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Abstract: Alloying platinum (Pt) with transition metals such as nickel (Ni) has been an
effective approach for reducing Pt loading and enhancing catalytic activities towards the
sluggish oxygen reduction reaction (ORR) on the cathode of proton exchange membrane
fuel cell (PEMFC). In this work, we advance the fabrication of PtNi alloy electrodes
through direct synthesis on the gas diffusion layer (GDL) utilizing wet chemical reduction
methods. The catalytic activities and binding interaction between Pt and Ni are optimized
through annealing PtNi electrodes at 200 °C under different gas flows of N, and the
mixture of Hy/N, at 5%/95%. The physical characterization using X-ray diffraction
(XRD) analysis and scanning electron microscope-energy dispersive X-ray spectroscopy
(SEM-EDX) show the significant effect of the annealing environment on the morphology
and distribution of the PtNi alloy catalyst on the GDL surface. The optimized electrodes
exhibited enhanced ORR mass activity, with values of 8.17 and 18.26 mA mg™* for PtNi
annealed with N, and Ny/H,
(5.25 mA mg™*). These results underscore the critical role of the annealing environment
in optimizing the catalytic performance of PtNi-based electrodes for PEMFC applications,

respectively, surpassing the benchmark Pt/C

offering insights into more efficient fuel cell technologies.
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m INTRODUCTION

Fuel
environmentally friendly technologies for replacing fossil

cells are considered promising and
fuel-based generators due to their clean conversion
mechanism from hydrogen (H,) [1]. Among some types
of fuel cells, proton exchange membrane fuel cells
(PEMFCs) have been commercialized for fuel cell
hydrogen electric vehicles (FCHEVs) due to their high
density at
temperatures [2-3]. However, due to its high activation

efficiency and power low operating

energy, a significant challenge in PEMFCs is addressed to
the slow oxygen reduction reaction (ORR) mechanism at

the cathode side [4]. This reaction involves multiple
electron transfer steps, the breaking and forming of O-
O bonds, and the adsorption of O, on the electrode
surface. As a result, cathode PEMFCs require high-
loading platinum (Pt) catalysts, leading to the high-cost
production of PEMFC technology [5-6]. Over the past
decades, extensive research and development efforts
have focused on improving the catalytic activities of
electrodes for the ORR and minimizing the use of Pt by
alloying with more abundant and cheap metals such as
nickel (Ni) [7-8], cobalt (Co) [9-10], silver (Ag), etc. [11-
12].
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Developing a Pt-based alloy catalyst electrode has
proven to be an effective approach for reducing the
amount of Pt and enhancing the ORR activity [13]. The
significance of Pt alloying with other metals is primarily
attributed to modifications in surface properties, resulting
from changes in the distance between Pt-Pt atoms and
bonding dynamic between Pt and the hybrid metals,
which further improve the catalytic activities towards ORR
[14-15]. The theoretical calculation and experimental
report showed that alloying Pt with Ni generates the
highest ORR activity at the cathode of PEMFCs [16].
Markovic et al. [17] reported that Pt;Ni (111) exhibits a
ten-fold higher ORR activity compared to monometallic
Pt (111) and a 90-fold higher activity compared to
commercial Pt/C. An advanced de-alloying method has
been developed to construct a Pt;Ni nanoframe catalyst
with a Pt-skin, achieving an impressive mass activity of
5.7 A mgp " [7]. This open-structured design maximizes
the catalyst's surface-to-volume ratio, enhancing
accessibility for electrochemical reactions. Furthermore,
the highly active, shape-controlled Pt;Ni (111) catalyst,
along with Mo-doped Pt:Ni octahedral, demonstrates
exceptional ORR activities up to 73 times higher than
those of commercial Pt/C catalysts [18].

However, these impressive catalyst activity results
were primarily achieved through ex-situ half-cell tests
using the rotating disk electrode (RDE) technique in
liquid electrolytes. To date, only a limited number of PtNi
catalysts have been successfully transferred to membrane
electrode assemblies (MEAs) for practical PEMFC
applications. This limitation arises from the significant
challenges in reproducing their high catalytic activity
under real fuel cell operating conditions, as well as the
difficulties associated with scaling up production for mass
deployment [19]. Therefore, designing the rationale and
stable structure of PtNi-based catalyst electrodes, along
with the facile synthesis method for scalable production,
is important, and this is the focus of this research.
Furthermore, a comprehensive study on developing Ni-
based catalysts can potentially expand the successful
PEMFC application in Indonesia, considering that
Indonesia is one of countries with the largest Ni reserves
in the world [20].
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In this work, we synthesize the PtNi alloy catalyst
directly on the gas diffusion layer (GDL) substrate,
adapting the previous work by Mardle et al. [21]. This
facile scalable method utilizes the formic acid reduction
approach to promote the formation of support-free PtNi
nanostructures on the GDL. However, the PtNi alloy
structure frequently causes a higher degree of
segregation due to the lattice mismatch between Pt and
Ni, causing performance loss during PEMFC operation
[9,18]. Post-treatment to optimize the Pt-Ni property is
commonly achieved through annealing in reductive
conditions [22-23]. Annealing promotes the formation
of highly active PtNi nanostructures by preventing
oxidation and facilitating the reduction of surface
thereby ORR

