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Abstract: Bimetallic catalysts containing platinum and transition metals (PtM, M = Mo, Ni, CoCr)
were synthesized on carbon nanotubes (CNTs) functionalized in an alkaline medium. Their platinum
content is 10-15% by mass. PtM/CNTy,0p are active in both the hydrogen oxidation reaction (HOR)
and the oxygen reduction reaction (ORR) in alkaline electrolytes. Although catalysts based on a single
transition metal are inactive in the HOR, their activity in the cathode process of ORR increases relative
to CNTnaon. When using the rotating ring-disk electrode method for ORR, PtM/CNT showed a
high selectivity in reducing oxygen directly to water. In HOR, the PtM/CNT catalyst had an activity
comparable to that of a commercial monoplatinum catalyst. The results obtained show that it is
possible to use the PtM/CNT catalyst in an alkaline fuel cell both as an anode and as a cathode.

Keywords: bimetallic catalyst; carbon nanotubes (CNT); hydrogen electrooxidation; oxygen electroreduction;
alkaline electrolyte

1. Introduction

The ever-increasing consumption of fossil fuels, accompanied by climate change and
environmental pollution, calls for the development of efficient, environmentally friendly,
and sustainable energy sources [1,2]. A fuel cell (FC), where the chemical energy of the fuel
is directly converted into electrical energy through two electrochemical reactions, namely a
hydrogen oxidation reaction (HOR) at the anode and an oxygen reduction reaction (ORR) at
the cathode, comprises one of the most promising devices that meet these requirements [3].

At present, research is mainly focused on the development of cathode electrocatalysts,
since the kinetics of cathodic ORR is much slower than that of anodic HOR; in other words,
the FC voltage drop is generally associated with the overvoltage of the cathode reaction [4,5].
A wider range of catalysts, including catalytic systems without platinum, can be used in
alkaline electrolytes. It was shown [6-10] that CNTs subjected to functionalization and
nitrogen doping have activity close to platinum in ORR. While in the HOR reaction,
platinum-free catalysts in an alkaline medium have low activity; thus, as a rule, a high
platinum content is required for its implementation [11]. The hydrogen oxidation reaction
in an alkaline medium is described by the following equation [12]:

H, + 20H™ — 2H,0 + 2e~ 1)

At least two pathways of HOR in alkaline media are considered: the Tafel-Volmer
and Heyrovsky—Volmer mechanisms [12]. According to the first path, the dissociative
adsorption of H, avoiding electron transfer (chemical) proceeds at the first stage, leading
to the formation of two adsorbed hydrogen atoms on the electrode surface. According to
the Heyrovsky—Volmer mechanism, the first stage involves the electrochemical dissociative
adsorption of the H, molecule and electron transfer from the molecular H; to the catalyst.
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As a result, an adsorbed hydrogen atom on the electrode surface, a water molecule, and
one electron are formed.
H, +OH — H,qy + HbO+e™ 2)

At the next stage, the hydrogen atom combines with OH™ to form water and one electron:
H,q +OH™ — H,O + e~ 3)

