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Abstract: PtM/C (M = Co, Ni, Cu, Ru) catalysts were prepared by wet-synthesis methods. The
composition and structure of the synthesized materials were estimated by TXRF, XRD, TEM, HAADF-
STEM, EDX, and TGA /DSC methods. According to the CV and LSV methods, the PtCu/C material
is characterized by the highest activity in the ORR compared to the other materials studied. The
PtRu/C catalysts also exhibit the highest activity in the MOR. Studying the durability of the obtained
bimetallic catalysts using accelerated stress testing has allowed for the detection of the most promising
materials, whose characteristics would be superior to those of the commercial Pt/C analog. This
study has shown that wet-synthesis methods allow obtaining bimetallic catalysts characterized by
higher activity and enhanced durability. This research also indicates that special attention should
be given to the possibility of scaling these synthesis techniques, which makes the aforementioned
catalysts promising for commercial applications.

Keywords: electrocatalysts; ORR; PEMFCs; Pt-based; nanoparticles; PtM nanoparticles; MOR activity;
durability

1. Introduction

Proton-exchange membrane fuel cells (PEMFCs) play an increasingly important role
in the development of green energy [1]. In commercial applications, Pt/C electrocatalysts
are gradually being replaced by catalysts based on bimetallic nanoparticles (NPs) [2]. It is
assumed that the Pt/C catalysts’ activity can be significantly increased if it is possible to
control both the shape and the size of the NPs under the conditions of scaled synthesis [3].
Nevertheless, this issue is still to be addressed. At the same time, with regard to the PtM/C
catalysts, it has proved to be possible to obtain materials with different compositions and
structures exhibiting notably improved functional characteristics compared to those of
Pt/C [4-7]. Recently published surveys present an in-depth analysis of these catalysts’
composition and microstructure as well as the reasons for their high performance when
using them primarily on the cathode electrode of PEMFCs and on both the cathode and
anode electrodes of direct alcohol PEMFCs [8,9]. Adding a transition metal (Ni, Co, Fe,
Cu, etc.) to platinum affects the structure of the NPs’ crystal lattice as well as the localization
of the d-band center [10-13], which is conducive to an increase in the specific catalytic
activity in the oxygen reduction reaction (ORR) and in the reactions of the oxidation of
organic compounds. Moreover, the alloying decreases the content of the precious metal in
the catalyst.

At the same time, the literature still provides contradictory data on the effect of the
alloying of platinum on the catalysts’ durability [14,15]. Some of the authors point out
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an increase in the durability of the PtM/C catalysts compared to Pt/C, whereas a series
of references, on the contrary, report on its decrease [16-18]. The issue is that both the
nature of the alloying component and the bimetallic catalysts” composition and microstruc-
ture affect their durability. The search for optimal compositions and microstructures
is still ongoing, which in turn causes the development of different methods to obtain
PtM/C catalysts [1,8,19,20]. When obtaining high-performance ORR catalysts, Ni [21-25],
Co [26-30], and Cu [31-37] are the most commonly used alloying components for platinum
among other metals [38,39]. The use of ruthenium as the alloying component for platinum
is connected to another type of influence that is different from that for nickel, cobalt, and
copper. The PtRu/C catalysts exhibit a higher tolerance to CO [40] and intermediate prod-
ucts of the organic compounds’ oxidation due to the implementation of the bifunctional
catalysis mechanism [41]. Therefore, they are mainly used on the anode of PEMFCs and
direct methanol fuel cells (DMFCs).

The conditions of the Pt-based catalysts’ synthesis and pretreatment have a significant
effect on the composition, the average size, and the shape of NPs as well as the uniformity
of their distribution over the support surface and, thus, the activity and the durability
of the obtained electrocatalysts [1,42]. It is noteworthy that the most commonly used
methods to control the microstructure of the bimetallic catalysts are connected to the use of
organic stabilizing agents that subsequently need removing by means of additional complex
manipulations, which generally have a negative effect on this microstructure [1]. Obtaining
the catalysts using up—down methods, including, for example, magnetron sputtering, is
complicated by the need to use sophisticated equipment, which makes it difficult to scale
these synthesis techniques up. In this regard, the ways for the efficient control of the
catalysts’ microstructure are not entirely clear. Among the problems typical for the wet
synthesis of bimetallic catalysts, the complexity of scaling the technology, when moving
from the laboratory to factory production levels, should be mentioned [1].

Despite a variety of studies, there is still no undoubted answer regarding an optimal
alloying component due to the fact that its cumulative effect is determined by a range of
the aforementioned factors. It is not surprising that the results obtained by various authors
often contradict each other. A systematic comparison of a series of PtM/C materials
containing different alloying components and characterized by close compositions and
microstructural characteristics is still assumed to be relevant.

Facile methods to obtain PtM/C (M = Co, Ni, Cu, Ru) catalysts, which could be
considered as high-performance in terms of both the increased ORR activity or activity in
the methanol oxidation reaction (MOR) and the enhanced durability compared to the Pt/C
materials, are described in this work. It should also be noted that the methods used in this
research are promising for commercial applications.

2. Results and Discussion
2.1. The Morphology of the Obtained Catalysts

According to the results of the X-ray powder diffraction (XRD) analysis (Figure 1),
the obtained PtM/C (M = Ni, Cu, Co, Ru) catalysts contain the carbon phase and the
metal phase of platinum with the face-centered cubic structure (Fm-3m). The reflections
corresponding to the metal phase are notably widened, which testifies to the formation of
nanodispersed materials. The average crystallite size of the metals for the PtNi/C, PtCo/C,
and PtCu/C catalysts calculated using a width at half-maximum of the 111 reflection has
proved to be 2.3 to 2.6 nm (Table 1). The reflections corresponding to the platinum phase
for these catalysts are greatly shifted to the high-angle region of 20, which indicates the
decrease in the crystal lattice parameter of the metals (Table 1) relative to the platinum phase.
This decrease is due to the penetration of the alloying component into the composition
of the Pt-based solid solution [32,43]. Using Vegard'’s law, it is possible to estimate the
composition of the solid solution constituting the bimetallic NPs using the value of the
crystal lattice parameter [44]. The PtNi/C and PtCu/C materials have been established to
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demonstrate a greater degree of the alloying of platinum (the greater change in the crystal
lattice parameter) than the PtCo/C catalyst (Table 1).
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Figure 1. The X-ray diffraction patterns of the obtained PtM/C catalysts: I—PtRu/C; 2—PtCo/C;
3—PtCu/C; 4—PtNi/C.

Table 1. The composition and the structural characteristics of the obtained PtM/C electrocatalysts.

Sample  w (Pt+M), wt% @ (P, wt.%  Day, nm (XRD) (if;’rs::‘ie];::t‘;e C""(“)g‘{’]s)i;i"“ C"“(‘)l(’l‘;;i)ﬁm
PtCu/C 302 28 23 3.857 PtCups PtCu;
PENI/C 237 201 26 3.848 PtNip 5 PtNi
PtCo/C 16.6 14.0 24 3.893 PtCoy 1 PtCoqs
PtRu/C 272 19.2 <1.0 - - PtRug

The X-ray diffraction pattern of the PtRu/C material demonstrates a notably wide
reflection in the 26 angle range of 30-50°, which may be caused by a considerably small
crystallite size (less than 1 nm). On the other hand, when obtaining the PtRu/C material,
the formation of the finely dispersed RuO phase is also possible; the reflections of this phase
overlap with the reflections of the platinum phase or the PtRu solid solution. Therefore,
due to the features of the X-ray diffraction pattern for the PtRu/C material, the average size
of particles as well as the crystal lattice parameter of the metal phase cannot be calculated.