performance. Hence, carefully controlling the annealing

oxides, improving the catalyst's
atmosphere is essential in the synthesis of high-
performance electrocatalysts for PEMFCs.

In this study, we aim to elucidate the role of
annealing environments on the performance of PtNi
alloy electrodes for PEMFC applications. We specifically
investigate the effects of varying the gas flow
composition between pure N, and a mixture of H, and
N, during annealing. By investigating the altering of
these conditions, we seek to understand how different
annealing atmospheres influence the physical and
catalytic of PtNi
Furthermore, the ORR performance is evaluated using a

properties alloy electrodes.
gas diffusion electrode (GDE) half-cell setup, enabling
full electrode measurements under conditions more
representative of MEA testing. Our goal is to provide a
comprehensive analysis of the environmental variations
that affect the structural and catalytic characteristics of
PtNi alloy electrodes, ultimately aiming to enhance their

performance toward ORR for application in PEMFC.
m EXPERIMENTAL SECTION

Materials

Chloroplatinic acid (H,PtCls 8 wt.% H,O), nickel
chloride hexahydrate (NiClL-6H,O), formic acid
(HCOH 99%), sodium borohydrade (NaBH. 98%),
nitric acid (HNO; 70%), 2-butanol (IPA), and nafion
solution 10 wt.% in H,O were all purchased from Sigma-
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Aldrich, Germany. Carbon paper Sigracet 39 BB (FuelCell
Store, USA) was used as GDLs. The water used in this
work is purified and purchased from OneMed, Indonesia.
Perchloric acid (HCIO,, 70-72%) was purchased from
Merck, Germany, as the electrolyte for the half-cell
electrochemical measurements.

Instrumentation

To obtain the metal loading of PtNi on GDL,
thermogravimetric analysis (TGA, LABSYS evo, France)
was conducted with a heating rate of 10 °C/min from
room temperature until 900 °C under O, gas flow. For
TGA analysis, the electrode of PtNi/GDL was cut to
1 x 1 cm? and then placed in the crucible. The amount of
PtNi was obtained from the final mass of the measured
residue. X-ray diffraction (XRD, Rigaku SmartLab, Japan)
analysis was carried out to analyze the structure and
alloying degree of PtNi/GDL electrode with Cu X-ray
sources (A =0.15406 nm) between 10-90°. Scanning
electron microscope conjugated with energy-dispersive
X-ray (SEM-EDX, Jeol JSM-IT200, Japan) analysis was
used to analyze the morphology of PtNi/GDL electrode
and obtain the atomic ratio of Pt and Ni. Field emission
SEM (FE-SEM, Jeol JIB-4610F, Japan) was also used to
generate high-magnification images of the PtNi catalyst
structure on the GDL.

Procedure

Synthesis of PtNi alloy on GDL

The synthesis procedure of PtNi utilizes the wet
chemical reduction method adapting the previous work
by Mardle et al. [21]. The GDL Sigracet 39 BB, with the
size of 5 x 5 cm® was first activated by soaking it in the
petri dish filled with H,O, followed by rinsing it with H,O
and IPA. A 16.5 mL of H,O was then added and let the
GDL sink at the bottom of the petri dish. The H,PtClg
solution was added dropwise into the petri dish, and then
the mixture was sonicated on a sonication bath for around
1 min, followed by adding 830 uL of HCO,H dropwise
during sonication time of ca. 1 min at room temperature.
The lid was then placed to cover the petri dish and stored
at 40 °C for 72 h. The washing procedure was then carried
out with IPA and H,O, followed by the drying step in the
oven at 40 °C for ca. 2 h.
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To form PtNi alloy, Ni was synthesized directly on
Pt/GDL with the atomic ratio of Pt:Ni = 4:3. Pt/GDL was
painted with a solution of 100 uL H,O mixed with
10.4 mg NiClL-6H,O followed by painting a second
solution made of 10.4 mg NaBH, mixed with 1 mL
NaOH 0.1 M. The petri dish was covered by the lid and
left at room temperature for 2-3 h for the formation of
Ni nanoparticles. The washing step of PtNi/GDL was
then carried out with H,O and IPA, followed by drying
the sample at room temperature. PtNi/GDL was then
treated with thermal annealing in a tube furnace at
200 °C for 24 h under the varied gas flow of N and the
mixture of Hi/N, (5%/95%) with a gas flow of
50 mL min~' flow. Acid treatment was then performed
to clean up the surface of GDL from the impurities by
submerging the PtNi/GDL in the 0.1 M HNOs for 2-3 h
at RT. The PtNi/GDL electrode was then dried and ready
for physical characterization and electrochemical testing.

