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Abstract: To evaluate supports’ effects on catalytic activity toward the oxygen reduction reaction
(ORR), a simple and controlled chemical synthesis, involving the hot injection of metal precursors, was
developed to produce bimetallic PtNi nanoparticles (75 wt.% Pt and 25 wt.% Ni), supported on carbon
nanotubes (CNTs) and carbon nanofibers (CNFs). The synthesized electrocatalyst was characterized
using X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDS), and scanning transmission
electron microscopy (STEM). To determine the catalytic activity, an electrochemical evaluation of
the synthesized catalysts in an acidic medium was performed using cyclic voltammetry (CV), CO
stripping, and rotating disk electrode (RDE) tests. The presence of Pt and Ni in the nanoparticles was
confirmed by EDS and XRD. Based on the STEM micrographs, the average particle size was 30 nm.
Compared to the commercial Pt/C catalyst, the PtNi/CNT catalyst exhibited higher specific activity
and slightly lower mass activity toward ORR in a 0.1 M HCIOjy electrolyte solution.

Keywords: polymer electrolyte membrane fuel cell; oxygen reduction reaction; carbon nanotubes;
carbon nanofibers; electrocatalysts

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are a promising alternative clean
energy source for fixed and stationary applications. However, to promote its commercial-
ization, several of the major challenges that this technology raises must be overcome, such
as the sluggish kinetics of the oxygen reduction reaction (ORR), lack of long-term catalyst
stability, and the high cost of platinum [1,2]. In this regard, developing catalysts that are
Pt-free or have a low Pt content while maintaining catalytic activity is critical. One option
for achieving these objectives is to reduce the Pt loading when developing catalysts made of
Pt-alloys and other metals, such as Ni, Co, Fe, or other elements [3-5]. For example, some
studies have shown that catalysts made from bimetallic alloys with Pt exhibit catalytic
activity similar to, or higher than, carbon-supported Pt (Pt/C) catalysts [6-8]. In the last
few years, different approaches for improving the catalytic activity of Pt bimetallic alloy
catalysts have been developed by modifying the shapes, compositions, or sizes of the
nanoparticles [9].

On the other hand, the exploration of carbon-based support materials remains of vital
importance in order to provide greater stability of catalysts and the durability of fuel cells,
therefore maintaining optimal performance for a longer time. Similarly, the research of
carbon-based support materials becomes crucial for improving the stability and durability
of catalysts to maintain optimal performance for a long time. Carbon-based materials, such
as carbon black, are the most commonly used support materials, but some carbon allotropes
are also good choices due to their structure and attractive properties. Carbon nanotubes
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(CNTs) and carbon nanofibers (CNFs) are two examples of these supports [10-14]. CNTs
have a stronger corrosion resistance in acidic media than carbon black, which is one of
their advantages. In this type of catalyst, the stability of the carbon supports may affect
the loss of the Pt surface area due to the agglomeration and detachment of Pt-based
nanoparticles [15]. CNFs have also been used as catalyst support materials in fuel cells [16].
The main difference between CNTs and CNFs is that CNFs, in contrast to CNTs, have a
very thin hollow cavity or no hollow cavity. In addition, CNFs have a much larger diameter
than CNTs [17]. To facilitate gas adsorption and optimize the use of pristine CNTs and
pristine CNFs as catalyst support materials for cathodic reaction, their surfaces must be
modified [18,19]. Different methods that are used to deposit nanoparticles on carbon black,
such as impregnation [20,21], ultrasound [22], precipitation [23], and others, have also been
used for nanoparticle deposition on pristine CNTs and pristine CNFs [17].

Regarding the research of PtNi bimetallic electrocatalysts for the ORR, we proposed a
strategy for the design, synthesis, and characterization of a PtNi bimetallic electrocatalyst
supported on carbon-based materials. The electrocatalyst with the best catalytic activity
exhibited a higher specific activity and a slightly lower mass activity for the ORR in acid
medium. It is important to mention some of the precedents that serve as a starting point
for this PtNi system and the carbon supports [24-31]. In this regard, Asset et al. studied
different properties that influence the catalytic activity of the catalysts due to the support
material. In this study, three different types of carbon blacks, graphene nanosheets, carbon
xerogel, and CNT, were used. They showed higher specific activity and mass activity
values for the PtNi/XC72 catalyst compared to the PtNi/CNT catalyst [24]. On the other
hand, Du et al. reported a simple one-pot synthesis of a PtNi-MWCNT hybrid structure.
The PtNi-MWCNT catalyst presented an almost double mass activity and a higher specific
activity compared to the Pt/C catalyst [25].