The results of transmission electron microscopy (TEM) (Figure 2) have proved the
presence of metal NPs of a different size deposited on the carbon support surface for all four
PtM/C catalysts obtained. The average size of NPs and their size and spatial distributions
depend on the nature of the alloying component. For example, the PtCu/C and PtNi/C
materials are characterized by the largest metal particles with average sizes of 4.0 and
4.8 nm, respectively. At the same time, the PtCu/C material exhibits the nonuniformity
of the NPs’ distribution over the carbon support surface (Figure 2a) as well as the NPs’
significant agglomeration. The distribution of NPs over the support surface in the PtNi/C
material is more uniform than that in the PtCu/C sample (Figure 2a,d). The average
size of NPs is smaller and the NPs’ spatial distribution is more uniform in the PtCo/C
catalyst (Figure 2) than in the PtCu/C and PtNi/C materials. It is noteworthy that the
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PtRu/C catalyst is characterized by the smallest size of particles (1.9 nm) that are uniformly
distributed over the carbon support surface (Figure 2j) coupled with the narrow size

dispersion (Figure 21).
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Figure 2. The TEM micrographs of the PtM/C samples: PtCu/C (a,b), PtNi/C (d,e), PtCo/C (g/h),
PtRu/C (j k); the histograms of the NPs’ size distribution (c,f,i,1) in the corresponding materials.

The elemental mapping of individual sections of the PtM/C catalysts has proved
the presence of the bimetallic NPs containing platinum and the corresponding alloying
component on the carbon support surface (Figure 3). At the same time, all the materials
studied are characterized by the almost complete absence of the monocomponent Pt or M
NPs (Figure 3).
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Figure 3. The EDX mapping of the PtM/C sample: the STEM micrographs of a surface section (a,d,g,j);
the distribution maps of copper (b), nickel (e), cobalt (h), ruthenium (k), and platinum (c,£,i,1).

The study of the PtM/C materials using thermal gravimetric analysis (TGA) and
differential scanning calorimetry (DSC) allows both calculating the total content of the
metal phase and determining the characteristic temperatures of the beginning of the carbon
material’s oxidation and its maximum rate as well as examining the features of this process
depending on the composition and the microstructure of the deposited metal NPs [45-50].
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The measured TGA and DSC curves of the Pt/C and PtM/C catalysts’ oxidation have
the appearance typical for this material type [45,46,49] (Figure 4a). They demonstrate
several more or less pronounced regions: the extended low-temperature region, within
which the sample weight slightly decreases (Figure 4a, region 1); the region of the rapid
weight loss of the carbon support (Figure 4a, region 2); and, finally, the region of the
high-temperature oxidation corresponding to the combustion of previously unoxidized
residual carbon (Figure 4a, region 3). During the heating process, the sample weight
loss caused by the oxidation of the carbon support is accompanied by the corresponding
thermal effects, which are reflected in the form of maxima on the DSC curve (Figure 4b).
The combustion maximum for the conventional Pt/C material (Figure 4b) is localized in
the lower temperature region (the intense combustion range of 390—430 °C) compared to
the PtM/C materials. It is evident that the nature and the concentration of the alloying
metal in the catalysts have a significant effect on the kinetics of their oxidation. For
example, the combustion maximum for the PtRu/C catalysts (Figure 4b) is localized in the
lower temperature region (446 °C) of the DSC curves compared to the PtCu/C material
(469 °C) and, especially, the PtCo/C (513 °C) and PtNi/C (581 °C) samples. Notably, the
width of the intense oxidation range for various materials depends on the nature of the
alloying component. The PtCo/C and PtNi/C materials, as well as the Pt/C catalyst,
are characterized by carbon oxidation in a wider temperature range compared to that of
the PtCu/C and, especially, PtRu/C samples, with the oxidation proceeding in the much
narrower temperature range. In the case of the PtRu/C catalyst, this may also be connected
to the most uniform spatial distribution of metal NPs (Figure 2i,k,1) [49].
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Figure 4. The TGA (a) and DSC (b) curves of the obtained PtM/C catalysts.

2.2. The Electrochemical Behavior of the Catalysts

A thin layer of the catalysts was applied to the studied electrode using the catalytic
“inks” (see Section 3). It is worth noting that the composition of the catalytic inks for the
PtCo/C sample was optimized to obtain a more stable and more evenly applied suspension
(Figure S1).

During the activation, the development of the electrode surface occurs. By the hun-
dredth cycle, the hydrogen region (E = 0.04-0.3 V) of the cyclic voltammograms (CVs)
for the Pt/C, PtCo/C, and PtNi/C samples exhibits characteristic peaks of the platinum
planes [51] (Figure S2). It should be noted that the CVs for all the bimetallic catalysts
demonstrate no peaks of the alloying components’ dissolution from both the individual
phase and the Pt-M alloy [52]. It is known that when the electrode is exposed to the acidic
electrolyte, the amorphized oxides of the alloying components can be dissolved from the
surface of the electrode due to their chemical interaction with the acid contained in the
electrolyte. Moreover, during the cycling, all the PtM/C catalysts are characterized by the
selective dissolution of M leading to the formation of the de-alloyed bimetallic NPs, with
their surface enriched with platinum atoms [53]. As a result, the content of the alloying
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component decreases in all the studied bimetallic materials after the electrochemical acti-
vation. The composition of the de-alloyed catalysts corresponds to the following formula:
PtMy1-PtMg» (Table S1).

The CVs of the standardized catalysts have the appearance typical for the Pt/C and
PtM/C materials (Figure 5). An essential parameter for estimating the structural and mor-
phological characteristics of Pt-based catalysts is the electrochemically active surface area
(ESA) [54]. Based on the results of the cyclic voltammetry, the ESA values have been calcu-
lated using the adsorption/desorption of hydrogen for the Pt-based materials (PtCu/C,
PtCo/C, and PtNi/C) and CO stripping voltammetry for all the catalysts (Table S1). In-
terestingly, a series of publications point out that the ESA values determined using the
adsorption/desorption of hydrogen may be understated for the bimetallic catalysts. There-
fore, it is recommended that the additional method of assessing the value, i.e., CO stripping
voltammetry, should be used [55].

b C 160
—PtC  —PtRu/C 1100 Agn 140
—PtColC PENi/C
—Ptcuic <1207
2 T, 100
o E 80
< <
_ = 3 60
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Figure 5. The CVs of the PtM/C and Pt/C electrodes after the activation stage (a); the CO stripping
of the PtM/C and Pt/C samples, the electrolyte is the 0.1 M HCIO4 solution saturated with Ar at
atmospheric pressure (b); the ESA values determined by the adsorption/desorption of hydrogen
(black bars) and CO stripping (blue bars) (c).

The PtRu/C material is characterized by the highest ESAco value due to the small av-
erage size of NPs (1.9 nm), their uniform spatial distribution, and the absence of aggregates
(Table S1). The lower ESA of the PtCu/C and PtNi/C samples is caused by the biggest
average size of NPs in these materials (about 4.0 and 4.8 nm, respectively) (Figure 2¢,f) and
the presence of agglomerates consisting of several NPs (Figure 2a,d).

It should be noted that the localization of the CO oxidation maximum in the CVs
depends on the composition of the catalyst studied. For example, in the case of the Pt/C
material, the oxidation begins and proceeds at more positive potentials (a maximum of
about 0.8 V) compared to the bimetallic catalysts. Moreover, some bimetallic materials
(e.g., PtCo/C) are characterized by the presence of several CO oxidation maxima (Figure 5b).
The presence of several maxima of the CO oxidation current may be connected to the
nonuniformity of the NPs’ distribution in their size, composition, and shape [54,56-59].
The PtRu/C catalyst is characterized by the lowest potentials of the beginning and the
maximum of the CO oxidation, which, as noted above, is connected to the bifunctional
mechanism of the oxidation (Figure 5b).