GDE half-cell measurement

To examine the catalytic activity and performance
of PtNi/GDL electrode (PtNi GDE) toward ORR, GDE-
half cell electrochemical measurement was performed
using FlexCell PP 83200 (Gaskatel Ltd., Germany)
operated with Parstat 4000A (AmetekSI Ltd., USA).
PtNi/GDL was first cut to 3 x 5 cm? followed by coating
it with ionomer solution with a concentration of
0.6 mg cm ™. The coated PtNi/GDL was then placed in
the FlexCell as a working electrode (WE), and 0.1 M
HCIO, was added as an electrolyte solution into the
chamber. The cable was then connected to the counter
and reference electrode, followed by flowing N, into a
gas chamber on the WE side at a rate of 100 mL min™'
for around 45 min or until the chamber was fully
saturated. The cyclic voltammetry (CV) was first run as
an activation or cleaning step with a scan rate of
200 mV s™! for up to 50 cycles between 0.05-1.20 V vs.
reversible hydrogen electrode (RHE). The 3 cycles of
CVs were then generated with a scan rate of 100 mV s™
between 0.05-1.20 V vs. RHE, which is used as the
primary data to measure the electrochemical surface area
(ECSA).

The Pt nanowire (PtNW) GDE performance
toward ORR was then measured using a polarization

Anindya Pramudya Wardhani et al.



Indones. J. Chem., 2025, 25 (2), 444 - 457

curve, which was obtained following the method explained
by Ehelebe et al. [24-25]. The gas flow into the chamber
was first switched to O, with the same flow rate of
100 mL min™ until the saturated condition was reached or
ca. 30 min. The polarization curve was then generated by
applying the Galvanostatic steps coupled with impedance
spectroscopy (GEIS) and was run from —0.15 mA until
reaching the optimum value (during this work, the
optimum value was reached at —750 mA). The obtained
voltage of every step was corrected with the internal ohmic
resistance (iR) generated from impedance spectroscopy
run between the frequency range of 100 kHz-10 Hz and
an amplitude of 5 mA cm™ The determination of the iR
value is based on the intercept of the curve with the real
x-axis at the high-frequency region. The kinetic current
from the corrected polarization curve was measured at
0.9 V vs. RHE to determine the ORR mass activity.

m RESULTS AND DISCUSSION
Physical Characterization

SEM images in Fig. 1 show the surface morphology
of the PtNi electrode. At low magnification (Fig. 1(a) and
1(d)), PtNi/GDL annealed with different gases of N, and
Ha/N, show a similar structure and distribution of catalyst
particles on the surface of the electrode. At higher
magnification, SEM images in Fig. 1(b) and 1(c) reveal the
higher degree of agglomerated catalyst particles for
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Fig 1. SEM images of PtNi/GDL anne
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PtNi/GDL annealed with N, gas. Hence, the electrode
surface exhibits an irregular structure and uneven
distribution of the PtNi catalyst particles on the GDL
surface. Meanwhile, the PtNi electrode treated with
H,/N, shows a more homogeneous distribution of
particles on the surface of GDL, as shown in Fig. 1(e) and
1(f). This primarily occurs because H, is a reductive gas
acting as a reducing agent. It effectively removes surface
oxides that may form on the catalyst particles. In an inert
N, atmosphere, the absence of a reducing agent allows
surface oxides to persist, increasing the surface energy
and promoting particle agglomeration as the system seeks
to minimize this energy. Meanwhile, the H, in H,/N,
reduces these oxides, maintaining a clean metal surface
with lower surface energy, which helps to prevent
aggregation [26]. This result indicates a significant
influence of the annealing environment on the structure
and distribution of PtNi catalyst particles on the electrode.