Although there are some studies on the effect of the structure of different carbon
supports on the catalytic activity of the PtNi [24-31] alloy, as far as the authors’ knowledge,
there are no studies comparing the effect of materials, such as pristine carbon nanofibers,
pristine carbon nanotubes, and commercial carbon black.

This study is focused on obtaining PtNi nanoparticles through a versatile synthesis
and the evaluation of the effect of supports on the catalytic activity of PtNi nanoparticles,
which are supported on pristine CNTs and pristine CNFs towards oxygen reduction in acid
medium, since existing studies in the literature consider only Pt nanoparticles or Pt alloys
with some other metal and CNFs with some type of surface modification as support for
ORR catalysts, compared to CNTs.

In this work, the synthesis, physical characterization, and electrochemical evaluation
of the PtNi bimetallic electrocatalyst supported on pristine carbon materials are investi-
gated. PtNi catalysts were produced with a simple and low-cost chemical synthesis with
oleylamine, which has demonstrated to be a versatile method to produce Pt3Ni/C bimetal-
lic nanocatalysts with controlled size, composition, and shape. Hence, we have adjusted
these protocols [32,33] to synthesize PtNi bimetallic nanoparticles supported on pristine
carbon materials to obtain electrocatalysts for the ORR.

The main objective of this work is to evaluate the effect of different carbon supports
on the activity of catalysts for oxygen reduction, obtaining bimetallic PtNi nanoparticles
through a reproducible synthesis with the use of oleylamine and a hot injection of the
metal precursors and the support of nanoparticles obtained with pristine CNTs or pristine
CNFs without any previous treatment to determine how the supports affect the catalytic
activity in the electrocatalysts obtained. Herein, we describe the synthesis of bimetallic PtNi
nanoparticles (75 wt.% Pt and 25 wt.% Ni). Oleylamine was used as a solvent, surfactant,
and mild reducing agent. This synthesis method has proven to be effective in producing
nanoparticles with controlled composition, size, shape, and crystalline structure [34]. This
synthesis method has certain advantages since it does not require a mixture of solvents
as reducing agents, nor treatment of the metal precursors or any additional purification
process of reagents used [35]. The bimetallic nanoparticles were characterized using X-
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ray diffraction (XRD), energy dispersive X-ray (EDS), and scanning transmission electron
microscopy (STEM). Finally, the ORR activity of the nanoparticles was investigated by
performing cyclic voltammetry (CV), CO stripping, and rotating disk electrode (RDE)
tests in a 0.1 M HCIO; electrolyte solution. The PtNi/CNT and PtNi/CNF catalysts’
performances were compared to that of a commercial Pt/C catalyst.