The study of the kinetics of the oxygen electroreduction in different catalysts by
utilizing the rotating disk electrode (RDE) technique (see the Supplementary Materials) has
proved the four-electron mechanism of the reaction. The value of the kinetic current (Iy)
grows in the order PtRu/C < PtCo/C < Pt/C < PtNi/C << PtCu/C (Table S1). The high
ORR activity of the platinum—copper, platinum-nickel, and platinum-—cobalt catalysts is
connected to the promoting effect of the alloying components (Figure 6a) [10,12,13,60]. It is
known that atoms of the alloying component may increase the activity of platinum due
to a number of factors, including the formation of a new electronic structure of the metal,
the decrease in the interatomic spacing in the metal lattice facilitating the adsorption of
oxygen molecules, and the increase in the tolerance of platinum to the oxidation (Table 1).
The PtCu/C catalyst is characterized by the highest ORR activity compared to the other
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materials synthesized. Its value is twice as high as the mass activity of the PtNi/C and
PtCo/C samples and 3 times higher than the mass activity of Pt/C (Table S1, Figure 6a). It
is noteworthy that nickel [21-25] and cobalt [21,26,27,29,30] are most commonly used in the
literature as the most promising alloying components when comparing the ORR activities
of different PtM/C catalysts, with only a few publications mentioning copper [61,62].
Therefore, the question of choosing an optimal alloying component for the most active
catalyst in the ORR is still relevant, presumably depending on both the nature of the
alloying component and the microstructure of the catalyst used.
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Figure 6. The mass (red bars) and specific (green bars) ORR activities of the bimetallic catalysts (a);
the relative stability of the catalysts during the AST calculated from the change in the ESA (black
bars) and the mass activity in the ORR (red bars) (b).

After 5000 cycles of long-term stress testing, the ESA values decrease for all the
catalysts (Table 2). The linear sweep voltammograms (LSVs) of the ORR measured before
and after the stress testing demonstrate the shift of E; /;, which indicates the decrease in
the catalysts” activity (Figures 6 and 7). The PtCu/C samples are characterized by the
greatest shift of E;/, (Figure S3c). At the same time, the commercial Pt/C catalyst and
the PtCo/C and PtRu/C materials exhibit the lowest E; /, values and mass activity values
after the accelerated stress testing (AST) (Figure 7d, Table 2). In this regard, the PtRu/C
catalyst demonstrates the shift of E;,, by 35 mV to the high-potential region, which is
compliant with the increase in the ORR activity after the long-term stress testing (Figure
S3b). This effect is connected to the dissolution and the redeposition of ruthenium atoms as
well as the increase in the platinum surface, which is observed experimentally (Table 2).
Nevertheless, the ORR activity is significantly lower for this catalyst than for the other
PtM/C materials studied.

Table 2. The electrochemical characteristics of the bimetallic catalysts after the AST.

Sample ESA, m? g1 (Pt H I, mA I, Am2 (Pt Eip, V Number, &
PtCu/C 22 1.7 15.8 0.92 4.0
PtNi/C 21 1.6 17.4 0.92 3.7
PtCo/C 32 0.3 34 0.87 4.7
PtRu/C 104 (by CO) 0.3 0.6 0.87 3.4
Pt/C 66 0.9 2.8 0.90 3.8

The results obtained for the PtRu/C catalyst correlate well with the literature data.
According to the latter, this material is not considered as promising for the ORR [63]. At the
same time, due to the fact that the Ru-based catalysts are known to exhibit higher activity
in the oxidation reaction of alcohols, they can be successfully used in DMFCs [41,64-66].
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Therefore, the behavior of all the obtained bimetallic catalysts in the MOR has been given
further examination.
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Figure 7. The potentiodynamic polarization curves of the ORR: initial (a), after the stress testing (d);
the dependence of the 1/Iy on the RDE rotation speed in the Koutetsky-Levich coordinates where Iy
is the current on the disk electrode with the area of 0.19625 cm?: initial (b), after the stress testing (e);
the Tafel plots: initial (c), after the stress testing (f).

The methanol oxidation reaction has been a heavily researched topic for over
50 years [67,68]. The reaction of methanol dehydrogenation and oxidation to CO is cur-
rently considered as preferable and likeliest to occur. The better catalytic effect of binary
alloys compared to pure platinum is believed to be caused by two factors, i.e., the ligand
(electronic) effect and the bifunctional catalysis mechanism [10-13,69]. In case of the ligand
effect, the presence of the second metal component changes the electronic properties of
platinum, which affects the CO adsorption on the NPs’ surface. In case of the bifunctional
catalysis mechanism, the oxygen-containing particles are adsorbed on the surface of the
second metal, facilitating the CO oxidation at lower potentials.

Figure 8 demonstrates characteristic voltammograms of methanol oxidation in the
acidic medium. The catalysts’ activity has been estimated using the current density cal-
culated in relation to the ESA or the platinum mass (Table 3). The potential scanning has
been conducted in the high-potential region. At the potentials of less than 0.6 V, all the
studied materials demonstrate low current values (Figure 8a). The issue is that almost the
entire surface of these catalysts at lower potentials is poisoned with CO, which is the main
intermediate product of methanol oxidation [41,70]. The PtRu/C catalyst is characterized
by the lowest potential of the beginning of the methanol oxidation (0.4 V), which correlates
well with the previously obtained data on CO oxidation (Figure 5b). At higher potentials,
an increase in the current values is observed, which is equivalent to the growth of the
oxidation rate of adsorbed CO. The current strength reaches its maximum at E = about 0.9 V.
The MOR activity of the catalysts can be assessed using the peak current density [41]. The
PtCo/C, PtNi/C, and PtRu/C catalysts exhibit higher MOR activity than the PtCu/C and
Pt/C materials. The PtCo/C and PtRu/C samples are characterized by the highest current
density value that is more than double that for the Pt/C catalyst (Figure 8a, Table 3).

To estimate the tolerance of the catalysts to CO, a comparison of initial and final
current values has been conducted in the chronoamperograms measured at the potential of
0.6 V (Figure 8b, Table 3). The platinum-ruthenium catalyst has been shown to exhibit the
highest tolerance due to a lower degree of decrease in the current values (by 36%) compared
to the other samples (Figure 8b, Table 3). In addition, for these materials, the deactivation rate
is defined as (js0s - jo00s)/js0s and is presented in Table 3 [71,72], where jgs and jeoos are the
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current values after 60 and 600 s measurements, respectively. PtNi/C and PtCo/C materials
are characterized by a significantly higher degree of degradation compared to other samples.
In terms of the increase in the MOR activity and the tolerance to CO, the catalysts can be
arranged in the following order: PtRu/C > PtCo/C >> PtNi/C > PtCu/C > Pt/C.

a oo b 12
800 A 10 —PtCol/C
700 - : —PtRu/C
__ 600 - =—FPeolc —~0.8 —PtculC
z —PtRu/C £ PtNi/C
7500
- s —PtCu/C <06 —PtC
= PtNi/C 04
300 1 — il :
200 1 .
0.2 — ]
100 A
0 +———— — 0.0 — — —
0.3 05 0.7 0.9 1.1 0 500 1000 1500
E (V vs. RHE) t(s)

Figure 8. The CVs of the PtM/C and Pt/C catalysts, the potential sweep rate is 20 mV s~!, the
electrolyte is 0.5 M CH30H + 0.1 M HCIO;, saturated with Ar at atmospheric pressure (a); the
chronoamperograms of the methanol electrooxidation for the PtM/C and Pt/C catalysts at the
potential of 0.6 V (b).

Table 3. The parameters characterizing the catalysts” behavior in the MOR.

