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Abstract: Within this research, we studied the structural-morphological and electrochemical charac-
teristics of the PtNi/C catalysts synthesized via the two-stage sequential reduction of precursors. We
also carried out a comparative study of the obtained bimetallic catalysts and their commercial Pt/C
analog. The use of triethylamine as a surfactant as well as the acid treatment as an additional synthesis
stage, were shown to have a positive effect on the functional parameters of the bimetallic electrocata-
lysts. The resulting PtNi/C electrocatalyst demonstrates a mass activity value of 389 A gp; !, which
is 1.6 times higher than this parameter for a commercial analog.

Keywords: platinum-nickel electrocatalyst; bimetallic electrocatalyst; ORR activity; de-alloyed
catalyst; nanoparticle structure

1. Introduction

Currently, increasing attention is being given to the development of hydrogen energy
due to the fact that devices running on hydrogen fuel are characterized by high-performance
energy conversion and produce no harmful emissions [1]. One of the most promising
methods to replace internal combustion engines as vehicle energy sources is the use of
fuel cells with a proton-exchange membrane (PEMFCs) [2,3]. These devices are based on
the principal cell reactions proceeding inside, i.e., hydrogen oxidation at the anode and
oxygen reduction at the cathode. Electrocatalysts are used in both the anode and cathode
regions of a fuel cell (FC). Nanoparticles (NPs) deposited on the carbon support are most
commonly employed as those catalysts [4]. The oxygen electroreduction reaction (ORR) is
characterized by its multistage nature and the simultaneous formation of intermediates. It
requires high overvoltage and, thus, greater platinum loading in the catalytic layer [5-7].
Today, it is known that electrocatalysts based on bimetallic NPs may be characterized by
higher activity in terms of ORR compared to pure platinum [8-12]. Alloying with d-metals
has a positive effect on the adsorption of O on the catalyst surface, with this reaction
being facilitated due to a reduced interatomic distance in the platinum crystal lattice and
changing the energy of free d-orbitals [13]. This influence is called a “ligand effect”, due to
which the activity in the ORR increases.

Norskov J.K. et al. [14] describe a volcanic dependence between the ORR activity of
some platinum alloys and oxygen adsorption energy, implying that one of those alloying
metals increasing the ORR mass activity of the catalysts is nickel.

The studies specified in [15-19] point out that platinum-nickel materials are not
characterized by high values in terms of the electrochemically active surface area (ECSA)
compared to a commercial Pt/C analog, although their performance is notably higher in
terms of ORR.
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The problem of synthesizing PtNi catalysts consists of nickel being subject to oxidation
even at temperatures as low as 23 °C. Therefore, the synthesis should be carried out in non-
aqueous anoxic media using various surfactants and organometallic precursors in an inert
or reducing atmosphere [20]. Gong W. et al. [17] report the synthesis of a material with an
activity 3.4 times higher than that of the Pt/C catalyst. However, this catalyst has a complex
morphology. The researchers managed to obtain the branched nanostructures from an
organic nickel precursor (Ni(acac),). To achieve those structures, organic surfactants were
used, which usually heavily contaminate the catalyst. The studies by Yao N. et al. [18]
describe synthesizing a catalyst with an ORR activity 3.6 times higher than that of Pt/C.
Nevertheless, to synthesize that material, the researchers also used organic platinum and
nickel precursors (Pt(acac),, Ni(acac);), with DMF being used as a solvent. The operating
temperature of the synthesis ranged from 140 to 900 °C, which made it unprofitable in terms
of large-scale production. During the synthesis, an additional polymerization reaction
of the finished catalyst in aniline was carried out. This technique is not only difficult to
reproduce, but it also requires the additional use of expensive equipment, energy costs and
additional cleaning steps.

As can be seen, most syntheses use organic precursors of nickel and platinum, complex
equipment, and elevated temperatures, increasing the cost of the synthesis of these catalysts.
The use of these reagents, as well as the special conditions of the processes proceeding
during the synthesis, complicate the production of PtNi/C materials in industrial quantities,
hindering their use in FCs. Additionally, most syntheses use organic surfactants. For
example, the study undertaken by Leteba G.M. et al. [19] reports a catalyst that took
3 weeks to synthesize. As a surfactant, they used a mixture of three organic substances, such
as oleylamine, OLEA or TOA, as well as hydrophobic surfactants, which usually heavily
contaminate the catalyst, complicating the process of its purification. The latter requires
using large amounts of organic solvents (chloroform), applying additional expensive
equipment and increasing the number of cleaning steps, which also hampers the production
of these materials. Wang J. et al. [15] describe the synthesis of a catalyst, the activity of
which is 1.6 times higher than that of the commercial sample. However, they also used
organic metal precursors (Pt(acac),, Ni(acac);), with benzoic acid acting as a surfactant,
which contaminates the catalyst as well.