Classically, the HOR mechanism can be assessed by the Tafel slope obtained from
the polarization curve [13]. This analysis reveals the internal nature of an electrocatalytic
material, while the empirical value of the Tafel slope can help to determine possible
mechanisms on the surface of the material [13]. Since OH™ species occurring in the
Heyrovsky and Volmer stages still hinder the fundamental understanding of the mechanism
of HOR, disagreements about the role of OH™ in HOR exist to the present day [12]. Several
kinetic descriptors were proposed in order to improve the activity of HER/HOR in an
alkaline medium [14]. Among them, the most discussed are the hydrogen binding energy
(HBE) and the surface oxophilicity [15]. The ability to adsorb and dissociate the molecule
H,, being a necessary, however, insufficient criterion for HOR catalysts, fails to provide a
deep understanding of the nature of electrocatalyst activity. Therefore, it was assumed [16]
that surface oxophilicity comprises an equally important descriptor of HOR kinetics. It was
shown that combining Pt with more oxophilic metals (for example, Ru, Ni, Ir) enhances the
interaction of the catalyst with HO/OH™, which leads to an increase in the activity of HOR
in an alkaline medium [16]. It was established [17] that doping with Mo leads to an increase
in both the catalytic activity and stability of Pt in the hydrogen oxidation reaction in FC.
Molybdenum was selected as the second metal since it is one of the few available elements
that act as a “source” of electrons [18]. In addition, the high hydrogen-Mo bond strength
(72 kcal/mol) significantly exceeds that of nickel and cobalt (48 kcal/mol). It can be assumed
that, when combined with platinum, these metals will have a different effect on the activity
in the hydrogen oxidation reaction. Although the catalytic activity of catalysts based on
Pt-Mo alloys in ORR has been studied to a lesser extent [18], the catalytic activity of catalysts
based on Pt-Mo alloys in ORR has been determined [19]. Here, the PtMo/CNT catalyst
exhibited activity comparable to that of the Pt/CNT catalyst. Conversely, the bimetallic
catalysts, including nickel [20-22] and cobalt [23-25], are known as electrocatalysts for
the oxygen reduction reaction. It was shown that in an acidic electrolyte, the activity of
bimetallic PtNi/C [21,22] and PtCo/C catalysts [24-26] and their ternary alloys [27] exceeds
that of the monometallic Pt/C platinum catalyst. Despite certain advantages of fuel cells
using an alkaline electrolyte over those using an acidic electrolyte [28], the largest number
of publications have been devoted to studying bimetallic systems for ORR and HOR in an
acidic medium. For this reason, this work focused on investigating electrocatalysts having
no Pt or reduced Pt content for alkaline media.

Most electrocatalysts described in the literature are designed for only one of the
two reactions. Here, bi- and tri-metallic catalysts PtM (M = Mo, Ni, CoCr), as well as
monometallic systems based on transition metals synthesized on CNTs, were studied in
the hydrogen oxidation and oxygen reduction reactions in alkaline electrolytes in order to
reveal the role of the second metal in both anodic and cathodic reactions.

2. Results and Discussion

Figure 1 presents cyclic current-voltage curves (CV) recorded to assess the state of the
electrochemically active surface.
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Figure 1. (a) CV for catalysts containing transition metals (shown in Figure); (b) CV for catalysts
containing platinum (shown in Figure); 0.1 M KOH, 0.05 mV /s, mcat = 0.15 mg/ cm?.

Among the catalysts based on transition metals, only Co/CNTn,on is characterized
by a maximum in the potential range (1.0-1.2 V).

On the CV obtained for bimetallic catalysts, the maxima of hydrogen adsorption
and desorption are smoothed compared to those for the Pt/CNTn,0n catalyst (Figure 1b,
curve 4), although the platinum content in the bulk PtM/CNTy,on (M = Mo, Ni, CoCr)
and Pt/CNTna0n catalysts is identical (10-15 wt%). However, according to the XPS,
platinum content varies over the surface (Table 1), indicating that the platinum surface
is partially covered with transition metal nanoparticles and/or their oxides. As a result,
Sgas pt for PtMo/CNTy,on amounts to 35 m?/g, for PtNi/CNTn,on—41.2 m?/g, and,
for PtCoCr/CNTnaon—32.3 m? /g, while for Pt/CNTna0n Seas pt amounts to 61.9 m? /g
(Figure 1b). In addition, for PtMo/CNTn,0nH, a redox maximum is observed at 0.7 V
on the anodic and at 0.5 V on the cathodic course, which can be attributed to the redox
transformations of molybdenum Mo™* /Mo?. SEM images and elemental composition of
the PtMo/CNTnNa0n and PtNi/CNTn,on catalysts are shown in Figure S1. According to
the presented data, the catalysts are characterized by a uniform distribution of metals on
the surface and almost complete coverage of the carbon substrate.