Cv Chronoamperometry at E=0.6 V
Sample
Imax, A g1 (PY) Eonset, V Linitialy A m™2 Iinal, A m™2 Deactivation Rate

PtCu/C 417 0.5 0.4 0.18 0.22
PtNi/C 587 05 0.5 0.16 0.40
PtCo/C 759 0.5 0.7 0.35 0.34
PtRu/C 870 0.4 0.7 0.45 0.23

Pt/C 350 0.5 0.7 0.26 0.20

3. Materials and Methods
3.1. Chemicals and Materials

The carbon support Vulcan XC-72 (Cabot Corporation, Boston, MA, USA), ethylene
glycol (a top grade, not less than 99.8%, Rehacor LLC, Taganrog, Russia), HyPtClg-6H,O (TU
2612-034-00205067-2003, Pt mass fraction of 37.6%, Aurat, Moscow, Russia), CuSO,4-5H,O
(an analytical grade, JSC Vekton, Russia), Ni(NOsz),-7H,O (an analytical grade, JSC Vekton,
Russia), CoSO4-7H,0, RuCl; (TU 2625-050-00205067-2004, Ru mass fraction of 47.34%,
Aurat, Russia), sodium hydroxide (Rehacor LLC), ethanol (98.0%, JSC Vekton, St. Peters-
burg, Russia), argon (Ar, 99.9%, Globus, Moscow, Russia), isopropanol (99.8%, Ekos-1,
Moscow, Russia), and sulfuric acid (JSC Vekton, Russia) were used in the experiment.

3.2. The Preparation of the PtCu/C Catalyst

A weighed amount (0.15 g) of the carbon support was dispersed in 30 mL of EG and
thoroughly mixed. A weighed amount of the H,PtCls-6H,O and CuSO4-5H,0O solutions
was added to the resulting suspension. The reduction was carried out with an excess of
0.5 M NaBHy, adjusting the pH to 10 with sodium hydroxide. The system was kept at
room temperature with constant stirring for 1 h. The resulting catalyst was separated by
filtration and repeatedly rinsed with isopropanol and bidistilled water. The material was
desiccator-dried over P,Os for 24 h.

3.3. The Preparation of the PtNi/C Catalyst

A weighed amount (0.15 g) of the carbon support was dispersed in 30 mL of EG and
thoroughly mixed. A weighed amount of the H,PtCls-6H,O and Ni(NO3),-7H,O solutions
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was added to the resulting suspension. The reduction was carried out with an excess of
0.5 M NaBHj, until the pH was equal to 5 (the level created by metal precursors). The
system was kept at room temperature with constant stirring for 1 h. The resulting catalyst
was separated by filtration and repeatedly rinsed with isopropanol and bidistilled water.
The material was desiccator-dried over P,Os5 for 24 h.

3.4. The Preparation of the PtCo/C Catalyst

The synthesis of the composite CoOy/C materials was carried out by the electrochem-
ical deposition of cobalt on particles of the carbon support from the electrolyte with the
following composition: CoSOy4-7H,0-500 g/L, NaCl-15, and H3BO3-45, in a specially
designed cell, as described in detail in [28]. When passing the current through the cell,
the metal was deposited on the surface of carbon particles in the suspension, with the
working surface being constantly modified due to the diffusion and mixing processes
and the evolution of gaseous hydrogen [28]. This technique made it possible to obtain a
support with an oxide mass fraction of 8%. For the subsequent deposition of platinum,
the method of liquid-phase borohydride synthesis at room temperature was used. The
calculated loading of platinum in the PtCoOy /C material was 17%. The carbon support was
placed in the mixture of EG (60 mL) and bidistilled water (60 mL). The aqueous solution of
H,PtCls-6H,0O was then added in the required amount, adjusting the pH to 7 with NaOH
crystals. Next, the suspension was homogenized and stirred for 5 min. A 3-fold excess of
NaBHy in the form of the 0.15 M aqueous solution was uniformly added dropwise in 1 min.
After adding the reducing agent, the suspension was allowed to stand with stirring for 30 min.

3.5. The Preparation of the PtRu/C Catalyst

A weighed amount (0.2 g) of Vulcan XC-72 was dispersed in 40 mL of EG. Next,
0.2327 g of HyPtCly-6H,0O and 0.0934 g of RuCl; were added with constant stirring. After
20 min of stirring, 0.1081 g of NaOH was added until the pH was equal to 11. After 20 min
of constant stirring, the reaction mixture was heated to 160 °C over 15 min and kept at this
temperature for 3 h. The heating was then ceased, and the mixture was naturally cooled to
room temperature. The product was then filtered with repeated rinsing with isopropanol
and bidistilled water. The material was desiccator-dried over P,Os for 24 h.

3.6. The Study of the Catalysts” Structure

The structure of the catalysts was studied by gravimetry, XRD, TXRF, TEM, HAADF-
STEM, EDX, TGA, and DSC/DTA methods. A detailed description of these procedures is
presented in the Supplementary Materials.

3.7. The Electrochemical Study of the Catalysts

The electrochemical behavior of the metal-carbon materials was studied by voltam-
metry using a VersaSTAT 3 potentiostat-galvanostat (Ametek, Berwyn, PA, USA). The
measurements were carried out in a standard three-electrode cell in a 0.1 M HCIOy solution
at the temperature of 25 °C. A saturated silver chloride electrode was used as a reference
electrode. A platinum wire was used as a counter electrode. The potential values in the
work are given relative to the reversible hydrogen electrode (RHE).

To obtain the suspension of metal-carbon catalysts (the catalytic “inks”), 1.8 mL of
isopropanol, 100 uL of Nafion 1% solution, and 100 pL of deionized water were added to
a 6 mg sample. The resulting suspension was carefully dispersed and stirred. Next, 8 puL
of the catalytic inks was applied to the end of the rotating disk electrode, with the exact
weight of the drop being recorded. The working electrode was dried in air for 5 min at a
rotation speed of 700 rpm.

To study the electrocatalysts, cyclic voltammetry and linear sweep voltammetry meth-
ods were used in the standard three-electrode cell. The ESA was determined by the charge
amount consumed for the adsorption/desorption of hydrogen [73] and CO stripping [74].
The data were extracted from the CV. The activity in the ORR was studied by the linear
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sweep voltammetry method on the RDE at different rotation speeds. The current values
were established according to the dependence in the Koutetsky—Levich coordinates [42].

Accelerated durability testing (ADT) was conducted by cycling the catalyst for 5000 cycles
in the potential range from 0.6 to 1.0 V [75].

The preparation procedure for the catalytic inks and a detailed description of the
electrochemical experiment are presented in the Supplementary Materials.

The commercial Pt/C HiSPEC 3000 electrocatalyst (Johnson Matthey, Johnson Matthey
PLC, London, Great Britain) with a platinum loading of 20% was chosen for a comparative study.

4. Conclusions

Nanostructured PtM/C (M = Co, Ni, Cu, Ru) catalysts with a platinum mass fraction of
about 20% and an average size of metal crystallites of about 2.5 nm (except for the PtRu/C
material with a crystallite size of less than 1 nm) have been obtained by wet-synthesis
methods. The PtCu/C material is characterized by the highest activity in the ORR, whereas
the PtCo/C and PtRu/C catalysts exhibit the highest MOR activity. The study of the
durability of the obtained bimetallic catalysts using the accelerated stress testing method
has allowed detecting differences in the rate of the decrease in the ESA and the ORR activity.
The residual (measured after the AST) characteristics of the PtCu/C and PtNi/C catalysts
have proved to be close, significantly exceeding, at the same time, those of the commercial
Pt/C analog. The study carried out has shown that wet-synthesis methods allow obtaining
bimetallic catalysts with improved functional characteristics. Moreover, the possibility of
scaling these techniques makes them attractive for commercial applications. At the same
time, the catalysts” ORR and MOR activities as well as their durability are determined
by a combination of factors connected to both the nature of the alloying component and
the morphology/microstructure of the catalysts, with the latter in turn (or under similar
conditions of the synthesis) depending on the nature of the alloying component.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13020243/s1. Figure S1. The image of the catalytic ink layer
applied to the end face of the RDE: the uneven application of the PtCo/C catalytic inks (a); the even
application of the catalytic layer for the PtCo/C material with the optimized composition of the
catalytic inks (b). Figure S2. CVs at the stage of catalysts electrochemical activation. The sweep rate
of the potential is 100 mV/s. Figure S3. Potentiodynamic polarizing ORR curves before and after a
AST. The RDE rotational speed is 1600 rpm. The electrolyte is 0.1 M HCIO, saturated with O,. The
potential sweep rate is 20 mVs-1. Table S1. Composition, ESA and parameters characterizing the
electrochemical behavior of PtM/C and Pt/C catalysts.