The activity of the electrocatalyst in relation to ORR is known to be determined by the
NPs’ architecture, composition and size, as well as their distribution over the surface of the
support [21-23]. The PtM NPs’” main structure types, described in the literature and used in
the synthesis of electrocatalysts, include solid solutions (alloys and intermetallide) [24,25]
and core—shell, with the core consisting of an alloying metal or the core being the PtM
alloy [26,27]. During liquid-phase synthesis with the homogeneous and heterogeneous
nucleation of NPs, it is impossible to obtain bimetallic particles with ideal structures. A
partially alloying metal is deposited on the surface of the platinum or carbon support [28].
This metal may have a negative impact not only on the catalyst’s functional characteristics
but also on the operation of the entire FC. It does not participate in the ORR and blocks
the available sections of platinum, thus decreasing the activity of these “contaminated”
catalysts. During the operation of these catalysts, the alloying component is selectively
dissolved from the surface of the catalyst’s NPs due to its decreased thermodynamic
stability compared to Pt [21], which may be conducive to the poisoning of the proton-
conducting membrane in the FC [29], and thus, the destruction of NPs.

Synthesizing NPs with an alloy structure is the simplest method and is carried out in
a single stage. The multistage methods used to synthesize NPs in the form of nanotubes or
with a core-shell structure are more common among different publications [16,17,19,27,30].
Due to the promoting effect of cores consisting of a less noble metal, the Pt shell exhibits
increased electrochemical characteristics in the cell reactions compared to pure platinum.
The prevailing arrangement of platinum atoms on the surface of NPs not only increases the
electrocatalyst’s performance but also reduces the content of the costly metal required. The
advantage of this type of NP is also the ability to prevent the dissolution of the base metal
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due to the protective properties of a more thermodynamically stable shell. Despite the
stability of the core—shell materials, they are also prone to the selective dissolution of the
alloying component during their surface standardization and operation [31]. Therefore, an
acid post-treatment of the finished catalyst is used for PtNi/C materials, which can enhance
the electrochemical properties of the catalysts and stabilize their composition, preventing
the further dissolution of the base metal [32-34]. Thus, all studies regarding bimetallic
catalysts require an acid treatment as a necessary synthesis stage that allows for obtaining
reliable data on the functional characteristics of these catalysts.

The main idea of this study is to synthesize high-performance bimetallic catalysts
with a reduced platinum content via a single-volume method that might be simple and
profitable for commercial production.

The hypothesis of this study implies that the use of simple reagents as well as resource-
efficient synthesis would make it possible to obtain more active catalysts.

2. Materials and Methods
2.1. Materials

Dihydronium hexachloroplatinate(2—) (H,PtClg-6H,0O, hydrogen hexachloroplati-
nate(IV); extra pure grade, Aurat, Russia, platinum mass fraction 37.6%), nickel(I) chloride
(NiCl,-6HO, nickel chloride, 6-aqueous; extra-pure grade, JSC Vekton, Saint-Petersburg,
Russia), N,N-Diethylethanamine ((CoHs)3N, triethylamine; extra-pure grade, JSC Vekton,
Saint-Petersburg, Russia), ethanol (Co,H50H; extra-pure grade, Sigma-Aldrich, St. Louis,
MO, USA), sodium tetrahydridoborate(1—) (NaBHj, sodium borohydride; extra-pure
grade, JSC Vekton, Saint-Petersburg, Russia), propan-2-ol ((CH3),CHOH, isopropanol;
pure for analysis, EKOS-1, Moscow, Russia), bidistilled water, carbon support Vulcan
XC-72 (Cabot Corporation, Boston, MA, USA), chloric(VII) acid (HCIOy4, perchloric acid;
extra-pure grade, Sigma-Aldrich, St. Louis, MO, USA), and perfluorinated resin (Nafion
DE1020, 10% aqueous dispersions, DuPont, Wilmington, DE, USA) were obtained.

