffraction patterns of the samples
(Fig. 1). This is the consequence of a small average crystallite
size (D(111)) in these materials (Table 1). The broadening of the

reflection peak for platinum <111> is also caused by the small
size of the crystallites. The calculation, conducted by the
Scherrer equation, shows that D(111) value increases in the
line: Pt/CCO < Pt/CAr ≤ Pt/C from 1.5 to 2.2 nm.

The results of XRD treatment are well corroborated by
electron microscopy studies (Fig. 2). The platinum nanoparti-
cles are rounded in shape, and on the photos, they are seen as
dark dotted areas on the light-colored surface of the carbon
support. The coalescence of the nanoparticles is expressed
very weakly, and large platinum agglomerates are missing
on the carbon surfaces. The average size of nanoparticles in
each material is the same as the calculated crystallite size
(Table 1). The narrow size distribution and a more uniform
spatial distribution of platinum nanoparticles are mostly char-
acteristic for Pt/CCO electrocatalyst (Fig. 2b).

The results of XRD and TEM study confirm our hypothe-
sis: adsorption of CO molecules on the platinum surface im-
pedes the process of Pt nuclei growth during the synthesis.
Molecules of carbon oxide (II) act as a stabilizing agent.
They prevent the aggregation of Pt nanoparticles and hamper
the anchoring of Pt particles formed in solution on the surface
of carbon support. This causes the decrease of platinum con-
tent in the Pt/CCO compared to Pt/C and Pt/CAr (Table 1).

Molecular oxygen chemisorption on platinum takes place
at very positive potentials. In the solution with the excess of
reducing agent, platinum potential should take a highly nega-
tive value. Therefore, the dissolved O2 molecules are weakly
adsorbed on the surface of platinum nanoparticles during their
synthesis in the air atmosphere. Argon atoms cannot be
adsorbed on the surface of the platinum nuclei. Apparently,
adsorption of the formaldehyde molecules and intermediates,
formed during the synthesis, prevails in these conditions. A
less uniform spatial distribution of platinum nanoparticles on
the carbon support surface in the case of synthesis in air at-
mosphere can be due to the influence of O2 molecules on the
number of active centers on the carbon surface (Fig. 2a).
Blocking a part of such centers may cause a less-uniform
distribution of the nanoparticles on the surface of the support,
which is characteristic for this sample.

It is important to make sure that the observed differences in
the morphology of the synthesized electrocatalysts are
reflected in their ESA values and in the electrochemical be-
havior. It is interesting to compare the activity and stability of
the obtained materials with the commercial analogues, while
considering the small size of the platinum nanoparticles, their
uniform distribution on the carbon surface, and the narrow
size distribution. Finally, based on the total estimation of the
ESA, electrocatalyst activity, and stability, one can make a
conclusion of their quality.

During the preliminary standardization of the electrode sur-
face, stationary current values are set (the shape of voltammo-
grams is stabilized) after 10–15 CV cycles (Fig. 3). In fact,
standardization ends as quickly as in the case of commercialFig. 1 XRD patterns of the samples. (1) Pt/C. (2) Pt/CCO. (3) Pt/CAr

2902 J Solid State Electrochem (2017) 21:2899–2907



Pt/C materials. That confirms the purity of the obtained cata-
lysts and demonstrates relative stability of the microstructure.

CVs of the standardized electrodes have the shape, which is
characteristic for the Pt/C electrocatalysts (Fig. 4).

Fig. 2 Transmission electron microscopy photographs and diagrams of the nanoparticle size distribution for Pt/C (a), Pt/CCO (b), and Pt/CAr (c)

Fig. 3 a–e One hundred CV curves of pretreatment for Pt/C materials in
0.1 M HClO4 saturated by Ar at room temperature. The scan rate is
200 mV s−1. f CV curves for standardized Pt/C and carbon support

(Vulcan XC-72) materials in 0.1 M HClO4 saturated by Ar at room tem-
perature. The scan rate is 20 mV s−1
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Commercial E-TEK and Pt/CCO electrocatalysts, which
contain the platinum nanoparticles of the smallest sizes, dem-
onstrate the highest specific currents (A g−1 (Pt)) in the hydro-
gen areas of the voltammograms. CVs of E-TEK are charac-
terized by a wider area of a double-layer part compared to
other catalysts. Apparently, this is due to the higher surface
area of the carbon support used in the production of this
catalyst.

The ESA values of the standardized Pt/C catalysts, calcu-
lated by the results of the cyclic voltammetry (Fig. 4)
(BExperimental^ section), generally correlate with the size of
the nanoparticles (crystallites) (Table 1). For Pt/C, Pt/CAr, and
HiSPEC 3000 catalysts, ESAvalues are about 94–100 m2 g−1

(Pt), for Pt/CCO about 140 m2 g−1 (Pt), and for E-TEK about
85m2 g−1 (Pt) (Fig. 4; Table 2). Note that the calculated values
of ESA do not take into account a possible spillover of hydro-
gen atoms, but nevertheless, they correlate well with the pub-
lished data for the commercial catalysts [31, 32].