Table 1. Surface composition (XPS, at %) of studied catalysts.

Cls O1ls Ptaf Ni2p Mo3d Co3d Cr2p
Catalyst
at%
10Pt/CNTNaoH 94.69 2.46 2.18
10PtNi/CNTna0H 96.8 2.21 0.63 0.36
10PtMo/CNTNaoH 96.66 2.81 0.36 0.16
15PtCoCr/CNTNaoH 89.67 6.69 1.63 0.74 1.27

Figure 2 shows the XPS spectra of PtMo/CNTn,0H as an example, where, in the
PtMo catalyst on the CNT surface, platinum can be found predominantly in the metallic
state (Pt (71.3 eV)). This may be attributed to the highly negative redox potential of the
Mo>* /Mo pair since, in the studied catalyst, molybdenum, occurs in the MoO3 oxide state.
XPS spectra for the PtNi/CNTn,0on catalyst are shown in Figure S2. This catalyst is also
characterized by the presence of the nickel oxide phase Ni;Os. A detailed discussion of
XPS spectra is given in Figure 52.
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Figure 2. Cls (a), Mo3d (b), Ols (c), and Pt4f (d) X-ray spectra recorded on PtMo/CNTn,0H.

2.1. Hydrogen Electrooxidation Reaction

Figure 3 shows the polarization curves of hydrogen oxidation obtained for various
catalysts. Catalysts based on transition metals Mo, Ni, and Co, containing no platinum, are
inactive in HOR. However, bimetallic catalysts are characterized by a higher value of the
limiting diffusion current. Some deviation in the value of the limiting currents from the
calculated value of the limiting diffusion current can be associated with a significant thick-
ness of the dispersed catalyst layer that appears on the disk electrode. At the same catalyst
mass (0.150 mg/cm?), the densities of the materials differ, which affects the layer thickness
and current values. A comparison of the values of the limiting current of monoplatinum
catalysts shows that the theoretically calculated value of the limiting diffusion current is
achieved on a commercial catalyst with 40 wt% Pt, since the layer thickness, in this case, is
much less when using a catalyst with 10Pt/CNTna0n. At the same time, the mass activity
of 40 Pt/C systems is three times less (Table 2). The density of bimetallic systems with
an equal content of platinum depends on the molecular weight of the transition metal:
95.9-Mo; 58.9-Co; 58.7-Ni. Current values at 0.4 V are presented in Table 2. It can be
seen that the current closest to the limiting diffusion current at 0.4 V is observed on the
10 PtNi/CNTna0n catalyst. A more detailed discussion of the observed dependences
requires additional measurements to take into account the effect of their composition and
structure on the characteristics of catalysts.
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Figure 3. Polarization curves of hydrogen oxidation in 0.1M KOH. 0.005 V/s; 1500 rpm; mcat = 0.15 mg/ cm?.

Table 2. Electrochemical parameters of HOR.

i4if, mA/cm? Jmass X 103, mA/mg Pt 7,V

Catalyst

y at04Vv at 1.5 mA/cm? (1500 rpm)

40Pt/C 2.31 36.2 0.037
10Pt/CNTNa0H 1.82 114.6 0.088
10PtMo/CNTNa0H 2.05 128.8 0.066
10PtNi/CNTNa0H 2.11 132.9 0.035
15PtCoCr/CNTNa0H 2.18 91.6 0.076

The limiting current of PtMo, PtNi, and PtCoCr approach that of the commercial
catalyst 40 Pt/C (Figure 3). The calculated mass activities (jmass) for the studied catalysts
are characterized by higher values, confirming the positive effect of the transition metal on
the activity of platinum in the hydrogen oxidation reaction.