To compare the functional characteristics of the obtained materials, we used the
commercial Pt/C electrocatalyst HISPEC 3000 (JM20) (Johnson Matthey, 20% Pt loading).

2.2. Synthesis of the PtNi/C Catalyst with a Core-Shell NP Structure

The nickel-based catalysts were synthesized via the liquid-phase step-by-step borohy-
dride method in an inert atmosphere with a theoretical platinum loading of 20%. During
the entire synthesis process, the reaction mixture was purged with argon. The temperature
did not exceed 70 °C. Vulcan XC-72 was used as the carbon support. The interval between
stages amounted to 30 min.

In the first stage, the pre-calculated amount of nickel chloride was dispersed from
0.2 g of the carbon support in 30 mL of ethanol using an ultrasonic homogenizer. After
that, the required amount of triethylamine (TEA) was added to the suspension, adjusting
the volume of the reaction mixture to 100 mL with ethanol. Then, the suspension was
placed onto a magnetic stirrer and heated. The reaction mixture was purged with argon
and heated. After reaching the required temperature, a three-fold excess of the reducing
agent NaBH,4 was added to the mixture.

In the second stage, the pre-calculated amount of Hy[PtCls]-6H,O and the reducing
agent in its three-fold excess were added.

In the third stage, another portion of a three-fold excess of sodium borohydride
required to reduce Pt was added to the mixture and kept for 30 min.

After all these stages, the mixture was cooled. After the mixture was cooled to room
temperature, the resulting catalyst was filtered and rinsed alternately with ethanol and
bidistilled water using a Biichner funnel. At the end of rinsing, the material was placed
into the desiccator and left to dry for several days. The sample obtained without using TEA
is hereinafter referred to as S1. The samples with TEA are hereinafter referred to as S2.
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2.3. Preparation of the De-Alloyed Catalysts

To carry out the acid treatment, 50 mL of 0.1 M HNO3; was added to weighed amounts
of each PtNi/C catalyst (0.1 g). The mixture was placed onto a magnetic stirrer and stirred
for 3 h. The treatment was carried out without heating.

After the treatment, the electrocatalyst was rinsed with bidistilled water and filtered
using a Biichner funnel. At the end of rinsing, the sample was placed into the desiccator and
dried for several days. The resulting samples are marked as S1-A and S2-A, respectively.

2.4. Methods to Study the Catalysts’” Composition and Structure

The metals’ mass fraction in the electrocatalysts was determined via gravimetry from
the mass of the unburned residue when heated to 800 °C, taking into account the oxidation
of nickel to nickel(II) oxide.

X-ray fluorescence (TXRF) analysis using a spectrometer with total external reflection
of X-ray radiation RFS-001 (Research Institute of Physics, Southern Federal University,
Rostov-on-Don) was used to determine the ratio of metals in the samples. The registration
and processing of X-ray fluorescence spectra were carried out using UniveRS software
(Southern Federal University, Rostov-on-Don). The obtained X-ray fluorescence spectra
were processed using UniveRS software (Southern Federal University, Rostov-on-Don), the
resulting accuracy being £0.1.

The X-ray patterns were recorded using the ARL X'TRA powder diffractometer
(Thermo Scientific, Switzerland) with Bragg-Brentano geometry (6—0) and CuK« radi-
ation (A = 0.15405618 nm). The measurements were carried out at room temperature.
The samples were thoroughly stirred and placed into a 1.5 mm deep cuvette or onto a
background-free substrate. The X-ray patterns for the studied samples were recorded in
the range of angles of 15° < 20 < 55° via step-by-step scanning with a detector movement
step of 0.04° and an exposure time at each point of 2 s. The average crystallite size of the
metallic phase was determined using the Scherrer equation for the most intense peak (111),
as described in [35].

The samples’ size, microstructure, and elemental composition were studied via trans-
mission electron microscopy (TEM) and energy-dispersive X-ray spectrometry (EDX). The
micrographs were obtained using the JEM-2100 microscope (JEOL, Tokyo, Japan) at a
voltage of 200 kV and a resolution of 0.2 nm. To carry out the measurements, 0.5 mg of the
catalyst was placed in 1 mL of isopropanol and dispersed with ultrasound, after which
the resulting suspension was applied to the copper grid coated with a layer of amorphous
carbon and dried in air at room temperature for 20 min.