2. Results and Discussion
2.1. Physical Characterization of the PtNi Nanoparticles

Figure 1 shows the XRD pattern of the PtNi nanoparticles that were synthesized using
the oleylamine route. The XRD pattern of nonsupported PtNi nanoparticles is presented to
better exhibit the crystalline phases of the synthesized material. The PtNi face-centered
cubic (FCC) phase is represented by green bars below the experimental pattern, which
is similar to the standard crystallographic tables (ICDD PDF-2: 03-065-9445). The Bragg
reflections that appear at 41.28°, 48.04°, 70.29°, and 84.90° are associated with the (111),
(200), (220), and (311) planes of the PtNi alloy. The diffraction pattern of PtNi differs
slightly from the characteristic patterns of pure metals (Pt represented by orange bars
and Ni by purple bars below the experimental patterns). The Pt (111) diffraction peak is
slightly shifted, which could be due to the compression deformation of the Pt atom in
the Ni FCC lattice during the formation of the PtNi alloy [36]. This result suggests that
the two elements coexist in the synthesized nanoparticles, resulting in the formation of
a bimetallic system. Moreover, in the synthesized nanoparticles, there are no peaks that
are associated with the formation of nickel oxides or hydroxides. Figure 1 also shows the
XRD patterns of the supported PtNi nanoparticles in the CNTs and CNFs, presenting the
Bragg reflections of the XRD pattern of the unsupported PtNi nanoparticles associated
with the corresponding planes mentioned above; the XRD patterns of the supported PtNi
nanoparticles show an additional Bragg reflection at 25.71° and 26.48° for the CNTs and
CNFs, respectively, associated with the representative peak corresponding to the plane
(002) of the carbon material used as support.
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Figure 1. Powder diffraction patterns of the PtNi, PtNi/CNT and PtNi/CNF.
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Figure 2 shows STEM images of the morphology and distribution of the as-synthesized
nanoparticles. The PtNi nanoparticles have well-dispersed, uniform shapes and sizes
on the carbon support, which is favorable for ORR since agglomeration decreases the
catalytic activity of the cathodic reaction [37,38]. Figure 2a,b show the dispersion of the
nanoparticles. Conversely, Figure 2¢,d show representative morphologies of the synthesized
nanoparticles and polyhedral nanoparticles with well-defined morphologies. According to
the literature, nanoparticles with well-defined shapes, such as octahedrons, icosahedrons,
and truncated octahedrons, have demonstrated better catalytic activity than commercial
Pt/C nanoparticles [39]. The size and shape of nanoparticles play an important role in
catalysis because they determine the active sites for the ORR [40]. This evidence suggests
that the increase in the catalytic activity of the bimetallic PtNi nanoparticles, which were
synthesized using this simple method, can be partially attributed to their well-defined
morphologies. The obtained PtNi nanoparticles have an average size of 30 nm.

200 rim

50 g 20
e

Figure 2. (a—d) STEM images of PtNi nanoparticles supported on Vulcan carbon.

Figure 3a,b show the micrographs of the as-received CNTs and CNFs used as support
materials for the synthesized PtNi nanoparticles. Figure 3c,d show images of the PtNi
nanoparticles supported on the CNTs and CNFs, respectively. It was demonstrated that the
deposition method used for the PtNi nanoparticles on the proposed support materials was
simple and effective.

Figure 4 also shows the EDS-SEM analysis results of the chemical composition of
the PtNi/C nanoparticles. The presence of Pt and Ni was confirmed in the obtained
spectrum of the nanoparticles. Additionally, EDS-SEM was performed using three different
measurements of equal areas on the same sample to be as representative as possible.
Figure 4b shows one of the areas determined to estimate the chemical composition of
the PtNi nanoparticles. EDS-SEM was used in a semi-quantitative analysis to estimate
the chemical composition of the nanoparticles. The measured compositions using EDS—
SEM were 74.33 & 2.07 wt.% Pt and 25.62 &+ 2.1 wt.% Ni, which agree with the nominal
compositions (75 wt.% Pt and 25 wt.% Ni).
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Figure 3. SEM images (a) Carbon nanofibers (CNF), and (b) Carbon nanotubes (CNT). PtNi nanopar-
ticles supported on (c) CNF and (d) CNT. Scale bars are 1 um (a,c) and 100 nm (b,d). The red circles
in the SEM image show the presence of the PtNi nanoparticles in the corresponding supports.

150 %) wi. %
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Figure 4. (a) EDS-SEM spectrum of Pt and Ni in the PtNi nanoparticles and (b) area analyzed to
estimate the chemical composition of the PtNi nanoparticles.
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2.2. Electrochemical Characterization of PENi/CNT and PtNi/CNF

The electrocatalytic activity of the PtNi/CNT and PtNi/CNF electrocatalysts toward
the ORR were evaluated in a typical three-electrode electrochemical cell using the elec-
trochemical activity of the commercial Pt/C catalysts as a reference. Prior to polarization
experiments, electrochemical activation was used to characterize and clean the freshly
prepared electrode surface using a scanning potential range of 0.05-1.2 V vs. RHE in
Ny-purged 0.1 M HClOj to obtain a reproducible cyclic voltammogram. Figure 5 shows the
voltammograms of the PtNi/CNT, PtNi/CNEF, and Pt/C catalysts in acid media. Hydrogen
adsorption—desorption peaks are observed in the potential range of 0.05-0.3 V vs. RHE,
and the double-layer capacitance is observed in the potential range of 0.3-0.8 V vs. RHE.
The adsorption of oxides and hydroxides in the catalytic material is observed in the anodic
scan potential range of 0.8-1.2 V vs. RHE. When the synthesized materials’ voltammo-
grams were compared to that of Pt/C, slight differences were discovered in three regions
(the hydrogen zone, the double-layer capacitance, and the oxide formation region). The
cyclic voltammogram of the PtNi/CNT and PtNi/CNF catalysts shows a positive shift in
current reduction peaks of the OH,45 species adsorbed on the electrode surfaces compared
to that of Pt. This behavior reflects the weakening of the adsorption energy of reactive
intermediates [41]. In general, the low OH,45 on the electrode surface correlated with the
reported Pt profile in acid media [37,42].
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Figure 5. Cyclic voltammograms of the catalysts in 0.1 M HClOy (the black line represents PtNi/CNT,
the red line represents PtNi/CNEF, and the blue line represents Pt/C).