Author Contributions: Investigation, A.P.,, K.P, M.T.,, D.M., L.P. and V.M.; Writing—Original Draft
Preparation, A.P, A.A. and S.B.; Conceptualization, A.A. and A.P.; Writing—Review and Editing, S.B.
and V.G. All authors have read and agreed to the published version of the manuscript.

Funding: This work was carried out at the Southern Federal University under the State Assignment
in the Field of Scientific Activity No. 0852-2020-0019 of the Ministry of Science and Higher Education
of the Russian Federation.

Acknowledgments: The authors are grateful to Nikulin A.Y. for the assistance in the XRD pattern
registration and to the Shared Use Center “High-Resolution Transmission Electron Microscopy”
(SFedU) for conducting the TEM studies. The authors appreciate the support of LLC “PROMETHEUS
R&D” (Rostov-on-Don) and LLC “Systems for Microscopy and Analysis” (Skolkovo, Moscow) for
conducting the TEM and EDX studies. The authors are grateful to Maltsev A.V. for the support in the
translation and editing processes and the assistance in communication with the editorial board.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.


https://www.mdpi.com/article/10.3390/catal13020243/s1
https://www.mdpi.com/article/10.3390/catal13020243/s1

Catalysts 2023, 13, 243 13 of 16

References

1.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Liu, H.; Zhao, J.; Li, X. Controlled Synthesis of Carbon-Supported Pt-Based Electrocatalysts for Proton Exchange Membrane Fuel
Cells. Electrochem. Energy Rev. 2022, 5, 13. [CrossRef] [PubMed]

Banham, D.; Ye, S. Current Status and Future Development of Catalyst Materials and Catalyst Layers for Proton Exchange
Membrane Fuel Cells: An Industrial Perspective. ACS Energy Lett. 2017, 2, 629-638. [CrossRef]

Rossi, K.; Asara, G.G.; Baletto, F. Structural Screening and Design of Platinum Nanosamples for Oxygen Reduction. ACS Catal.
2020, 10, 3911-3920. [CrossRef]

Guo, N.; Xue, H.; Bao, A.; Wang, Z; Sun, J.; Song, T.; Ge, X.; Zhang, W.; Huang, K; He, F; et al. Achieving Superior Electrocatalytic
Performance by Surface Copper Vacancy Defects during Electrochemical Etching Process. Angew. Chem. Int. Ed. 2020, 59,
13778-13784. [CrossRef] [PubMed]

Ercolano, G.; Farina, F,; Stievano, L.; Jones, D.J.; Roziére, J.; Cavaliere, S. Preparation of Ni@Pt Core@shell Conformal Nanofibre
Oxygen Reduction Electrocatalysts via Microwave-Assisted Galvanic Displacement. Catal. Sci. Technol. 2019, 9, 6920-6928.
[CrossRef]

Wang, D.; Xin, H.L.; Hovden, R.; Wang, H.; Yu, Y.; Muller, D.A_; Disalvo, E]J.; Abrufia, H.D. Structurally Ordered Intermetallic
Platinum—Cobalt Core-Shell Nanoparticles with Enhanced Activity and Stability as Oxygen Reduction Electrocatalysts. Nat.
Mater. 2012, 12, 81-87. [CrossRef]

Liu, L.; Liu, H.; Sun, X,; Li, C.; Bai, J. Efficient Electrocatalyst of Pt-Fe/CNFs for Oxygen Reduction Reaction in Alkaline Media.
Int. J. Hydrog. Energy. 2020, 45, 15112-15120. [CrossRef]

Wang, X.X.; Swihart, M.T.; Wu, G. Achievements, Challenges and Perspectives on Cathode Catalysts in Proton Exchange
Membrane Fuel Cells for Transportation. Nat. Catal. 2019, 2, 578-589. [CrossRef]

Filippov, S.P; Yaroslavtsev, A.B. Hydrogen Energy: Development Prospects and Materials. Russ. Chem. Rev. 2021, 90, 627-643.
[CrossRef]

Lv, H,; Li, D.; Strmcnik, D.; Paulikas, A.P.; Markovic, N.M.; Stamenkovic, V.R. Recent Advances in the Design of Tailored
Nanomaterials for Efficient Oxygen Reduction Reaction. Nano Energy 2016, 29, 149-165. [CrossRef]

Yang, H. Platinum-Based Electrocatalysts with Core-Shell Nanostructures. Angew. Chem. Int. Ed. 2011, 50, 2674-2676. [CrossRef]
Markovic, N.M.; Schmidt, T.J.; Stamenkovic, V.R.; Ross, PN. Oxygen Reduction Reaction on Pt and Pt Bimetallic Surfaces: A
Selective Review. Fuel Cells 2001, 1, 105-116. [CrossRef]

Paulus, U.A.; Wokaun, A.; Scherer, G.G.; Schmidt, T.J.; Stamenkovic, V.; Markovic, N.M.; Ross, PN. Oxygen Reduction on High
Surface Area Pt-Based Alloy Catalysts in Comparison to Well Defined Smooth Bulk Alloy Electrodes. Electrochim. Acta 2002, 47,
3787-3798. [CrossRef]

Shao, Y.; Yin, G.; Gao, Y. Understanding and Approaches for the Durability Issues of Pt-Based Catalysts for PEM Fuel Cell. .
Power Sources 2007, 171, 558-566. [CrossRef]

Colén-Mercado, H.R.; Popov, B.N. Stability of Platinum Based Alloy Cathode Catalysts in PEM Fuel Cells. ]. Power Sources 2006,
155, 253-263. [CrossRef]

Pizzutilo, E.; Geiger, S.; Grote, J.-P.; Mingers, A.; Mayrhofer, K.J.].; Arenz, M.; Cherevko, S. On the Need of Improved Accelerated
Degradation Protocols (ADPs): Examination of Platinum Dissolution and Carbon Corrosion in Half-Cell Tests. ]. Electrochem. Soc.
2016, 163, F1510-F1514. [CrossRef]

Impagnatiello, A.; Cerqueira, C.F,; Coulon, PE.; Morin, A.; Escribano, S.; Guetaz, L.; Clochard, M.C.; Rizza, G. Degradation
Mechanisms of Supported Pt Nanocatalysts in Proton Exchange Membrane Fuel Cells: An Operando Study through Liquid Cell
Transmission Electron Microscopy. ACS Appl. Energy Mater. 2020, 3, 2360-2371. [CrossRef]

Khalakhan, I.; Waidhas, F.; Brummel, O.; Vorokhta, M.; Ka$, P,; Yakovlev, Y.V.; Bertram, M.; Dopita, M.; Matolinov4, I;
Libuda, J.; et al. Nanoscale Morphological and Structural Transformations of PtCu Alloy Electrocatalysts during Potentiodynamic
Cycling. J. Phys. Chem. C 2018, 122, 21974-21982. [CrossRef]

Mani, P; Srivastava, R.; Strasser, P. Dealloyed Binary PtM3 (M = Cu, Co, Ni) and Ternary PtNi 3M (M = Cu, Co, Fe, Cr)
Electrocatalysts for the Oxygen Reduction Reaction: Performance in Polymer Electrolyte Membrane Fuel Cells. . Power Sources
2011, 196, 666—673. [CrossRef]

Jayasayee, K.; van Veen, ].A.R.; Manivasagam, T.G.; Celebi, S.; Hensen, E.].M.; de Bruijn, F.A. Oxygen Reduction Reaction (ORR)
Activity and Durability of Carbon Supported PtM (Co, Ni, Cu) Alloys: Influence of Particle Size and Non-Noble Metals. Appl.
Catal. B 2012, 111-112, 515-526. [CrossRef]