2.5. Electrochemical Methods

The measurements were carried out in a standard three-electrode cell at the tem-
perature of 25 °C using the Pine AFCBP1 bipotentiostat (Pine Research Instrumentation,
Durham, NC, USA). The electrolyte used was a 0.1 M HCIO4 solution. A saturated silver
chloride electrode was used as the reference electrode. The values of the potentials were
considered in this study relative to the reversible hydrogen electrode (RHE).

To obtain the suspension of the metal-carbon material (catalytic “inks”), 1600 uL of
deionized water, 50 uL of Nafion® 0.1% aqueous emulsion and 800 pL of isopropyl alcohol
were added to the weighed amounts of each sample (0.0060 g). Then, the suspension was
dispersed with ultrasound for 15 min. With continuous stirring, a 5 uL aliquot of the inks
was selected using a pipette tip and applied to the end face of the polished and degreased
glass—carbon electrode with an area of 0.196 cm?, recording an exact weight of the resulting
drop. The working electrode was dried in air at a rotation speed of 700 rpm.

Before measuring the ECSA of the catalyst, the electrolyte was saturated with argon
for 30 min. Next, the electrode was standardized by setting 100 potential sweep cycles in
the range from 0.04 to 1.00 V at a rate of 200 mV s~ ! [36]. Then, 2 cyclic voltammograms
(CVs) at the potential sweep rate of 20 mV s~ ! were recorded on the stationary electrode.
The ECSA was calculated for the second CV by the charge amount consumed for the
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electrochemical adsorption and desorption of atomic hydrogen, taking into account the
contribution of the double-electric layer currents, as described in [37].

To assess the ORR activity of the catalysts, the electrolyte was saturated with oxygen
for 1 h, after which a series of voltammograms were measured in the range from 0.1 to 1.2 V
with a linear potential sweep at a rate of 20 mV s~ ! and at electrode rotation speeds of 400,
900, 1600 and 2500 rpm. To account for the contribution of the ohmic potential drop and
the processes unrelated to ORR, the resulting voltammograms were normalized according
to conventional methods [38]. For this purpose, the potential of the studied electrode was
refined by the formula: E = Eget — IR, where Eg is the set value of the potential and IR
is the ohmic potential drop equal to the product of the current strength by the resistance
of the solution layer between the reference electrode and the electrode studied, which, in
this case, amounted to 23 ohms. This resistance value correlates well with the literature
data [39]. The contribution of the processes proceeding on the electrode in a deoxygenated
solution (Ar atmosphere) was taken into account by subtracting from the voltammogram
an equivalent curve recorded on the same electrode during the measurements in an Ar
atmosphere and at an electrode rotation speed of 1600 rpm: I(O) — I(Ar). The ORR activity
of the catalysts (kinetic current) was determined via normalized voltammograms, taking
into account the mass transfer contribution and subject to the measurements performed
on the rotating disk electrode (RDE) [38]. The kinetic current was calculated using the
Koutetsky-Levich equation: 1/j = 1/jx + 1/jq, where j is the experimentally measured
current, jq is the diffusion current and jy is the kinetic current. The kinetic currents were
calculated at a potential of 0.9 V. All the potentials used in this study were considered with
regard to the RHE.

The start/stop protocol has been applied as an accelerated stress testing method to
assess the durability of electrocatalysts. The protocol consists of repeated imposition of
3 s square-wave potential pulses of 0.4 and 1.0 V for 10,000 cycles. Cycling was carried
out in an electrolyte of 0.1 M HCIO, saturated with oxygen [40]. The durability of the
electrocatalysts was estimated from the change in the values of the ECSA and the ORR
mass activity at 1600 rpm.

