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Abstract: The present study, concerned with high-performance ORR catalysts, may be a valuable
resource for a wide range of researchers within the fields of nanomaterials, electrocatalysis, and
hydrogen energy. The objects of the research are electrocatalysts based on platinum–copper nanopar-
ticles with onion-like and solid-solution structures. To evaluate the functional characteristics of the
catalysts, the XRD, XRF, TEM, HAADF-STEM, and EDX methods, as well as the voltammetry method
on a rotating disk electrode have been used. This work draws the attention of researchers to the
significance of applying a protocol of electrochemically activating bimetallic catalysts in terms of the
study of their functional characteristics on the rotating disk electrode. The choice of the potential
range during the pre-cycling stage has been shown to play a crucial role in maintaining the durability
of the catalysts. The activation of the PtCu/C catalyst during cycling of up to 1.0 V allows for an
increase in the durability of the catalysts with onion-like and solid-solution structures of nanoparticles
by 28% and 23%, respectively, as compared with activation of up to 1.2 V.
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1. Introduction

Pt-based electrocatalysts are the main components of membrane electrode assemblies
(MEAs) for proton-exchange membrane fuel cells (PEMFCs) [1,2]. Alloying the platinum
with d-metals allows for both the enhancement of the performance of the electrocatalysts
and a decrease in the loading of the precious metal, thus lowering its cost [3]. The positive
effects of alloying platinum with other metals, including Ni, Co, Cu, Fe, etc., have been
well-established in a substantial number of publications [4–7].

The current works in the field of studying the bimetallic catalysts for PEMFCs are
aimed at obtaining materials based on PtM nanoparticles (NPs) with differing architectures
(core–shell, gradient, solid solution, nanowire, and nanoframe), which may provide higher
levels of activity in the oxygen reduction reaction (ORR) [5,6,8–13]. To a lesser extent, these
studies are aimed at scaling the methods to obtain these catalysts [14,15]. Conversely, the
question relating to the processes of the NPs’ evolution during the operation of the catalysts
remains less studied [16–20].

It is known that, in order to be used in PEMFCs, PtM/C catalysts must undergo a
special treatment such that the “de-alloyed” structure of NPs, which would not subject to
the selective dissolution of the d-metal during the operation, might be obtained [21]. The
de-alloyed materials are obtained by chemical (acid treatment) [22–24] and electrochemical
(potential hold and voltametric cycling) methods [25–28]. The acid treatment is promising
for scaling and the commercial production of de-alloyed catalysts due to the fact that
large quantities of the product can be processed simultaneously, and this processing is
easily achieved via the equipment and reagents used. However, based on the literature
data, it can be concluded that the electrochemical methods allow for the obtaining of the
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catalysts with much higher activity in the ORR. So far, there have been few studies on the
results of the effect of the electrochemical activation conditions on the characteristics of the
obtained materials.

It is assumed that the detailed analysis of the evolution of the catalytic behavior as a
result of electrochemical treatments under different conditions should be conducted. This
approach would allow for the further design and prediction of methods to obtain highly
active catalysts with a stable, de-alloyed structure.

Along with the ORR activity, the durability of the materials during accelerated degra-
dation testing (ADT) needs studying. During these measurements, the degradation of
the catalysts is observed. The degradation is registered with regard to the decrease in
the functional characteristics, i.e., the electrochemical surface area (ESA) and the ORR
activity [29–31].

Previous studies have shown that the potential window during the activation stage has
a significant impact on the ORR activity of the obtained de-alloyed materials [18,32]. The
novelty of this study is due to the establishment of the correlation between the electrochem-
ical activation protocol and the durability of the PtCu/C catalysts. The promising catalysts,
which are based on NPs with onion-like and solid-solution structures, have been chosen as
the research samples. A specific feature of this work is its analysis of the characteristics of
the catalysts obtained by the gram-scale synthesis method. This study is of applied interest
in the field of the production of the highly active and stable nanostructured catalysts for
hydrogen energy.

2. Results and Discussion

Two types of catalysts were prepared via liquid-phase synthesis. The S1 sample was
synthesized in one stage via the coreduction of the copper and platinum precursors in
order to obtain NPs with a solid-solution structure [19].