The electrochemical oxidation of adsorbed CO is generally used to determine the
electrochemical active surface area (ECSA), which is an essential parameter in evaluating
specific activity (SA) and comparing different catalysts for the ORR [43-45].

The ECSAs of the PtNi/CNT, PtNi/CNF, and Pt/C catalysts were determined using
previously reported procedures of the CO stripping technique [46,47]. CO stripping on Pt
nanoparticles usually shows peak multiplicity observed in the oxidation of an adsorbed
CO layer. Figure 6 shows the CO-stripping peaks of the PtNi/CNT, PtNi/CNF, and Pt/C
catalysts. The synthesized materials are observed to have peaks at smaller displacements
compared to Pt/C; the PtNi/CNT and PtNi/CNF peaks appear to be centered in 0.74 and
0.70 V vs. RHE, whereas the Pt/C peak appears to be centered in 0.78 V vs. RHE. This
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result is consistent with previous research that suggests that CNTs and CNFs are more
CO tolerant than carbon black [10]. The peak potential of the Pt-based catalysts is closely
related to the crystallographic planes exposed to the electrolyte and the shape/size of the
nanoparticles [45]. In the CO peak, the broad peaks corresponding to the PtNi/CNT and
PtNi/CNF catalysts differ from each other, and from those of the Pt/C catalysts, which
could be due to different factors, such as crystalline surface defects (e.g., terraces and kinks)
or surface defects created during the synthesis [48].
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Figure 6. CO-stripping voltammetry curves of the catalysts in 0.1 M HCIOy.

Table 1 presents the determined ECSA values of the PtNi/CNT, PtNi/CNE, and Pt/C
catalysts. The results show that the PtNi/CNT and PtNi/CNF catalysts had lower ECSA
values than the Pt/C catalysts. The low ECSA values of the PtNi/CNT and PtNi/CNF
catalysts compared to those of Pt/C may have resulted because the CNTs and CNFs were
used without any surface modification treatment in order to enhance the low reactivity
exhibited by pristine CNTs and pristine CNFs. We also present the SA and MA results of
other studies that reported the results for PtNi/CNT (the CNTs were modified), PtNi/C,
and Pt/C [24,31] as a reference of other published studies.

Table 1. Kinetic parameters deduced from the ORR on PtNi/CNT, PtNi/CNF, PtNi/C and Pt/C
catalysts in Oy-saturated 0.1 M HCIOy.

B
Catalysts (mE??m) (s 2 w0 ?ﬁni Dy evde (f;?ngll}z)z
PtNi/CNT 12.15 1.45 0.18 84.9 0.1245
PtNi/CNF 6.72 147 0.10 79.8 0.1263
Pt/C 53.22 0.35 0.19 69.1 0.1080
PtNi/CNT 2 [24] - 0.98 0.28 - -
PtNi/C [24] - 1.29 0.59 - -
PENi/CNT P [31] ] 138 0.48 ] ]
Pt/C [31] - 0.16 0.09 - -