The limiting diffusion current was determined using the Levich equation:

iqie = 0.62nFD?/3 v ~1/6 4 1/2Cyy,, (4)

where n—number of electrons involved in the reduction of one O, molecule, F—Faraday

constant (96,485 C/mol), D—diffusion coefficient of the active substance in the electrolyte
(3.4 x 10~ m2/s), v—kinematic viscosity of the electrolyte (0.1M KOH—0.905 x 1072 m?2/s),
w—rotational speed of the electrode (rad/s), and Cgp—solubility of molecular hydrogen in
0.1 M KOH (0.7 x 10~® mol/m?) [29]. Its value amounted to 2.4 mA /cm?.

The dependence of the limiting current on the square root of the rotational speed of the
electrode (Figure 4c) is described by a straight-line correlation, starting at the origin. This
indicates that the observed limiting current comprises the hydrogen-scale limiting diffusion
current. As shown in several works [11-13], using formal electrochemical kinetics in some
cases helps to identify the stage-limiting electrode reaction. The Tafel dependences plotted
in the initial range of potentials (steady potential) characterize the kinetics, excluding
concentration polarization. As shown in Figure 4a, a potential region can be distinguished
in the range of the Tafel dependence, where the slope of the Tafel curve equals 0.120 V,
describing the stage of a delayed transfer of the first electron. The article [16] discussed
the role of the oxophilicity of the second metal in bimetallic systems, where the greatest
effect in these conditions was provided by Ni. Analysis of the data obtained in this work
and a comparison of the effect on the reactivity of platinum in bimetallic catalysts showed
that nickel and cobalt have the greatest influence on HOR. In terms of hydrogen oxidation,
however, the corresponding mono-metallic catalysts are inactive, being practically identical
to Mo (Figure 3, curves 6-8). The higher stability of bimetallic PtNi and PtCo systems is
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confirmed by current transients (Figure 4b). It should be noted that the activity of a mono-
metallic platinum catalyst having a platinum content of 10 wt% is inferior to all bimetallic
samples, which indicates a synergistic effect in the presence of a second metal. Since the
binding energy with the hydrogen of Pt equals 65 kcal/mol, along with 48 kcal /mol for Ni
and Co and 72 kcal/mol for Mo [30], it can be assumed that an electron transfer scheme
from the adsorbed hydrogen molecule, which further dissociates, occurs for the first two
metals. The adsorbed hydrogen molecule can dissociate on bimetallic systems having
high bond strength, with the electron being further transferred from the hydrogen atom.
This assumption requires additional research related to the role of the OH™ ions in the
mechanism of the hydrogen oxidation reaction.
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Figure 4. (a) Polarization curves in Tafel coordinates for platinum-modified materials (indicated
in Figure), O,, 0.1 M KOH, 5 mV/s, 1500 rpm; (b) Chronoamperometric measurements at 0.4 V,
650 rpm; (c) Limiting current as a function of electrode rotation speed.

2.2. Oxygen Reduction Reaction

Figure 5 presents the polarization curves of oxygen reduction on all the studied sys-
tems in an alkaline electrolyte. When nanoparticles of transition metals are deposited on the
surface of functionalized CNTs, their activity in ORR increases. Among the catalysts based
on transition metals, Mo/CNTn,0n is characterized by the most positive onset potential of
oxygen reduction and the half-wave potential. The combination of transition metal and
platinum nanoparticles contributes to a further increase in the activity in ORR. Although
Ni/CNTnao0H is characterized by the lowest value of E1/, = 0.7 V, the PtNi/CNTna0n
catalyst exhibits the highest activity among bimetallic systems (Table 3).
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Figure 5. Polarization curves on studied catalysts in 0.1 M KOH; O; 0.005 mV /s; mcat = 0.15 mg/ cm?,
w = 1500 rpm.
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Table 3. Electrochemical parameters of ORR.
Catalyst E 1, V ixin, mA/cm? at 0.9 V n/ZoOI.-;(z]z*
CNTNaoH 0.66 - -
Mo/CNTnaou 0.76 - -
Ni/CNTna0H 0.70 - -
Co/CNTnaoH 0.71 - -
10Pt/CNTNaoH 0.84 0.88 3.42//28.9
10PtMo/CNTNaoH 0.83 0.49 3.59//20.0
10PtNi/CNTNaoH 0.87 1.07 3.78//10.8
15PtCoCr/CNTNa0H 0.84 0.61 3.68//15.8