Sorsa, O.; Romar, H.; Lassi, U.; Kallio, T. Co-Electrodeposited Mesoporous PtM (M = Co, Ni, Cu) as an Active Catalyst for Oxygen
Reduction Reaction in a Polymer Electrolyte Membrane Fuel Cell. Electrochim. Acta 2017, 230, 49-57. [CrossRef]

Ortiz-Herrera, ].C.; Tellez-Cruz, M.M.; Solorza-Feria, O.; Medina, D.I. Effect of Different Carbon Supports on the Activity of PtNi
Bimetallic Catalysts toward the Oxygen Reduction. Catalysts 2022, 12, 477. [CrossRef]

Wang, Q.; Mi, B.; Zhou, J.; Qin, Z.; Chen, Z.; Wang, H. Hollow-Structure Pt-Ni Nanoparticle Electrocatalysts for Oxygen Reduction
Reaction. Molecules 2022, 27, 2524. [CrossRef] [PubMed]

Azizi, J.; Kamyabi, M.A. Pulse-Electrodeposition of PtNi Nanoparticles on a Novel Substrate of Multi-Walled Carbon Nan-
otubes/Poly(Eriochrome Blue-Black B) as an Active and Durable Catalyst for the Electrocatalytic Oxidation of Methanol. J.
Electroanal. Chem. 2022, 920, 116642. [CrossRef]


http://doi.org/10.1007/s41918-022-00173-3
http://www.ncbi.nlm.nih.gov/pubmed/36212026
http://doi.org/10.1021/acsenergylett.6b00644
http://doi.org/10.1021/acscatal.9b05202
http://doi.org/10.1002/anie.202002394
http://www.ncbi.nlm.nih.gov/pubmed/32329190
http://doi.org/10.1039/C9CY01514K
http://doi.org/10.1038/nmat3458
http://doi.org/10.1016/j.ijhydene.2020.03.243
http://doi.org/10.1038/s41929-019-0304-9
http://doi.org/10.1070/RCR5014
http://doi.org/10.1016/j.nanoen.2016.04.008
http://doi.org/10.1002/anie.201005868
http://doi.org/10.1002/1615-6854(200107)1:2&lt;105::AID-FUCE105&gt;3.0.CO;2-9
http://doi.org/10.1016/S0013-4686(02)00349-3
http://doi.org/10.1016/j.jpowsour.2007.07.004
http://doi.org/10.1016/j.jpowsour.2005.05.011
http://doi.org/10.1149/2.0731614jes
http://doi.org/10.1021/acsaem.9b02000
http://doi.org/10.1021/acs.jpcc.8b06840
http://doi.org/10.1016/j.jpowsour.2010.07.047
http://doi.org/10.1016/j.apcatb.2011.11.003
http://doi.org/10.1016/j.electacta.2017.01.158
http://doi.org/10.3390/catal12050477
http://doi.org/10.3390/molecules27082524
http://www.ncbi.nlm.nih.gov/pubmed/35458722
http://doi.org/10.1016/j.jelechem.2022.116642

Catalysts 2023, 13, 243 14 of 16

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Ouyang, C.; Xun, D.; Jian, G. N-Doped and Sulfonated Reduced Graphene Oxide Supported PtNi Nanoparticles as Highly
Efficient Electrocatalysts for Oxygen Reduction Reaction. Coatings 2022, 12, 1049. [CrossRef]

Stamenkovi¢, V.; Schmidt, T.J.; Ross, PN.; Markovi¢, N.M. Surface Composition Effects in Electrocatalysis: Kinetics of Oxygen
Reduction on Well-Defined Pt3Ni and Pt3Co Alloy Surfaces. J. Phys. Chem. B 2002, 106, 11970-11979. [CrossRef]

Beard, B.C.; Ross, P.N. The Structure and Activity of Pt-Co Alloys as Oxygen Reduction Electrocatalysts. J. Electrochem. Soc. 1990,
137, 3368-3374. [CrossRef]

Mauer, D.; Belenov, S.; Guterman, V.; Nikolsky, A.; Kozakov, A.; Nikulin, A.; Alexeenko, D.; Safronenko, O. Gram-Scale Synthesis
of CoO/C as Base for PtCo/C High-Performance Catalysts for the Oxygen Reduction Reaction. Catalysts 2021, 11, 1539. [CrossRef]
Chen, M.; Zhou, S.; Liao, W.; Wang, Z.; Long, J.; Zhou, Q.; Wang, Q. Ordered PtCo Intermetallics Featuring Nitrogen-Doped
Carbon Prepared by Surface Coating Strategy for Oxygen Reduction Reaction. ChemElectroChem 2022, 9, €202200803. [CrossRef]
Daimon, H.; Yamazaki, S.I.; Asahi, M.; Ioroi, T.; Inaba, M. A Strategy for Drastic Improvement in the Durability of Pt/C and
PtCo/C Alloy Catalysts for the Oxygen Reduction Reaction by Melamine Surface Modification. ACS Catal. 2022, 12, 8976-8985.
[CrossRef]

Wu, D.; Yang, Y.; Dai, C.; Cheng, D. Enhanced Oxygen Reduction Activity of PtCu Nanoparticles by Morphology Tuning and
Transition-Metal Doping. Int. ]. Hydrog. Energy 2020, 45, 4427-4434. [CrossRef]

Barim, S.B.; Bozbag, S.E.; Deljoo, B.; Aindow, M.; Erkey, C. Highly Active Carbon Supported PtCu Electrocatalysts for PEMFCs by
in Situ Supercritical Deposition Coupled with Electrochemical Dealloying. Fuel Cells 2020, 20, 285-299. [CrossRef]

Oezaslan, M.; Hasché, E; Strasser, P. PtCu3, PtCu and Pt3Cu Alloy Nanoparticle Electrocatalysts for Oxygen Reduction Reaction
in Alkaline and Acidic Media. J. Electrochem. Soc. 2012, 159, B444. [CrossRef]

Caballero-Manrique, G.; Brillas, E.; Centellas, F.; Garrido, J.A.; Rodriguez, R.M.; Cabot, P.L. Electrochemical Oxidation of the
Carbon Support to Synthesize Pt(Cu) and Pt-Ru(Cu) Core-Shell Electrocatalysts for Low-Temperature Fuel Cells. Catalysts 2015, 5,
815-837. [CrossRef]

Bele, M.; Gatalo, M.; Jovanovi¢, P; Ruiz-Zepeda, F; Sala, M; Sest, E.; Hodnik, N.; Hocevar, S.; Gatto, L; Sacca, A.; et al. Insight on
Single Cell Proton Exchange Membrane Fuel Cell Performance of Pt-Cu/C Cathode. Catalysts 2019, 9, 544. [CrossRef]

Pavlets, A.; Alekseenko, A.; Menshchikov, V.; Belenov, S.; Volochaev, V.; Pankov, I.; Safronenko, O.; Guterman, V. Influence of
Electrochemical Pretreatment Conditions of PtCu/C Alloy Electrocatalyst on Its Activity. Nanomaterials 2021, 11, 1499. [CrossRef]
Menshchikov, V.; Alekseenko, A.; Guterman, V.; Nechitailov, A.; Glebova, N.; Tomasov, A.; Spiridonova, O.; Belenov, S.; Zelenina,
N.; Safronenko, O. Effective Platinum-Copper Catalysts for Methanol Oxidation and Oxygen Reduction in Proton-Exchange
Membrane Fuel Cell. Nanomaterials 2020, 10, 742. [CrossRef]

Long, N.V.; Yang, Y.; Minh Thi, C.; van Minh, N.; Cao, Y.; Nogami, M. The Development of Mixture, Alloy, and Core-Shell
Nanocatalysts with Nanomaterial Supports for Energy Conversion in Low-Temperature Fuel Cells. Nano Energy 2013, 2, 636-676.
[CrossRef]