3. Results and Discussion

The synthesis approach proposed in this study implies that the synthesis itself requires
no complex or expensive equipment. The entire synthesis is carried out using the single-
volume method at a low temperature, which makes it quite resource-saving. Inorganic
substances are used herein as precursors, which not only reduces the cost of production
but also minimizes the presence of difficult-to-remove impurities. Moreover, the synthesis
takes little time—no more than 3 h. Triethylamine is selected as a surfactant based on
the data presented in [41-43]. During the multistage synthesis of the materials based on
bimetallic particles, the formation of NPs of various compositions and structures is possible,
i.e., individual Pt NPs, individual nickel NPs coated with nickel oxide and PtNi with alloy
and core—shell structures. The surface of all bimetallic NPs may also exhibit a portion of
nickel atoms that are not included in the composition. During the operation of an FC, a
base metal may be dissolved from the catalyst’s surface, which leads to the poisoning of the
proton-exchange membrane. Thus, it is necessary to obtain “ideal” NPs, on the surface of
which there are no d-metal atoms “unshielded” by the platinum shell (Figure 1). During the
liquid-phase synthesis, it is impossible to obtain NPs with an ideal structure. Therefore, an
essential stage of the synthesis is the acid treatment, which additionally cleans the catalyst’s
surface of nickel, which is not included in the solid solution composition (Figure 1).
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Figure 1. Schematic representation of bimetallic NPs with alloy and core-shell structures in the as-
prepared state during the acid treatment and after the acid treatment. Platinum atoms are indicated
in blue; nickel d-metal atoms are indicated in pink.

The X-ray diffraction patterns of the initial and acid-treated catalysts are shown in
Figure 2. The X-ray diffraction patterns of all the samples demonstrate the platinum phases
with a face-centered cubic (FCC) lattice and the carbon phases (Figure 2). They also exhibit
a shift in the positions of the Pt 111 and 200 peaks compared to the standard reflection
values. The most intense peaks in the X-ray patterns are located between the corresponding
positions of Pt and Ni, which confirms the entry of nickel into the crystalline phase and the
formation of the solid solution (Figure 2).

Pt (111) Ni(111)
Pt (200) Ni (200)
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Figure 2. X-ray diffraction patterns of the obtained bimetallic catalysts. Positions of the standard
reflections for Pt, Ni, and NiO are indicated.
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The average crystallite diameters have been calculated using the Scherrer equation.
For the samples synthesized with the introduction of TEA, the average crystallite diameter
is greater than that for the pure PtNi/C material (Table 1). The fraction of Ni included in
the alloy structure has been calculated according to Vegard’s law (Table 1). The calculated
data also confirm that samples containing bimetallic NPs were obtained.

Table 1. Composition and structural characteristics of the obtained PtNi/C catalysts.

Average Crystallite . . .
Sample  w(Pt+NiO), % Mass. Diameter, DAv, nm Average Diameter of NPs, nm COmpOSltIOI"l Accordmg
(TEM) to the Vegard’s Law, PtNix
(XRD)
S1 41.6 4.0 4.9 0.25
S2 38.7 5.6 6.6 0.21
S1-A 26.0 4.6 6.4 0.24
S2-A 30.6 5.9 6.7 0.21

For the samples after the acid treatment (S1-A, 52-A, S3-A), according to Vegard’s
law, the composition of bimetallic NPs changed insignificantly compared to the initial
samples S1, S2, and S3 (Table 1).

The average crystallite diameter calculated via the Scherrer equation for the obtained
PtNi/C materials ranges from 4.0 to 5.9 nm (Table 1). For the acid-treated samples, this
value has slightly increased by 0.6 and 0.3 nm (for the samples S1-A and S2-A, respectively)
(Table 1). To a lesser extent, an increase in the average diameters is observed for the
materials synthesized in the presence of TEA. Unfortunately, X-ray powder diffraction
(XRD) fails to provide any information on the nature of the metals’ distribution in two-
component NPs. Moreover, the calculation of the crystallite size according to the Scherrer
formula, undertaken using the half-width of the characteristic reflection in the X-ray
diffraction pattern, may provide incorrect results for NPs with a core—shell architecture,
which is due to the complexity in separating the phase reflections based on platinum and
nickel d-metal [44—46].

The TEM micrographs of the platinum-based materials demonstrate the presence
of nanoscale metallic particles of spherical shape distributed over the carbon support
(Figure 3). The analysis of the micrographs for the platinum—nickel catalysts has shown that
the material synthesized without introducing TEA exhibits a more uniform NP distribution
over the carbon support (Figure 3a—c). Sample S2 contains large NP agglomerates that
resemble a moss-like structure (Figure 3e—g). Previous studies [33,47] show that PtNi is
characterized by the formation of NP agglomerates during liquid-phase synthesis. Accord-
ing to the results derived from TEM micrographs, it cannot be concluded that TEA is the
surfactant to prevent the agglomeration of NPs in bimetallic systems, as shown during the
preparation of Ag/Au and Pt NPs [41,43].