Tafel plot has proved another way to analyze the electrocatalytic activity and reaction
mechanism of electrocatalysts. The curves corresponding to monometallic catalysts contain-
ing one transition metal are shifted to more positive potentials relative to the initial CNTs.
The values of the Tafel slopes for monometallic catalysts are presented in a narrow potential
range of ~15 mV and range from 85 to 70 mV /decade of current, that is, they are close to
each other. The current value is slightly higher on Mo/CNTn,0n, which is probably due to
differences in the values of the electrochemically active surface of monometallic catalysts.
This can be seen from Figure 1a. The larger the Sgas value on the CV the greater the current
density on the polarization curve in the ORR (Figure 5), as well as Figure S3, presented in
Tafel coordinates. Therefore, the activity of monometallic catalysts in ORR weakly depends
on the nature of the metal. However, a more detailed assessment of the role of the metal in
this case requires additional studies and is beyond the scope of this work.

Two different linear Tafel slopes were noticed at low and higher overpotentials for bi-
and tri-metal catalysts. Tafel slope 110-120 mV dec-1 indicates that the transfer of the first
electron is the rate-limiting step.

For a more detailed study of the mechanism of oxygen reduction on the above bimetal-
lic catalysts, the RRDE method was used, which allows the intermediate product of oxygen
reduction, namely hydrogen peroxide (HO, ™ in an alkaline electrolyte) to be quantified,
since simultaneous measurement of currents on the disk and ring electrodes depending on
the potential on the disk can be carried out [31]. Figure 6 shows the polarization curves
of oxygen reduction on a disk electrode having applied catalysts and the corresponding
curves of hydrogen peroxide oxidation on a ring electrode at different rotational speeds
of the electrode. It can be seen that the oxidation of peroxide occurs at significantly lower
positive potentials than that of the commencement of oxygen reduction. Thus, in the kinetic
region (1.0-0.8 V), oxygen is reduced directly to water, via a four-electron path. When
the value of ~0.8 V is reached, the current on the ring increases, which corresponds to the
formation of hydrogen peroxide. At a potential of 0.8 V, CNTs, being carriers of metal
nanoparticles, become active in ORR. An increase in the current at the ring electrode is
associated with an increased contribution of oxygen reduction on the CNT surface to the
total ORR current.
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Figure 6. (a) Reduction polarization curves of O, on a disk electrode and their corresponding HO, ~
oxidation curves on the ring electrode, 0.1 M KOH, 100 mcg/ cm?, 5 mV/s, 1500 rpm, Ering =12V;
(b) Dependence of the number of electrons (n) involved in the reaction (1, 2, 3, 4) and yield of
hydrogen peroxide (1, 2/, 3/, 4') on the electrode potential.

The oxidation current of hydrogen peroxide at the ring electrode for PtM/CNTNa0nH
(M=Mo, Ni, Co) is less than that for the mono-metallic platinum catalyst (Figure 6a). At
0.5V, the number of electrons involved in the reaction amounts to 3.78 for PtNi/CNTNa0H
and 3.42 for Pt/CNTna0n, while the yield of hydrogen peroxide reaches 28.9% and 10.8%,
respectively. This may be due to the fact that, in the Pt/ CNTn,0p, the ratio of the surface of
a metal phase to the CNT surface is less than that for the PtM/CNTnj,0p catalysts, leading
to the formation of more hydrogen peroxide. The activity in ORR and the binding energy
of metals with oxygen increases in the series of Mo (—1.6 eV), Co (—0.05 eV), Ni (0.04 eV),
and Pt (1.5 eV). This series is in agreement with the results obtained for bimetallic catalysts,
where PtNi/CNTn,0n is most active, followed by PtCoCrCNTn,on and PtMo/CNTNa0H,
while the activity of all bimetallic catalysts exceeds that of Pt/CNTn,0n, which may
indicate a synergistic effect of increasing activity in ORR. PtNi/CNTn,on exhibits the
highest activity in both HOR and ORR, which can be explained by the close electronic
configuration of Pt and Ni atoms, since they contain 8 electrons at the external energy level
(5d and 3d, for Pt and Ni, respectively).