To evaluate the activity of materials in the ORR, LSVof the
obtained Pt/C material and their commercial analogues were
compared (Fig. 5). All LSVs took into account an ohmic re-
sistance of electrolyte and background correction of RDE
LSVs (Ji(O2) − Ji(Ar)) (see BExperimental^ section). The

values of kinetic currents (Am−2 (Pt) and Ag−1 (Pt)) corre-
sponding to the potential value of 0.9 Vand half-wave poten-
tials, used as indicators of activity for all catalysts [33, 35], are
given in Table 2.

The values of half-wave potentials are almost identical to
all electrocatalysts studied (Table 2). Commercial sample
HiSPEC 3000 shows the highest value of kinetic current and
therefore specific activity (A cm−2 (Pt)). Kinetic current and
specific activity of Pt/CCO at E = 0.9 V are a bit lower com-
pared to other catalysts. Mass activities (A g−1 (Pt)) of
HiSPEC 3000 and Pt/CCO at E = 0.9 V are a bit higher com-
pared to other catalysts. Since Jmas = Jspec • ESA, one would
expect a much greater mass activity for the Pt/CCO catalyst,
which demonstrated a significantly higher ESA in comparison
with other samples (Table 2). However, the decrease in spe-
cific activity (Jspec) of platinum due to the size effect (see
BIntroduction^ section) partly compensates the ESA effect.
In conclusion, we would like to note that the observed minor
difference in the values of the limiting currents in diffusion
regions of the voltammograms (Fig. 5) can be caused by the
structural features of the porous catalyst layer for each
material.

To the best of our knowledge as well as the information
published in [31], data accuracy in determining the kinetic
currents does not exceed 10% of their absolute values. Thus,
in our opinion, the established difference in LSV parameters
does not give grounds for selecting the most active catalyst. It
is clear, however, that the homemade Pt/C samples are no
worse than the commercial HiSPEC 3000 and E-TEK samples
by the ORR mass activity.

Another important functional characteristic of Pt/C cata-
lysts, along with the ORR activity, is their durability, i.e.,
stability of characteristics during a long-time operation.
Rapid assessment of this indicator can be carried out in vari-
ous modes of voltammetric cycling. Each of them corresponds

Fig. 4 CV curves for different Pt/C catalysts in 0.1 M HClO4 saturated
by Ar at room temperature. Scan rate 20 mV s−1

Table 2 The values of some parameters characterized the electrochemical performance of Pt/C materials

Sample ESA0

(m2 g−1) (Pt)
ESA0

(m2 g−1)
(Pt)

ESA5000

(m2 g−1)
(Pt)

Stability2000
a

(%)
Stability5000

b

(%)
E1/2

c (V)
(for Jspec,
E curves)

Jk
c

(mA)
Jkmas

c

(A g−1)
(Pt)

Jkspec
c

(A m−2)
(Pt)

Hads/des СОdes

Pt/C 97 103 97 80 89 83 0.89 0.75 113 1.17

Pt/CCO 139 134 139 95 74 68 0.90 0.68 147 1.06

Pt/CAr 94 78 94 66 75 70 0.90 0.85 135 1.43

HiSPEC 3000 100 110 100 61 70 61 0.90 0.97 156 1.56

E-TEK 84 103 84 55 86 65 0.89 0.70 103 1.22

The table provides parameter values, averaged by the results of three to five measurements. The accuracy of measurements in determining ESA, Jk spec и
Jk mas, is about 10% of their absolute values
a (ESA2000/ESA0)
b (ESA5000/ESA0)
c These values correspond to the E = 0.90 V
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to one or another mode of the operation in a fuel cell [11, 36,
37]. Selected cycling conditions (see BExperimental^ section)
correspond to the load cycle conditions of PEMFC exploita-
tion [36, 38].

During the stress test, all the studied electrocatalysts de-
graded but as a result showed significantly different stability
(Table 2): a relative change of ESA ranged from 17% (Pt/C
sample) to 39% (HiSPEC 3000 sample). Thus, with cycling,
ESA decreases evenly only for the commercial E-TEK cata-
lyst (Fig. 6a, b). Other catalysts degrade at a faster rate during
the first 1500–2000 cycles (Fig. 6a, b; Table 2). For example,
HiSPEC 3000 ESA decreases by 39% from the initial value
after 5000 cycles, while 28% of them occur in the first
2000 cycles (Table 2). Similar degrees of degradation by 17
and 11%, respectively, are determined for Pt/C; 32 and 23%,
respectively, for Pt/CCO; and 30 and 23%, respectively, for Pt/
CAr (Table 2). Сomparison of values for relative stability
shows that (i) the samples that we have synthesized are more
stable compared to the commercial electrocatalysts and (ii) Pt/
C electrocatalyst is the most durable under conditions of the
stress test (Fig. 6a; Table 2). The Pt/CCO electrode retains the
highest ESA values during the stress test. This becomes evi-
dent when we compared the absolute values of ESA (Table 2)
and analyzed the nature of their changes (Fig. 6b).