The average size of the NPs determined using the TEM results does not coincide with
the average crystallite size (XRD) of the PtNi/C catalysts. This phenomenon is due to
various reasons, including the error in the calculations of PtNi crystallites, the existence of
bimetallic NPs with different architectures, and the presence of a transitional amorphized
layer at the interphase of the NPs with a core-shell architecture. Moreover, individual NPs
may consist of several crystallites [48].

In addition, the S1 and S2 samples exhibit NP agglomeration, which is observed to a
greater extent for the S2 material. The catalyst synthesized without the introduction of TEA
has the smallest average diameter of NPs (5.7 nm), which is almost two times less than
that of S2. The S2 sample and its acid-treated analog are characterized to a greater extent
by the presence of NP agglomerates of 12-20 nm in size than the S1 and S1-A samples
(Figure 3¢,d,gh).
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Figure 3. TEM micrographs of the S1 (a,b), S2 (c,d), S1-A (e,f) and S2-A (g,h) samples as well as
histograms of the NPs’ size distribution for the corresponding samples.

The EDX mapping results for separate sections of the catalysts” surface confirm the
bimetallic composition of individual NPs (Figure 4). The EDX maps of the initial materials
and their acid-treated analogs show that the nickel localization sites coincide with those
for platinum, which also confirms the presence of the NPs containing both platinum and
nickel on the surface of the carbon support (Figure 4).

Additional data on the NPs’ composition and structure have been obtained via the
EDX scanning of individual NPs (Figure 4e-h). The platinum and nickel peaks in both the
initial and acid-treated samples are in the same positions, which is one of the proofs of the
formation of the Pt-Ni alloy. For the S1 sample, the nickel content in the scanned area is
higher than the platinum content, which confirms a nonuniform local distribution of the
d-metal over the surface of NPs for this sample (Figure 4e). After the acid treatment, the
catalysts exhibit a sharp decrease in nickel content in the NPs, which is associated with the
leaching of the alloying metal located on the surface of the Pt shell. The S2, S1-A and S2-A
samples exhibit the presence of NPs with Pt shells (Figure 4f-h). The composition of the
metal component determined via EDX for the S1 material is PtNi3 9, while after the acid
treatment, in the S1-A sample, it has changed to Pt; gNi. For the S2 sample, the ratio of
metals is PtNij o, this being Pt; ¢Ni for S2-A.
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Figure 4. EDX maps of Ni and Pt distribution for the PtNi/C materials: S1 (a), S2 (b), S1-A (c), and
52-A (d). STEM micrographs of the PtNi/C samples as well as Pt and Ni line profiles obtained via
scanning NPs in the corresponding materials: S1 (e), S2 (f), S1-A (g), S2-A (h). The red lines show
the direction of NPs’ scanning.

Additionally, the ratio of metals has been evaluated using TXRF. The composition
of the de-alloyed catalysts is Pt; 3Ni and Pt; ¢Ni for S1-A and S2-A, respectively. The
difference in the composition, as determined via TXRF and EDX, is related to the specificity
of the methods. The EDX analysis is performed at a local area of the surface, while TXRF
shows an average result of studying the metal components in the sample.

The key stage in studying the electrochemical behavior of the electrocatalysts is the
preparation of catalytic inks and the application of a drop of those inks to the end face of
the RDE to form a thin catalytic layer [39,49,50]. To obtain a high-quality catalytic layer of
the PtNi/C catalyst, the ink preparation technique, which is commonly used in various
publications regarding Pt/C materials [39,51,52], has proved to be unsuitable. Figure 5
demonstrates the appearance of the catalytic layer at the end face of the glass—carbon RDE
obtained by using inks of various compositions. Figure 5 also shows the changes observed
in the catalytic layer quality depending on the changing ratio of water and isopropyl alcohol
in the composition. It can be seen that the catalytic layer either fails to cover the surface of
the electrode (Figure 5a,b) or forms large clusters in the middle of the RDE (a), as well as
forms a so-called coffee ring, as described in [52,53]. The most acceptable type of catalytic
layer is shown in Figure 5d, i.e., a uniformly coated RDE. The selected composition of the
catalytic inks is described in the Experimental Section.
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Figure 5. Photographs of the catalytic layer at the end face of the RDE. Changes in the catalytic
layer quality when optimizing the catalytic ink composition: (a) inks prepared according to the
composition for the Pt/C catalysts; (b) IPA:H,O = 2:1; (c) [IPA:H,0 = 1:1; (d) IPA:H,O = 1:2.