The S2 sample was synthesized according to a patented technique (patent No.
RU2778126C1), which consists of the preliminary preparation of the Pt/C material with
a uniform distribution of Pt NPs over the support surface [13]. The metals’ precursors
were then deposited on these particles in three stages such that the onion-like structure
of the NPs would be formed, with the Pt-enriched layers being located on the surface of
this structure.

The obtained catalysts are characterized by a closed mass fraction of the metals and
platinum (Table 1). The composition of the metal components, as determined by the XRF
method, is close to a ratio of Pt:Cu = 1:1 for both of the catalysts (Table 1).

Table 1. The compositional characteristics of the PtCu/C catalysts.

Sample Mass Fraction of Pt, % Mass Fraction of Metal, % Atomic Composition (XRF)

S1 19.0 27.1 Pt43Cu57
S2 20.4 25.1 Pt56Cu44

The XRD patterns of the obtained PtCu/C materials are presented in Figure S1. The
X-ray diffraction patterns have the typical appearance of bimetallic Pt-based catalysts
with a carbon support [33,34]. The reflection maximum of the (111) facet is shifted to the
high-angle region of 2θ, as compared with pure platinum. This testifies to the alloying of
the metal components [35]. The shift is greater for the S2 material (1.3 2θ), this being 1.1 2θ
for the S1 sample (Figure S1). This may be due to the higher penetration of copper into the
platinum lattice as a result of the staged synthesis. The average crystallite size determined
by the Scherrer equation is 2.7 and 2.5 nm for the S1 and S2 samples, respectively.

The compositions, as determined by Vegard’s law, for S1 and S2 are Pt65Cu35 and
Pt60Cu40, respectively. For sample S2, the XRD composition is close to that determined
by XRF, while for S1, a reduced copper content is observed. Apparently, not all copper is



Inorganics 2023, 11, 45 3 of 9

included in the composition of the NPs, and part of it is present on the surface in the form
of X-ray amorphous oxide in S1.

The micrographs of the PtCu/C samples demonstrate the presence of the spherical,
metal NPs distributed over the carbon support surface (Figure 1a,b,d,e). Based on the
results of the TEM and HAADF-STEM studies, it may be concluded that there is the
formation of a substantial number of agglomerates of more than 10 nm in size during the
multistage synthesis of the S2 sample. Moreover, the less-uniform distribution of NPs over
the support surface, as compared with the S1 material, is observed (Figure 1d,e). For the S1
material obtained in one stage, the proportion of agglomerates is significantly lower than
that of the S2 sample (Figure 1a,b). A higher proportion of NPs in the S1 sample is made
up of particles of a 4–6 nm size, these being 2–4 nm in the S2 material (Figure 1c,f).
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Figure 1. HAADF-STEM (a,d,g,h) and TEM (b,e) micrographs of the S1 (a,b,g) and S2 (d,e,h) samples;
The NPs’ size distribution in the corresponding materials (c,f); The elemental mapping of Cu and Pt
in the presented area (g,h).

The elemental mapping of the obtained catalysts proves the localization of platinum
and copper on the same sections of the support (Figure 1g,h). The atomic ratios of the
metals as determined by the EDX method are Pt53Cu47 and Pt68Cu32 for the S1 and S2
samples, respectively.
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As described in previous studies, a significant difference is observed in the ORR
activity of PtCu/C materials activated in various potential ranges [18,32]. According to
the procedures described in these studies, the catalysts were electrochemically activated
by setting 100 voltametric cycles in the potential range of 0.04 to 1.0 V and of 0.04 to
1.2 V. Based on the protocol for electrochemical activation, the four activated materials are
hereinafter referred to as S11.2, S11.0, S21.2, and S21.0.

The cyclic voltammograms (CVs) used to determine the ESA (Figure 2—ESA 0 black
curves) and the linear sweep voltammograms (LSVs) to determine the ORR activity
(Figure 3a,c,e,g—black curves) were registered after activation. The analysis of the metal
component’s composition after the electrochemical measurements is an additional method
for estimating the changes taking place in the catalyst. The ADT consisted in the multiple
repetition of the voltametric cycles (5K, 12 h), by the end of which, the CVs and the LSVs
were registered.
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Figure 3. The ORR LSV curves of the PtCu/C catalysts before and after the ADT; the electrolyte
is 0.1 M HClO4, under an O2 atmosphere, 20 mV/s, 1600 rpm (a,c,e,g); The dependence in the
Koutetsky–Levich coordinates at 0.90 V (b,d,f,h) for the corresponding materials.