Interpretation of the accelerated stress testing results for
electrocatalysts is hampered by the lack of knowledge about

the contribution of various mechanisms (see BIntroduction^
section) to the degradation of these materials [3]. According
to [39, 40], the higher Pt/C electrocatalyst stability based on
the same support is, the more Pt loading, size, and average
distance values between nanoparticles are. The authors [39]
have shown that the broader the size distribution of the nano-
particle is, the more probable the location of large and small
nanoparticles adjacent to each other becomes. Consequently,
the contribution of platinum re-precipitation processes (from
small nanoparticles to the big ones) to the total ESA decline is
higher in such material.

The previous considerations explain only in part the results
obtained during the accelerated test. Among the homemade
catalysts, the Pt/C material is characterized by the greatestDav

values of the nanoparticles (Table 1). This may be the main
reason which causes its high stability compared to Pt/CCO and
Pt/CAr. At the same time, the sample synthesized in the CO
atmosphere, which contained the smallest nanoparticles
(Table 1), in its stability is in no way inferior to stability of
the Pt/CAr catalyst ( Fig. 6a; Table 2). The smallest size distri-
bution of nanoparticles (Fig. 2) and a relatively large average
distance between the nanoparticles [3] are the features of the
Pt/CCO positive morphology, whichmay increase resistance to
degradation. It is caused by the lowest Pt loading in all sam-
ples of the studied materials. The lack of large nanoparticles
slows down BOstwald ripening^ for deposited platinum, and a

Fig. 5 Normalized LSV curves
for different Pt/C catalysts in
0.1 M HClO4 saturated by O2 at
room temperature. Scan rate
20 mV s−1 and rotating speed
1600 rpm. Absolute (a) and spe-
cific (b) values of electric currents

Fig. 6 Change a of the relative stability (ESAj/ESA0) and b of ESA absolute values for Pt/C electrocatalysts during the stress test (5000 cycles)
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large distance between the nanoparticles reduces the probabil-
ity of their coalescence. We cannot also exclude a stronger
anchoring of nanoparticles to the carbon surface, caused by
specific state of the platinum and carbon surfaces during the
synthesis in the CO atmosphere.

The process of clarifying the reasons for a comparatively
low stability of commercial electrocatalysts HiSPEC 3000 and
E-TEK, which contained the largest nanoparticles (Table 1),
as well as the reasons which cause E-TEK uniform degrada-
tion during the cycling (Fig. 6), was hampered by the lack of
precise knowledge about the methods for their preparation and
conditions for pretreatment of carbon supports.

Conclusions

Pt/CCO, Pt/CAr, and Pt/C electrocatalysts with platinum load-
ing from 13 to 20 wt% have been obtained by the method of
chemical reduction of platinum(IV) by formaldehyde in the
suspension of carbon black Vulcan XC-72 in CO, Ar, and air
atmospheres. The assumption about the impact of the gas
atmosphere on the Pt/C morphology during the synthesis
was confirmed by the results of the study that we have per-
formed. The size distribution of nanoparticles broadens, and
their average size increases in the line Pt/CCO < Pt/CAr < Pt/C
from 1.5 to 2.1 nm. The presence of the CO molecules
adsorbed on the surface of the platinum nuclei makes more
complicated not only the growth of the nanoparticles, but also
their adhesion to the carbon support.

ESA of the synthesized Pt/C catalysts changes from 94 to
97 m2 g−1 (Pt) (Pt/C and Pt/CAr) to 139 m2 g−1 (Pt) (Pt/CCO).
Values of the ORR mass activity of the homemade catalysts
are not inferior to the mass activity of commercial counter-
parts HiSPEC 3000 (Johnson Matthey) and E-TEK, which
contain 20 wt% Pt. At the same time, they are superior to
the commercial catalysts by their durability under the acceler-
ated CV stress tests with the potential range of 0.6–1.1 V.

The rate of degradation during the cycling is maximal in
the first 1500–2000 cycles and is markedly reduced upon
further cycling for the majority of the catalysts that have been
studied. Degradation with almost the constant rate is fixed
only for the commercial E-TEK catalyst. The Pt/C sample,
synthesized in the air atmosphere, demonstrated abnormally
high stability. Its ESA decreased by only 17% after 5000 cy-
cles. The Pt/CCO catalyst retained the highest values of the
ESA throughout the testing process. It makes these catalysts
promising candidates for further study.

The established features in the electrochemical behavior of
the synthesized Pt/C catalysts are caused by the peculiarities in
their morphology, which are, in turn, caused by the adsorption
of gases on the surfaces of the carbon support and on the
growing platinum nuclei during the synthesis. Probably, the

change in the state of the surfaces affects the strength of the
platinum nanoparticle adhesion to the carbon support.

Alterations in the composition of the atmosphere during
wet synthesis of nanoparticles (particularly, the synthesis in
the CO atmosphere) can be used as one of parameters to con-
trol morphology and electrochemical behavior of Pt/C
materials.
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