The dependence of the number of electrons (1) and the yield of hydrogen peroxide
on the electrode potential is shown in Figure 6b. It can be seen that, with increasing
polarization, the number of electrons involved in the reaction decreases (curves 1-4), while
the yield of hydrogen peroxide increases (curves 1'-4’). This indicates that, at potentials
below 0.8 V, the total oxygen reduction current includes that of a two-electron reduction of
O; to hydrogen peroxide on a platinum-free carrier surface.

2.3. Corrosion Stability Study

The most important characteristic of electrocatalysts is their stability. Figure 54 shows
a diagram of the relative decrease in Sp; during cycling. Platinum and transition metal
based catalysts have improved corrosion resistance compared to a monoplatinum catalyst.
The decrease in the EAS of platinum for bi- and trimetallic systems does not exceed 40%,
while for 10Pt/CNTn,0n the surface of platinum decreases by 67% in 100 cycles.

3. Materials and Methods
3.1. Method of Processing CNTs in an Alkaline Solution

The functionalization was carried out by processing the initial CNTs (Nanotechcenter
LLC, Tambov, Russia) in 1 M solution of NaOH (Chimmed LLC, Moscow, Russia) at 100 °C
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for an hour, followed by washing with deionized water to a neutral pH value. The CNTs
were further dried in a vacuum oven at 80 °C until all the moisture was removed. The
resulting material was designated as CNTn,0H-

3.2. Synthesis of Mo/CNTn,on, PtMo/CNTN,01, Ni/CNTNy 01, PENi/CNTN,01, and
Co/CNTnNgoH Catalysts

In this series, as a rule, ~20 wt% of the metal phase was applied onto CNTn,0H. A wa-
ter suspension of CNTn,0on Was subjected to ultrasonic treatment for 30 min. Subsequently,
the required amount of an aqueous salt solution (ammonium molybdate, nickel nitrate, or
cobalt acetate (Alfa Aesar, Ward Hill, MA, USA)) and chloroplatinic acid (Aurat, Moscow,
Russia) were added to an aqueous CNT suspension under continuous ultrasound treatment.
Following 15 min, formic acid was added in an amount sufficient to reduce metals; the
mixture was kept for an hour under periodic stirring with subsequent evaporation in a
water bath. The dry powder was subjected to heat treatment at 440 °C in an Ar atmosphere
for 2 h, followed by cooling to room temperature.

3.3. Synthesis of PtCoCr/CNTn,0H

High-temperature pyrolysis using N4 complexes of cobalt and chromium as precur-
sors was carried out in order to obtain PtCoCr/CNTn,0n. The initial reagents included
H,PtClg-6H,O (Aurat, Moscow, Russia), cobalt tetra methoxyphenyl porphyrin (TMPhCo)
(Aldrich, Louis, MO, USA), chromium phthalocyanine (PC, synthesized at IPCE RAS, Rus-
sia), and cobalt and chromium acetates (Aurat, Moscow, Russia). The weighted quantities
of CNTn,on and organic precursors were dispersed in solvents: CM in ethyl alcohol, PC
in chloroform, and TMPhCo in a mixture of chloroform and ethyl alcohol at a ratio of
1:1. Metal salts were dissolved in ethyl alcohol. The resulting suspensions were mixed,
followed by the addition of the calculated amount of H,PtCls in the form of a solution
in ethyl alcohol. The resulting mixture was sonicated for 2 h, followed by evaporation
in a water bath. The dry powder was ground in a mortar, subjected to pyrolysis in an
inert atmosphere at 600 °C for two hours, and cooled to room temperature in an inert
gas current.