As previously described, the potential window of the activation has an ambiguous
effect on the ESA values (Figure 3a) [18,32]. At the same time, the metals’ atomic ratio as
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determined by the results of the XRF is close to Pt70Cu30 in each of the cases. The S2 sample
is characterized by the higher initial ESA, as compared with the S1 material, regardless
of the activation protocol. This correlates with the small size of the NPs (Figure 4). In
this regard, the S21.2 sample demonstrates the highest ESA, as compared with all of the
materials studied.
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Since it is necessary to use the express method of stress testing to study the materials’
durability under laboratory conditions, the protocol corresponding to the DOE standards,
commonly used in different publications, was chosen [36–39]. The stress testing was
conducted during 5000 cycles in the potential range of 0.6 to 1.0 V for all of the materials.

During the stress testing, the CVs were registered every 500, 1000, 2500, and 5000 cycles
(Figure 4). The decrease in the currents in the hydrogen and oxygen regions is observed for
all the PtCu/C materials throughout the ADT. This testifies to the decrease in the ESA and
catalytic activity values (Figure 2). The greater the number of stress testing cycles imposed
on a catalyst, the more pronounced the peaks of the adsorption/desorption of hydrogen
(about 0.1 V and 0.25 V) will be. This indicates the rearrangement of the NPs’ surface. The
peaks of the formation/reduction of platinum oxide in the oxygen region (about 0.8–0.9 V)
become less pronounced, which testifies to the degradation of the materials (Figure 2).

The histogram in Figure 4 demonstrates that the ESA changes equally for the S1 and
S2 samples during all the stages of the study. As a result of the ADT, when activated to
1.2 V, both materials proved to obtain the higher residual ESA values, as compared with
an activation to 1.0 V. The relative durability of the S11.2 and S11.0 materials as shown by
the change in the ESA is 84% and 67%, respectively. These values for the S21.2 and S21.0
samples are 77% and 78%, respectively.

According to the results of the ADT, it may be concluded that the activation protocol
has no significant effect on the relative durability of the S2 material with an onion-like
structure of its NPs. When comparing the S11.0 and S21.0 materials, one can conclude that
the sample with the onion-like structure of its NPs is more durable.

The ORR activity was registered before and after the ADT (Figure 2). The appearance
of the current-voltage curves changes for all of the PtCu/C materials. The LSV curves are
shifted to the region of lower potentials, and the E1/2 decreases by 18, 42, 23, and 38 mV for
the S11.2, S11.0, S21.2, and S21.0 samples, respectively (Figure 3a,c,e,g). For the S11.2 sample,
the value of the limiting diffusion current largely decreases, as compared with the other
PtCu/C materials (Figure 3a). This phenomenon may be caused by both the degradation
processes and the mechanical detachment of a part of the catalyst from the end-face of the
rotating disk electrode (RDE).

The kinetic current was calculated in regard to the dependence in the Koutetsky–
Levich coordinates (Figure 3b,d,f,h). The ORR proceeds according to the 4-electron mecha-
nism, which is typical for platinum, for all of the samples, both before and after the ADT.



Inorganics 2023, 11, 45 6 of 9

The slope of the trend varies slightly for the S11.2 material, resulting in a decrease in the
electrons’ proportion from 3.8 to 3.5 after the ADT (Figure 3b). This is another descriptor of
the degradation.