The CVs of the activation stage for the initial and acid-treated materials as well as their
commercial analog (Figure 6), demonstrate an increase in the currents in the hydrogen and
oxygen regions followed by their stabilization. The above is connected with the catalysts’
surface purification and development.
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Figure 6. CVs of the activation stage for the PtNi/C and Pt/C catalysts. In total, 100 cycles in the
potential range of 0.04-1.00 V (a—e): S1 (a), S1-A (b), S2 (c), S2-A (d) and JM20 (e). The potential
sweep rate is 200 mV s . Atmosphere of Ar, 0.1 M HCIO,. Cyclic voltammograms at the potential
sweep rate of 20 mV s~ (£,i) for the samples activated in the potential range of 0.04-1.00 V and in
an Ar atmosphere: S1 and S1-A (f); S2 and S2-A (i). Linear sweep voltammograms of the oxygen
electroreduction in the studied catalysts at the RDE rotation speed of 1600 rpm, at the potential sweep
rate of 20 mV s~! and in an O, atmosphere (g,j): S1 and S1-A (g); S2 and S2-A (j). 0.1 M HCIOj.
Dependence 1/j of w~1/2 at the potential of 0.90 V (h,k): S1 and S1-A (h); S2 and S2-A (k). CVs,
LSVs and dependence 1/j of w~1/2 for the commercial Pt/C analog are indicated in gray.
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After the activation stage, for all samples, two cycles of the current-voltage curves
have been recorded, and the ECSA (Table 2) has been calculated using hydrogen adsorp-
tion/desorption (Figure 6f,i). Similar studies have been conducted for the commercial
catalyst J]M20. It is worth noting that lower currents in the hydrogen region and a decreased
ECSA value for the PtNi/C materials compared to Pt/C are associated with the size of
NPs (more than 4 nm). For the acid-treated samples, the ECSA increases by 3-5 m? gp; !
(Table 2).

Table 2. Electrochemical characteristics of the activated PtNi/C catalysts.

ECSA (H,g,),

Sample m? gp 1 I, mA Imass, A gpt 1 Eip, V
S1 20 0.8 157 0.90
S1-A 33 1.6 320 0.91
S2 26 1.5 317 0.92
S2-A 30 2.0 389 0.92
JM20 78 1.2 248 0.90

The ORR activity of the catalysts has been assessed in the potentiodynamic mode
(Figure 6g,j). According to the results of studying the dependence in the Koutetsky—Levich
coordinates (Figure 6h,k), it can be pointed out that the S2 sample synthesized in the
presence of TEA exhibits the highest ORR activity among the initial catalysts (Table 2).
After the acid treatment, all the bimetallic catalysts become more active compared to the
initial samples and the commercial JM20. The S2-A sample exhibits the highest mass
activity among all the materials studied (Table 2).

The ORR mass activity of the catalysts grows in the order: S1 < JM20 << 52 ~ S1-
A < S2-A. It can be seen that the bimetallic catalyst synthesized with the introduction of
triethylamine as well as its acid-treated analogs, S1-A and S2-A, exhibits the highest activity.
This dependence shows that the acid treatment has a positive effect on the functional
characteristics of the bimetallic catalysts. The treatment allows for the removal of the
base metal from the catalyst’s surface and, at the same time, increases the material’s
functional characteristics, which makes it a necessary stage in terms of the synthesis of
bimetallic catalysts.

The ORR impedance of the S2-A material has been estimated in terms of RDE. Figure
54 shows the impedance hodograph in Nyquist coordinates. The impedance hodographs
have been calculated according to the equivalent circuit shown in Figure 54 since there are
no areas characterizing diffusion problems.

Figure 7 shows histograms of the electrocatalysts’ functional characteristics after stress
testing. Despite the lower active surface area compared to the commercial Pt/C, the
bimetallic catalyst S2-A is characterized by a two times higher mass activity in ORR after
stress testing.
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Figure 7. Histograms of the ORR mass activity and the ECSA for the S2—-A sample and the commercial
analog JM20 after accelerated stress testing within the start/stop protocol.
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Additionally, we synthesized the 53 sample using triethylamine with its double excess
and carried out the acid treatment of the resulting S3—A material. The results of this study
are provided in the Supplementary Materials.