a and P: modified CNT.
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The electrochemical RDE technique was used to study the kinetics of the ORR on the
PtNi/CNT, PtNi/CNF, and Pt/C catalysts because of the strong dependence of the ORR on
hydrodynamic conditions. Potentiodynamic tests were performed for the ORR at 25 °C in
an Oy-saturated 0.1 M HCIOy electrolyte. Figure 7 shows sigmoidal polarization curves
of the PtNi/CNT, PtNi/CNF, and Pt/C catalysts for the ORR obtained at 1600 rpm in a
potential range of 0.05-1.05 V vs. RHE at 20 mV s~!. Three zones are distinguished for the
tested materials: (1) the kinetic control (1.05-0.99 V vs. RHE), (2) the mixed kinetic-diffusion
(0.99-0.65 V vs. RHE), and (3) mass transport (0.65-0.20 V vs. RHE). The PtNi/CNT,
PtNi/CNE and Pt/C catalysts had half-wave potentials (E; ;) of 0.89, 0.87, and 0.89 V
vs. RHE, respectively. These results agree with those reported in the literature, and they
indicate that our synthesized PtNi/CNT material could be used as a cathodic catalyst in
PEMEFCs. An increase in the limiting current density of the PtNi/CNT and PtNi/CNF
catalysts was observed at high overpotentials between 0.65 and 0.20 V vs. RHE. The
increase in the limiting current of the synthesized catalyst could be due to an increase in
oxygen diffusion across the surface of the ink-type working electrode.

0.0

-0.5
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Figure 7. ORR polarization curves for the PtNi/CNT, PtNi/CNF and Pt/C catalysts in O,-saturated
0.1 mol L~! HC1O, solution at a scan rate of 20 mV s~! and rotation rate of 1600 rpm.

Kinetic analyses were performed for the SA and mass activity (MA) calculations. The
procedures for the kinetic current corrections, SA measurement, and MA measurement
were conducted according to a previously described protocol [47]. The catalytic activities
of the catalysts were investigated using Tafel plot values. Figure 8 shows mass-transfer-
corrected Tafel plots of the PtNi/CNT and PtNi/CNF catalysts, with Tafel slopes of 84.9 and
79.8 mV dec !, respectively. These slope values are higher than that of the Pt/C catalyst
(69.1 mV dec™!). The Tafel slope values for all the synthesized bimetallic catalysts indicate
fast ORR kinetics due to the formation of the PtNi alloy in the catalyst. Table 1 shows the
calculated SA and MA values. As can be observed, the MA value of the PtNi/CNT catalyst
is extremely similar to that of the Pt/C catalyst, and these MA values are almost double that
of the PtNi/CNF catalyst. The PtNi/CNT and Pt/C catalysts, having similar MA values,
suggest that both catalysts have similar current densities. Conversely, the SA values of the
PtNi/CNT and PtNi/CNF catalysts are higher than that of commercial Pt/C catalysts. Since
the SA value of the PtNi/CNT catalyst is higher than that of commercial Pt/C catalysts,
the PtNi/CNT catalyst has a higher current density. Therefore, the PtNi/CNT catalyst
electrokinetics supports our conviction that this material is suitable for use as a cathode
electrode in PEMFCs.
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Figure 8. Tafel plots of PtNi/CNT, PtNi/CNF and Pt/C catalysts.

Figure 9 illustrates Koutecky-Levich plots deduced from hydrodynamic experiments,
where the number of electrons transferred per oxygen molecule is determined. The
PtNi/CNT and PtNi/CNF catalysts had By values of 0.1245 and 0.1263 mA cm~2 rpm~1/2,
respectively, which agree with the By value of 0.1080 mA cm~2 rpm~1/2 for the Pt/C
catalyst calculated under the same experimental conditions. These results suggest that the
ORR is governed by a four-electron and four-proton transfer pathway (n = 4e~) to water
formation (i.e., O +4H" 4+ 4e~ — 2H,0).
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Figure 9. Koutecky-Levich plots of the PtNi/CNT, PtNi/CNF, and Pt/C catalysts at rotation rate of
1600 rpm.
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Table 2 shows a comparison of the ORR activities of the PtNi/CNT catalysts and
other Pt-based and Pt alloy-based electrocatalysts from the literature [25,31,49-52]. It can
be seen that our PtNi/CNT catalyst performed competitively, particularly considering
the simple synthesis used and the fact that the CNTs were used as a support material
without any additional treatment. It is worth mentioning that the electrocatalysts in the
literature were obtained via different processes and were supported on CNTs modified
using different methods, such as heat treatment [49], hybrid support of CNTs and some
type of metal oxide [50], hybrid structures between the catalyst and the CNT [25], one-step
solvothermal method of PtNi/CNT [31], doping CNTs with some heteroatom [51], and
partially exfoliating CNTs [52].