Regardless of the structure of the material, the potential window has a significant
impact on the ORR activity of the catalysts (Figures 5 and S2), as previously described
in reference [18]. As with the ESA, the relative decrease in the ORR activity is expected
to be substantial for the S11.0 and S21.0 materials after the ADT (Figure 5 and Figure S2).
The residual mass activity values after the ADT during the material’s activation in the
potential window from 0.04 to 1.0 V are 28% and 23% higher than those obtained during the
activation in the potential window from 0.04 to 1.2 V for the S1 and S2 samples, respectively
(Figures 5 and S2a). The change in the specific activity during the ADT is presented in
Figure S2b.
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To facilitate a clear understanding of the changes taking place in the materials, the
markers of the functional characteristics have been plotted on graphs of the dependence of
the durability on the mass activity (Figure 5). The marker of the S11.0 sample in Figure 5 is
characterized by the higher initial ORR activity and, at the same time, the greatest decrease
of 600 A/g (Pt) in this parameter, which indicates significant degradation. The S21.2 sample,
having the lowest activity values before the ADT, is characterized by a slight decrease of
50 A/g (Pt) in this parameter, which conforms to low degradation. Two extreme cases of
this dependence have been considered herein.

The S11.2 and S21.2 samples are initially characterized by lower ORR activity due to the
negative effect of the wider potential range during the activation stage [18,32]. Nevertheless,
the S21.2 material proved to be more stable than the S11.2 material. This may be caused by
the NPs’ special architecture as obtained by the layered formation.

The catalyst which could maintain the higher ORR activity for a long time and, at
the same time, exhibit a moderate value of durability (not lower than 50%) is assumed
to be most promising. Therefore, the S21.0 sample is considered optimal in terms of the
combination of the aforementioned parameters.

3. Materials and Methods
3.1. The Synthesis of the PtCu/C Catalysts

The synthesis procedures of the studied materials are detailed in reference [18]. In
summary, two PtCu/C materials were obtained via the single-stage (the S1 sample) and the
multistage (the S2 sample) synthesis methods for solid-solution and onion-like structures of
NPs, respectively, to be formed. The aqueous solutions of the metals’ precursors (H2PtCl6
and CuSO4) were used for the synthesis. The reduction was conducted in the liquid phase
by excess sodium borohydride in an alkaline medium in the presence of carbon black
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(Vulcan-XC72) with constant stirring. The obtained PtCu/C catalysts were filtered and
dried over P2O5 for 24 h.

3.2. The Study of the Catalysts’ Structure

The structure of the catalysts was studied by the gravimetry, XRD, TXRF, TEM,
HAADF-STEM, and EDX methods. The detailed description of these procedures is pre-
sented in the Supplementary Materials.

3.3. The Electrochemical Study of the Catalysts

To study the electrocatalysts, the cyclic voltammetry and linear sweep voltammetry
methods in a standard three-electrode cell were used. The ESA was determined by the
charge amount consumed for the adsorption/desorption of hydrogen. The data were
extracted from the CV. The activity in the ORR was studied by the linear sweep voltammetry
method on the RDE at different rotation speeds. The current values were established
according to the dependence in the Koutetsky–Levich coordinates.

The ADT was conducted by cycling the catalyst for 5000 cycles in the potential range
of 0.6 to 1.0 V.

The preparation procedure of the catalytic inks, as well as a detailed description of the
electrochemical experiment, are presented in the Supplementary Materials.

4. Conclusions

The PtCu/C catalysts obtained by gram-scale synthesis methods were studied in
this research. The applied techniques are facile in terms of their reproducibility and the
equipment used. The obtained materials differ in the structure of the bimetallic NPs
and exhibit higher ORR activity as compared with the DOE target (more than 440 A/g
(Pt)). The staged method of the formation of the bimetallic NPs (the onion-like structure)
results in optimal values for the ORR activity and durability during the ADT. The use of
electrochemical activation in the potential range of 0.04 to 1.0 V was established so as to
allow for an increase in the durability of the PtCu/C materials with different structures by
an average of 25%, as compared with that produced by an activation in the potential range
of 0.04 to 1.2 V.

Therefore, despite the non-homogeneity of the materials’ morphology, the obtained
bimetallic catalysts have proven to be highly active and stable during the ADT. At the same
time, the choice of a potential window of 0.04 to 1.0 V allows for the achievement of higher
residual characteristics. The combination of the high specific characteristics and a facile
synthesis method opens up the prospects for the commercial production of the catalysts for
PEMFCs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11010045/s1, Materials and methods of studying:
Figure S1: XRD patterns of PtCu/C catalysts; Figure S2: The mass-activity (a) and specific activity (b)
of the PtCu/C catalysts before and after the ADT.
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