3.4. Modification of CNT with Platinum Using Polyol Method

The CNTn,01 weighted quantity added to ethylene glycol (ECOS-1 CJSC, Moscow,
Russia) was subjected to ultrasonic treatment for 1 h. Further, the CM suspension in
ethylene glycol was transferred to a round-bottom flask, which was installed in a glycerin
bath, and purged with argon for an hour, followed by heating to 110-130 °C. Here, a
solution containing HyPtCls-6H,O was added to ethylene glycol through a drip funnel.
The temperature treatment was carried out for 1.5 h under argon barbotage. The resulting
mixture was decanted and washed with water; the solid precipitate was separated using a
centrifuge and placed in a drying oven.

A number in the catalyst designation (10PtM/CNTna0n, 40Pt/ C) stands for Pt wt%
determined using the spectrophotometry (error of &= 2 wt%). In bi- and tri-metallic catalysts,
the mass ratio of platinum and metal equaled 1:1.

3.5. Electrochemical Measurements

The experiments were carried out using a three-electrode electrochemical cell with
separated electrode spaces. For the rotating disk electrode (RDE) method, a carbositall disk
electrode (Sgeom = 0.126 cm?) was used as a working electrode. Rotating ring-disk electrode
(RRDE) studies were carried out wusing a carbositall disk electrode
(Sdisk geom = 0.196 cm?) having a platinum ring electrode (Siing geom = 0.110 cm?). Mea-
surements were carried out in a 0.1 M KOH solution (pH 12.7). Hg/HgO was used as a
reference electrode. The potential value of this electrode relative to a reversible hydrogen
electrode (R.H.E.) was calculated by Equation: E = E? + 0.059 pH, which equals 0.865 V.
Platinum wire was used as a counter electrode.
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To prepare catalyst ink, 2 mg of catalyst was dispersed in 500 uL of isopropyl alcohol;
5 uL (~150 pg/cm?) of this suspension was applied to the surface of the working electrode
using a micropipette. Samples were air-dried at room temperature for ~30 min.

Cyclic current-voltage curves (CV) were recorded using a stationary electrode in an Ar
atmosphere at a scan rate of 0.05 V/s. The electrochemically active Pt surface (Sgas) was
determined by integrating the charge on the CV spent for hydrogen desorption, assuming
that 0.210 uL/cm? is necessary to fill a hydrogen monolayer in 1 cm? of the Pt surface.

In order to determine the activity of the studied materials in the HOR, the polarization
curves were recorded in an electrolyte saturated with Hj. The scan rate equaled 0.005 V/s
at an electrode rotation rate of 650 to 2800 rpm. The catalytic activity was determined
on the basis of the values of the maximum diffusion current density (i}, mA/ cm?). The
current transients of HOR were recorded using an RDE (650 rpm) at 0.4 V.

Prior to commencing the measurements using the RRDE, disk and ring electrodes
were activated independently by cycling the potential in the range of 0.05-1.20 V in an
argon-deaerated electrolyte. The ring electrode was platinized in 2-3% HyPtCls-6H,O in
0.5 M solution H,SO, under galvanostatic mode (1 mA/ cm?). The roughness coefficient of
the platinized ring was determined using the surface area calculated from the CV for the
hydrogen desorption region. The roughness coefficient amounted to 80-90. The transfer
efficiency coefficient N of the product of oxygen reduction, i.e., OH,~, from the disk
electrode to the ring electrode was determined from the geometric dimensions of the two
electrodes and amounted to 0.286.