Table 2. Comparison of ORR activity of Pt and Pt alloys catalysts supported on CNT.

ECSA SA@09V MA @09V

Catalyst (m? g1 p) (mA cm-2 py) (Amg1 py) Reference

PtNi/CNT 12.15 1.45 0.180 This work
Pt/MWCNT-RT 2 Not given 0.26 0.017 [49]
Pt/MWCNT-300 ® Not given 0.32 0.020 [49]
Pt/MWCNT-400 Not given 0.29 0.006 [49]
Pt/MWCNT-500 b Not given 0.15 0.007 [49]
Pt/MWCNT-600 b Not given 0.15 0.007 [49]
Pt/MWCNT-700 b Not given 0.15 0.003 [49]
Pt/TiO,@CNT 99.3 0.36 0.358 [50]
PtNi-MWCNT 479 1.07 0.510 [25]
PtNi/CNT 34.8 1.38 0.479 [31]
Pt3Co/N-CNT 565 0.09 0.050 [51]
Pt3Co/N-CNTyr © 349 0.06 0.019 [51]
Pt3Co/S-CNT 23.1 0.11 0.025 [51]
Pt3Ni/N-CNT 34.7 0.01 0.033 [51]
Pt3Ni/N-CNTyr¢ 46.4 0.06 0.029 [51]
Pt3Ni/S-CNT 5.6 0.14 0.001 [51]
Pt3 Sc/PE 4-CNT 102.1 Not given 0.080 [52]
Pt/PE 4-CNT 95.7 Not given 0.070 [52]
Ptz Sc/CNT 62.4 Not given 0.060 [52]

 RT: room temperature, ® (°C), © HT: heat treatment, ¢ PE: partially exfoliated.

It is important to point out that the PtNi/CNT catalyst was obtained through a simple
synthesis method that does not include additional steps involving additional reagents
and/or energy; in turn, the CNTs and CNFs that served as supports were used as received,
and no additional treatment was applied to them; so, this catalyst could be considered as
an advantageous option to be used as cathodic catalysts for the ORR in PEMFC, since the
PtNi/CNT electrocatalyst obtained in this work showed, in some cases, higher ECSA, MA,
and SA than other Pt-Ni catalysts supported on modified CNT.

3. Materials and Methods
3.1. Reagents

Oleylamine (>70%), hexachloroplatinic (IV) acid hexahydrate (H,PtCls-6H,O; >37.50%
Pt), nickel (II) nitrate hexahydrate (Ni (NO3),-6H,O; 98%), CNTs, and CNFs were obtained
from Sigma-Aldrich, St. Louis, MO, USA. All chemical reagents were used as received
without further purification.
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3.2. Synthesis of PtNi Alloy Nanoparticles

For the synthesis of PtNi nanoparticles, the metallic precursors Ni (NOj3),-6H,O
(14.09 mg) and H,PtCls-6H,0 (22.4 mg) were dissolved in 1 mL of oleylamine in one
vial. The resulting solution was heated at 98 + 2 °C for 10 min with constant stirring.
Independently, 9 mL of oleylamine was heated in a three-neck flask at 160 °C for 30 min
with stirring and in a N, atmosphere. The metal precursor solution was allowed to cool
to 50 °C before being injected into the flask containing oleylamine. After injecting the
precursor solution, the reaction mixture was allowed to stabilize at 160 °C for 10 min.
Subsequently, the temperature of the solution was gradually increased to 295 + 2 °C
(Scheme 1). During this time, the solution changed from green to black, indicating that
nanoparticles were formed. The reaction was stopped 5 min after reaching 295 £ 2 °C.
Afterward, the solution was cooled to 50 °C. Finally, the reaction product nanoparticles
were washed several times with a hexane—ethanol mixture to eliminate any remaining
organic synthesis residue.

Metallic .

Precursors Metallic precursors Cms;ﬂ“_he_ltmg

weighing and oleylamine and stirring
= _—

|

1 | [ >
e (n - | o
i, . Sy ¥y "\
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and then injected
'en I,

The temperature l
reaches 205+ 2 °C, £ / y
during this time the
:ulutum chl:lgbels . /
rom green to blac f :ZL.\
982 °C for Constant heating
10 minutes and stirring

Scheme 1. Schematic array of as-synthesized PtNi nanoparticles.