Kaewsai, D.; Hunsom, M. Comparative Study of the ORR Activity and Stability of Pt and PtM (M = Ni, Co, Cr, Pd) Supported on
Polyaniline/Carbon Nanotubes in a PEM Fuel Cell. Nanomaterials 2018, 8, 299. [CrossRef]

Ochal, P.; Gomez De La Fuente, J.L.; Tsypkin, M.; Seland, E.; Sunde, S.; Muthuswamy, N.; Renning, M.; Chen, D.; Garcia, S.;
Alayoglu, S.; et al. CO Stripping as an Electrochemical Tool for Characterization of Ru@Pt Core-Shell Catalysts. J. Electroanal.
Chem. 2011, 655, 140-146. [CrossRef]

Petrii, O.A. Pt-Ru Electrocatalysts for Fuel Cells: A Representative Review. J. Solid State Electrochem. 2008, 12, 609—-642. [CrossRef]
Mensharapov, R.M.; Ivanova, N.A.; Spasov, D.D.; Kukueva, E.V.; Zasypkina, A.A.; Seregina, E.A.; Grigoriev, S.A.; Fateev, V.N.
Carbon-Supported Pt-SnO, Catalysts for Oxygen Reduction Reaction over a Wide Temperature Range: Rotating Disk Electrode
Study. Catalysts 2021, 11, 1469. [CrossRef]

Tuo, Y,; Lu, Q.; Chen, C; Liu, T;; Pan, Y.; Zhou, Y.; Zhang, J. The Facile Synthesis of Core-Shell PtCu Nanoparticles with Superior
Electrocatalytic Activity and Stability in the Hydrogen Evolution Reaction. RSC Adv. 2021, 11, 26326-26335. [CrossRef] [PubMed]
Garcia-Cardona, J.; Sirés, I.; Alcaide, F; Brillas, E.; Centellas, F; Cabot, P.L. Electrochemical Performance of Carbon-Supported
Pt(Cu) Electrocatalysts for Low-Temperature Fuel Cells. Int. ]. Hydrog. Energy 2020, 45, 20582-20593. [CrossRef]

Baturina, O.A.; Aubuchon, S.R.; Wynne, K.J. Thermal Stability in Air of Pt/C Catalysts and PEM Fuel Cell Catalyst Layers. Chem.
Mater. 2006, 18, 1498-1504. [CrossRef]

Stevens, D.A.; Dahn, ].R. Thermal Degradation of the Support in Carbon-Supported Platinum Electrocatalysts for PEM Fuel Cells.
Carbon 2005, 43, 179-188. [CrossRef]

Sellin, R.; Clacens, ].M.; Coutanceau, C. A Thermogravimetric Analysis/Mass Spectroscopy Study of the Thermal and Chemical
Stability of Carbon in the Pt/C Catalytic System. Carbon 2010, 48, 2244-2254. [CrossRef]

Leontyev, LN.; Leontyeva, D.V.; Kuriganova, A.B.; Popov, Y.V,; Maslova, O.A.; Glebova, N.V.; Nechitailov, A.A.; Zelenina, N.K,;
Tomasov, A.A.; Hennet, L.; et al. Characterization of the Electrocatalytic Activity of Carbon-Supported Platinum-Based Catalysts
by Thermal Gravimetric Analysis. Mendeleev Commun. 2015, 25, 468-469. [CrossRef]

Guterman, V.E.; Belenov, S.V.; Krikov, V.V,; Vysochina, L.L.; Yohannes, W.; Tabachkova, N.Y.; Balakshina, E.N. Reasons for the
Differences in the Kinetics of Thermal Oxidation of the Support in Pt/C Electrocatalysts. J. Phys. Chem. C 2014, 118, 23835-23844.
[CrossRef]


http://doi.org/10.3390/coatings12081049
http://doi.org/10.1021/jp021182h
http://doi.org/10.1149/1.2086223
http://doi.org/10.3390/catal11121539
http://doi.org/10.1002/celc.202200803
http://doi.org/10.1021/acscatal.2c01942
http://doi.org/10.1016/j.ijhydene.2019.12.003
http://doi.org/10.1002/fuce.201900087
http://doi.org/10.1149/2.106204jes
http://doi.org/10.3390/catal5020815
http://doi.org/10.3390/catal9060544
http://doi.org/10.3390/nano11061499
http://doi.org/10.3390/nano10040742
http://doi.org/10.1016/j.nanoen.2013.06.001
http://doi.org/10.3390/nano8050299
http://doi.org/10.1016/j.jelechem.2011.02.027
http://doi.org/10.1007/s10008-007-0500-4
http://doi.org/10.3390/catal11121469
http://doi.org/10.1039/D1RA04001D
http://www.ncbi.nlm.nih.gov/pubmed/35479446
http://doi.org/10.1016/j.ijhydene.2020.02.038
http://doi.org/10.1021/cm052660e
http://doi.org/10.1016/j.carbon.2004.09.004
http://doi.org/10.1016/j.carbon.2010.02.034
http://doi.org/10.1016/j.mencom.2015.11.024
http://doi.org/10.1021/jp507801f

Catalysts 2023, 13, 243 15 of 16

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

Kulbakov, A.A,; Kuriganova, A.B.; Allix, M.; Rakhmatullin, A.; Smirnova, N.V.; Maslova, O.A.; Leontyev, .N. Non-Isothermal
Decomposition of Platinum Acetylacetonate as a Cost-Efficient and Size-Controlled Synthesis of Pt/C Nanoparticles. Catal.
Commun. 2018, 117, 14-18. [CrossRef]

Wang, D.; Yu, Y,; Xin, H.L.; Hovden, R.; Ercius, P.; Mundy, J.A.; Chen, H.; Richard, J.H.; Muller, D.A.; DiSalvo, EJ.; et al.
Tuning Oxygen Reduction Reaction Activity via Controllable Dealloying: A Model Study of Ordered CuzPt/C Intermetallic
Nanocatalysts. Nano Lett. 2012, 12, 5230-5238. [CrossRef]

Zhu, H.; Li, X;; Wang, E. Synthesis and Characterization of Cu@Pt/C Core-Shell Structured Catalysts for Proton Exchange
Membrane Fuel Cell. Int. |. Hydrog. Energy 2011, 36, 9151-9154. [CrossRef]

Ruiz-Zepeda, F,; Gatalo, M.; Pavli§i¢, A.; Drazi¢, G.; Jovanovic, P; Bele, M.; Gabers¢ek, M.; Hodnik, N. Atomically Resolved
Anisotropic Electrochemical Shaping of Nano-Electrocatalyst. Nano Lett. 2019, 19, 4919-4927. [CrossRef]

Rudi, S.; Cui, C.; Gan, L,; Strasser, P. Comparative Study of the Electrocatalytically Active Surface Areas (ECSAs) of Pt Alloy
Nanoparticles Evaluated by Hypg and CO-Stripping Voltammetry. Electrocatalysis 2014, 5, 408-418. [CrossRef]

Gatalo, M.; Moriau, L.; Petek, U.; Ruiz-Zepeda, F; Sala, M.; Grom, M.; Galun, T.; Jovanovi¢, P; Pavlisi¢, A.; Bele, M.; et al.
CO-Assisted Ex-Situ Chemical Activation of Pt-Cu/C Oxygen Reduction Reaction Electrocatalyst. Electrochim. Acta 2019, 306,
377-386. [CrossRef]

van der Vliet, D.E; Wang, C.; Li, D.; Paulikas, A.P.; Greeley, J.; Rankin, R.B.; Strmcnik, D.; Tripkovic, D.; Markovic, N.M.;
Stamenkovic, V.R. Unique Electrochemical Adsorption Properties of Pt-Skin Surfaces. Angew. Chem. Int. Ed. 2012, 51, 3139-3142.
[CrossRef]

Urchaga, P; Baranton, S.; Coutanceau, C.; Jerkiewicz, G. Electro-Oxidation of CO Chem on Pt Nanosurfaces: Solution of the Peak
Multiplicity Puzzle. Langmuir 2012, 28, 3658-3663. [CrossRef]