Activity (half-wave potential (E; /5, V) and current density in the kinetic region of
potentials (i, A/cm?)) of the studied materials were evaluated by polarization curves
obtained for a disk electrode during ORR in an oxygen-saturated electrolyte at different
rotational speeds of the electrode. The scan rate was 0.005 V/s. The potential of the ring
electrode was maintained at 1.2 V. On the basis of the polarization curves for the disk and
ring electrodes, the number of electrons n participating in the reaction and the yield of
hydrogen peroxide were also calculated using the Formulas:

_ 4lgx N
"TILNTL ©)

21
%HyOy = 100 x d (6)

IgN + I

where, [—current on the disc electrode, [;—current on the ring electrode, and N—transfer
efficiency coefficient.

3.6. Determination of Stability

The corrosion resistance of the catalytic systems was determined by an acceler-
ated corrosion test. The method involves cycling the electrode potential in the range of
0.6-1.3 V (R.H.E.), i.e,, in the absence of a depolarizer (oxygen) in an electrolyte solution
(0.1 M KOH), at a rate of 100 mV /s for 1000 cycles. Following 100, 500, and 1000 cycles,
Spas was determined using CV in the argon atmosphere, along with defining the activity
in the ORR using polarization curves in an oxygen-saturated solution.

3.7. Determination of Platinum Content in Synthesized Catalysts

The method involves measuring the optical density of a solution containing the Pt
complex of divalent tin chloride (SnCly)) over a wide range of Pt concentrations, from 0.4 to
100 pg Pt-mL ™. The optical density of the test solution was measured using a SPECORD
M40 spectrophotometer. A more detailed description of the procedure is presented else-
where [32].
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3.8. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) studies were performed using an OMICRON
ESCA + spectrometer (Germany) with an aluminum anode equipped with an
AlKa XM1000 monochromatic X-ray source (with an emission energy of 1486.6 eV and
a power of 252 W). A CN-10 charge neutralizer with an emission current of 4 pA and a
beam energy of 1 eV was used to eliminate the local charge on the analyzed surface. The
transmittance energy of the analyzer was 20 eV for the high resolution spectra of single
elements. Fluctuation of the peak positions did not exceed 0.2 eV.

3.9. Scanning Electron Spectroscopy and EDX Analysis

SEM images and elemental content (EDX) were obtained using a JED-2300 Analysis-
Station JEOL scanning electron microscope.

4. Conclusions

Catalysts based on Mo, Ni, and CoCr transition metals and PtMo, PtNi, and PtCoCr
on CNTnaon with reduced platinum content (10-15 wt%) were investigated in the hydro-
gen electrooxidation and oxygen electroreduction reactions in an alkaline electrolyte. It
was shown that catalysts based on a single transition metal are inactive in the HOR; in
the ORR, however, their activity increases significantly relative to that of the CNTn,0H.
Mo/CNTnaon showed the greatest activity among the mono-metallic catalysts. The half-
wave potential for this catalyst amounted to 0.76 V.

It was established that catalysts containing Pt are characterized by high activity in
the HOR. Here, the mass activity of the synthesized catalysts exceeded this value for a
commercial Pt/C catalyst having 40 wt% of platinum. In ORR, the studied catalysts exhibit
selectivity toward direct water formation during the reduction of oxygen. When using
the catalysts containing a transition metal, the yield of hydrogen peroxide was lower than
that obtained on Pt/CNTn,on- The highest number of electrons involved in the reaction
observed for PtNi/CNTy,0g amounted to 3.78 (at 0.5 V).

Thus, alloying Pt with a transition metal proved an effective method for reducing the
content of expensive platinum while maintaining high stability and catalytic activity in
both HOR and ORR in an alkaline electrolyte.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal13010161/s1, Figure S1: SEM image and elemental composition (EDX) of synthe-
sized catalysts, Figure S2: Cls (a), Ni2p3/2 (b), Ols (c), and Pt4f (d) X-ray spectra recorded on
10PtNi/CNTNa0mH, Figure S3: Tafel plots for a—transition metal catalysts, b—Pt-containing catalysts,
Figure S4: Diagrams of changes in the relative size of the surface of platinum during accelerated
corrosion testing. 0.1M KOH, 50 mV/s, 100 ug/ cm?.
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