3.3. Preparation of PtNi/CNT and PtNi/CNF Catalysts

After obtaining the PtNi nanoparticles, we averaged the weight of five different
syntheses (X = 6.82 mg) to obtain a catalyst loading of 20 wt. % of PtNi dispersed in
80 wt. % of support material (CNTs or CNFs). The as-synthesized PtNi nanoparticles were
mixed with the CNTs or CNFs in a hexane—ethanol mixture (50:50 vol. %) under sonication
for 1 h, resulting in a powder catalyst with a metal content of 20 wt. %. The PtNi catalyst
was obtained by centrifugation at 5000 rpm for 10 min. The final powder catalysts were
dried at 100 °C for 1 h under N, atmosphere. In addition, the CNTs and CNFs were used
without being pre-treated.

3.4. Physical Characterization

XRD was used to analyze the crystalline structure of the PtNi nanoparticles. XRD
was also used to identify the phases of the PtNi nanoparticles and was performed using a
Bruker (BRUKER AXS, Inc., MA, USA) diffractometer at 25 + 3 °C with Cu K-« radiation
(A=1.54 A). The presented phases were identified using the International Center for Diffrac-
tion Data (ICDD) database (https:/ /www.icdd.com /?gclid=CjOKCQjwpImTBhCmARIsAKr5
8cyXZI4Tvmw7PZppw3griue73MQsvMhGGKugz809Hhtb73DDdOAmMmEkwaAucWEALw _
wcB, accessed on 22 February 2021). Elemental analysis of the PtNi nanoparticles was per-
formed using an EDS system adapted to a Zeiss Auriga scanning electron microscope (SEM;
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Carl Zeiss, Oberkochen, Germany) under an acceleration voltage of 20 kV. The elemental
analysis result was obtained by averaging the values of several zones of the catalyst surface.
Finally, the morphology and particle size of the PtNi nanoparticles were determined using
an ARM200F-JEOL microscope (JEOL, Tokyo, Japan) operated at 200 keV.

3.5. Electrochemical Measurements

Catalyst ink-type electrodes were prepared for the PtNi/CNT, PtNi/CNF, and com-
mercial Pt/C catalysts (Pt/C Etek® 20 wt.%) with a Pt loading of 20 £ 2 ugp; cm 2 and
deposited on a glassy-carbon disk to form a thin-film electrode (0.196 cm?) [47]. Electro-
chemical measurements were performed using a three-electrode electrochemical cell. A
platinum mesh was used as the counter electrode, and a reference hydrogen electrode (RHE)
as the reference electrode. All the reported data were corrected by the uncompensated
resistance in the cell. The electrochemical procedures were performed on a potentio-
stat/galvanostat (Metrohm Autolab B.V., Utrecht, Utrecht, The Netherlands). The catalytic
activity of the samples was determined using CV, CO stripping, and RDE measurements.
A detailed description of these techniques has been previously provided by our research
group [7,46]. All measurements were conducted in a 0.1 M HCIOy electrolyte solution.

4. Conclusions

The developed synthetic methodology (using oleylamine and hot injection of the
metallic precursors) was efficient and reproducible in producing polyhedral homogeneous
PtNi nanoparticles. Furthermore, it was demonstrated that the same techniques used for
depositing Pt/C catalysts can be used to deposit PtNi nanoparticles on pristine supports
(CNTs and CNFs). The presence of the PtNi alloy was confirmed using XRD. The TEM
micrographs revealed polyhedral nanoparticles with an average size of 30 nm. The SEM
micrographs confirmed the deposition of the PtNi nanoparticles on the CNTs and CNFs.
The chemical compositions determined using EDS-SEM were 74.33 £ 2.07 wt.% Pt and
25.62 & 2.1 wt.% Ni, which agree with the nominal compositions (75 wt.% Pt and 25 wt.%
Ni). The electrochemical results demonstrated that the PtNi/CNT catalyst has a similar MA
to commercial Pt/C catalysts, but a higher SA for the ORR in an acidic medium. Finally, the
catalytic activity of the PtNi/CNT catalyst demonstrated that it could be used as cathodic
catalysts in PEMFCs.
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