Lopez-Cudero, A.; Cuesta, A.; Gutiérrez, C. Potential Dependence of the Saturation CO Coverage of Pt Electrodes: The Origin of
the Pre-Peak in CO-Stripping Voltammograms. Part 1: Pt(1 1 1). J. Electroanal. Chem. 2005, 579, 1-12. [CrossRef]

Zamanzad Ghavidel, M.R.; Monteverde Videla, A.H.A.; Specchia, S.; Easton, E.B. The Relationship between the Structure and
Ethanol Oxidation Activity of Pt-Cu/C Alloy Catalysts. Electrochim. Acta 2017, 230, 58-72. [CrossRef]

Pavko, L.; Gatalo, M.; Krizan, G.; KriZan, J.; Ehelebe, K.; Ruiz-Zepeda, F.; Sala, M; Drazi¢, G.; Geu3, M.; Kaiser, P; et al. Toward
the Continuous Production of Multigram Quantities of Highly Uniform Supported Metallic Nanoparticles and Their Application
for Synthesis of Superior Intermetallic Pt-Alloy ORR Electrocatalysts. ACS Appl Energy Mater 2021, 4, 13819-13829. [CrossRef]
Hodnik, N.; Bele, M.; Re¢nik, A.; Logar, N.Z.; Gabers¢ek, M.; Hocevar, S. Enhanced Oxygen Reduction and Methanol Oxidation
Reaction Activities of Partially Ordered PtCu Nanoparticles. Energy Procedia 2012, 29, 208-215. [CrossRef]

Ying, J.; Jiang, G.; Cano, Z.P; Ma, Z.; Chen, Z. Spontaneous Weaving: 3D Porous PtCu Networks with Ultrathin Jagged Nanowires
for Highly Efficient Oxygen Reduction Reaction. Appl. Catal. B 2018, 236, 359-367. [CrossRef]

Nearskov, ].K.; Rossmeisl, J.; Logadottir, A.; Lindqvist, L.; Kitchin, J.R.; Bligaard, T.; Jénsson, H. Origin of the Overpotential for
Oxygen Reduction at a Fuel-Cell Cathode. J. Phys. Chem. B 2004, 108, 17886-17892. [CrossRef]

Wang, Q.; Zhou, Y.W.,; Jin, Z; Chen, C,; Li, H.; Cai, W. bin Alternative Aqueous Phase Synthesis of a PtRu/C Electrocatalyst for
Direct Methanol Fuel Cells. Catalysts 2021, 11, 925. [CrossRef]

Kim, I; Bong, S.; Woo, S.; Mahajan, R.K.; Kim, H. Highly Active 40 Wt.% PtRu/C Anode Electrocatalysts for PEMFCs Prepared
by an Improved Impregnation Method. Int. J. Hydrog. Energy 2011, 36, 1803-1812. [CrossRef]

Zhang, J.; Qu, X,; Han, Y.; Shen, L.; Yin, S.; Li, G,; Jiang, Y.; Sun, S. Engineering PtRu Bimetallic Nanoparticles with Adjustable
Alloying Degree for Methanol Electrooxidation: Enhanced Catalytic Performance. Appl. Catal. B 2020, 263, 118345. [CrossRef]
Iwasita, T. Electrocatalysis of Methanol Oxidation. Electrochim. Acta 2002, 47, 3663-3674. [CrossRef]

Wieckowski, A. Interfacial Electrochemistry: Theory, Experiment, and Applications; Marcel Dekker: New York, NY, USA; CRC Press:
New York, NY, USA, 1999; Chapter 47.

Vielstich, W.; Gasteiger, H.A.; Yokokawa, H. (Eds.) Handbook of Fuel Cells: Advances in Electrocatalysis, Material, Diagnostics and
Durability; Wiley: New York, NY, USA, 2009; 1090p.

Petrii, O.A. The Progress in Understanding the Mechanisms of Methanol and Formic Acid Electrooxidation on Platinum Group
Metals (a Review). Russ. |. Electrochem. 2019, 55, 1-33. [CrossRef]

Abd El-Lateef, H.M.; Khalaf, M.M.; Alnajjar, A.O.; Mohamed, I.M.A. Facile synthesis of Co/Ni bi-metallic phosphate as
electrode material for urea fuel cells: Effect of synthetic strategy on the physicochemical and electrocatalytic behavior. Fuel 2023,
334, 126671. [CrossRef]

Perales-Rondon, J.V.; Solla-Gullén, J.; Herrero, E.; Sanchez-Sanchez, C.M. Enhanced catalytic activity and stability for the
electrooxidation of formic acid on lead modified shape controlled platinum nanoparticles. Appl. Catal. B Environ. 2017, 201, 48-57.
[CrossRef]

Pushkarev, A.S.; Pushkareva, I.V.; Ivanova, N.A.; du Preez, S.P.; Bessarabov, D.; Chumakov, R.G.; Stankevich, V.G.; Fateev, V.N.;
Evdokimov, A.A.; Grigoriev, S.A. Pt/C and Pt/SnOx/C Catalysts for Ethanol Electrooxidation: Rotating Disk Electrode Study.
Catalysts 2019, 9, 271. [CrossRef]


http://doi.org/10.1016/j.catcom.2018.08.022
http://doi.org/10.1021/nl302404g
http://doi.org/10.1016/j.ijhydene.2011.04.224
http://doi.org/10.1021/acs.nanolett.9b00918
http://doi.org/10.1007/s12678-014-0205-2
http://doi.org/10.1016/j.electacta.2019.03.153
http://doi.org/10.1002/anie.201107668
http://doi.org/10.1021/la202913b
http://doi.org/10.1016/j.jelechem.2005.01.018
http://doi.org/10.1016/j.electacta.2017.01.129
http://doi.org/10.1021/acsaem.1c02570
http://doi.org/10.1016/j.egypro.2012.09.026
http://doi.org/10.1016/j.apcatb.2018.04.035
http://doi.org/10.1021/jp047349j
http://doi.org/10.3390/catal11080925
http://doi.org/10.1016/j.ijhydene.2010.04.049
http://doi.org/10.1016/j.apcatb.2019.118345
http://doi.org/10.1016/S0013-4686(02)00336-5
http://doi.org/10.1134/S1023193519010129
http://doi.org/10.1016/j.fuel.2022.126671
http://doi.org/10.1016/j.apcatb.2016.08.011
http://doi.org/10.3390/catal9030271

Catalysts 2023, 13, 243 16 of 16

74. Menshikov, V.; Paperzh, K,; Bayan, Y.; Beskopylny, Y.; Nikulin, A.; Pankov, I.; Belenov, S. The Development of High-Performance
Platinum-Ruthenium Catalysts for the Methanol Oxidation Reaction: Gram-Scale Synthesis, Composition, Morphology, and
Functional Characteristics. Catalysts 2022, 12, 1257. [CrossRef]

75. DPavlets, A.S.; Alekseenko, A.A.; Tabachkova, N.Y.; Safronenko, O.I; Nikulin, A.Y.; Alekseenko, D.V.; Guterman, V.E. A Novel
Strategy for the Synthesis of Pt—-Cu Uneven Nanoparticles as an Efficient Electrocatalyst toward Oxygen Reduction. Int. |. Hydrog.
Energy 2021, 46, 5355-5368. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/catal12101257
http://doi.org/10.1016/j.ijhydene.2020.11.094

	Introduction 
	Results and Discussion 
	The Morphology of the Obtained Catalysts 
	The Electrochemical Behavior of the Catalysts 

	Materials and Methods 
	Chemicals and Materials 
	The Preparation of the PtCu/C Catalyst 
	The Preparation of the PtNi/C Catalyst 
	The Preparation of the PtCo/C Catalyst 
	The Preparation of the PtRu/C Catalyst 
	The Study of the Catalysts’ Structure 
	The Electrochemical Study of the Catalysts 

	Conclusions 
	References