4. Conclusions

In terms of this study, we have synthesized a series of the PtNi/C electrocatalysts
without triethylamine and in its presence. The materials are characterized by an average
crystallite size of 4-6 nm. We have assessed the composition and structure of the bimetallic
catalysts using the corresponding methods, and the results of this assessment confirm the
entry of Ni into the crystalline phase as well as the formation of the NPs with a solid solution
structure. The TEM micrographs demonstrate visible differences in the morphology of the
materials, which is due to the influence of triethylamine introduced during the synthesis.
In the presence of triethylamine, we may observe larger bimetallic NPs as well as the
formation of NP aggregates.

The obtained catalysts exhibit ECSA values of 20-30 m? gpt_l. After the acid treatment,
for all the PtNi/C catalysts, we may observe an increase in these values. The S1-A sample
exhibited an increase in ECSA to the greatest extent—by 33%. This may be due to an
additional step of cleaning the catalyst’s surface of triethylamine, the selective dissolution
of the alloying metal or the rearrangement of the surface of the bimetallic NPs.

The PtNi/C electrocatalyst obtained in the presence of TEA exhibits an increased
residual activity after stress testing, this value exceeding an equivalent parameter for the
commercial analog by 1.6 times.

Using TEA allows a stable and active catalyst due to the presence of the NPs that are
located in the form of islets resembling moss. The absence of small NPs makes the catalyst
more stable during stress testing, whereas the presence of defects inside a NP as well as the
ligand effect, ensure an increased activity of these NPs in the ORR.

The results obtained in this study reveal a positive effect of alloying the platinum-based
catalysts with nickel on the ORR activity of these materials, which makes platinum-nickel
systems of interest in terms of further research objects regarding the development of elec-
trocatalysts in the MEA. It has also been established that the introduction of triethylamine
and acid treatment may enhance the characteristics of the above systems. The use of
triethylamine as a surfactant requires no complex equipment, additional conditions, or
steps of cleaning the surface of the catalyst for its further application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16166078/s1, Figure S1: X-ray diffraction patterns of the
obtained bimetallic catalysts. Positions of the standard reflections for Pt, Ni and NiO are indicated;
Table S1: Composition and structural parameter of obtained PtNi/C catalysts; Figure S2: CVs of the
activation stage for the PtNi/C catalysts. In total, 100 cycles in the potential range of 0.04-1.00 V: S3 (a),
S3-A (b). Potential sweep rate is 200 mV /s. Atmosphere of Ar, 0.1 M HCIO;. Figure S3: Cyclic voltam-
mograms at the potential sweep rate of 20 mV /s (a) for the samples activated in the potential range of
0.04-1.00 V and in an Ar atmosphere. Linear sweep voltammograms of the oxygen electroreduction in
the studied catalysts at the RDE rotation speed of 1600 rpm, at the potential sweep rate of 20 mV s~
and in an O2 atmosphere (b). 0.1 M HCIO4. Dependence 1/j of w~1/2 at the potential of 0.90 V
(c). Figure S4: Impedance hodograph and equivalent circuit of electrocatalyst S2-A for the oxygen
reduction reaction on RDE (1600 rpm) at 0.9 V (vs. RHE). 0.1 M HCIOy.
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Abbreviations

NPs Nanoparticles

FC Fuel cell

PEMFCs Proton-exchange membrane fuel cells

ORR Oxygen reduction reaction

TEA Triethylamine, N,N-Diethylethanamine
OLEA Oleic acid, (9Z)-Octadec-9-enoic acid

TOA Trioctylamine, N,N-Di(octyl)octan-1-amine
DMF Dimethylformamide, N,N-Dimethylformamide
XRD X-ray powder diffraction

TEM Transmission electron microscopy

EDX Energy-dispersive X-ray spectrometry
ECSA Electrochemically active surface area

Ccv Cyclic voltammetry

LSV Linear sweep voltammetry

STEM Scanning transmission electron microscopy
RDE Rotating disk electrode

RHE Reversible hydrogen electrode

MEA Membrane electrode assembly

FCC Face-centered cubic
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