Further observation on PtNi/GDL electrode treated
with H,/N, gas exhibits the distribution of particles with
an average size of 100-250 nm (Fig. 2). The high-
resolution SEM image in Fig. 2 reveals that the particles
are composed of an assembly of one-dimensional (1D)
nanostructures like NW array. Such a structure is
commonly observed for Pt synthesized directly on GDL
using a wet chemical reduction method using formic acid
[27-29]. Furthermore, 1D nanomaterials such as NW and

with (a-c) N; and (d-f) H./N; gas
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Fig 2. High-resolution SEM images of PtNi/GDL annealed with H,/N, gas
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nanoparticles (NPs), such as high active crystal facets
(111) and high stability leading to higher catalytic
activities towards the ORR than zero-dimensional (0D) Pt
NPs [11]. The results of this study indicate that the
incorporation of Ni and the annealing treatment in an

several advantages over

H,/N, environment effectively preserve the integrity of
the NW array structure. This observation is consistent
with previous studies on the annealing effects on the
structure of Pt-alloys, where annealing at a maximum
temperature of 200 °C was found to maintain the 1D
structure of the Pt-based alloy catalysts [21-22].

The quantitative measurement on PtNi/GDL was
carried out with TGA analysis run until 900 °C under O,
gas flow to obtain the metal loading of PtNi deposited on
the electrode. GDL is commonly composed of porous
matrix substrates made of carbon-based materials, which
should be entirely oxidized during TGA analysis under O,
flow at a high temperature above 400 °C [30-31]. Hence,
only the residue of the PtNi catalyst was left deposited on
the GDL, as presented in Table 1. The theoretical loading
of Pt based on the experimental procedure is about 0.38-
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0.42 mg cm ™, and the additional mass above this value
is expected to be the Ni component. The mass exhibited
from TGA analysis for PtNi/GDL annealed with N, gas
is 0.48 mg cm™, which is higher than the loading of
0.43 mg cm™ observed for PtNi/GDL annealed with
H,/N, gas. This outcome suggests a higher Ni
composition on the electrode for the sample treated with
N, gas, as confirmed by EDX analysis and presented in
Table 1.

The SEM-EDX mapping on the cross-section area
of PtNi/ GDL is presented in Fig. 3, showing the
domination of the Pt composition on the top area of the
electrodes. The higher contrast for metal compounds is
more distinguished for the electrode of PtNi/GDL
treated with N, gas (Fig. 3(b) and 3(c)) than with H,/N,
one (Fig. 3(f) and 3(g)), further confirming the higher
mass loading obtained from TGA analysis. The
quantitative analysis using the EDX spectrum (Fig. 3(d)
and 3(h)) shows the Ni compositions of ca. 1.5-2.0
atomic% for both electrodes, which are much smaller than
than the theoretical mass designed in the experimental
procedure of above 20 atomic%. It is potentially caused by

Table 1. The quantitative measurement of metal composition based on TGA and SEM-EDX

TGA SEM-EDX
Sample o ; : -
(mg cm™) Pt (atomic%) Ni (atomic%)
PtNi/GDL N, 0.48 98.01 1.99
PtNi/GDL H,/N, 0.43 98.42 1.58
Pt/GDL 0.40 100 0
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Fig 3. SEM-EDX mapping images on the cross-sectional area and corresponding EDX spectrum of PtNi/GDL annealed

with (a-d) N, and (e-h) H»/N, gas

the acid-leaching process performed after the annealing
step.

Those outcomes suggest some possibilities. First, the
annealing step at low temperatures of 200 °C is still less
effective in strengthening the binding interaction between
Pt and Nij, leading to the dissolution of the Ni compound
during acid treatment. Hence, leaving only a small amount
of Ni attached to Pt to form PtNi alloy. The acid treatment
is intended to remove the impurities and excess amount
of Ni to optimize the surface area on the surface of the
catalyst layer [32]. However, transition metals like Ni
exhibit poor stability, leading to spontaneous oxidation at
low pH and susceptibility to leaching under acidic

conditions, which is further dissolved during this process
[33]. Then, thermal annealing, especially in a reductive
environment of H,/N; gas, induces the atomic segregation
of Pt to the surface, leading to the formation of a Pt-rich
shell [21,34]. Therefore, only a small amount of Ni is
detected, considering EDX is a surface analysis method,
especially at low magnification. This presumption is
validated by the high-magnification EDX analysis on the
surface area of PtNi/GDL electrode annealed with H,/N,
gas shown in Fig. 4. A higher atomic ratio of Ni, up to 2.4
atomic%, is detected. This indicates that the higher energy
beam is capable of penetrating deeper into the material's
surface, thereby revealing a greater concentration of Ni
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Fig 4. SEM-EDX mapping and spectrum on the surface of PtNi/GDL annealed with H,/N, gas
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deposits beneath the Pt shell. A similar analysis using
high-resolution TEM has shown the presence of Ni inside
Pt NW synthesized with a similar method [21]. This
deeper analysis suggests a more substantial presence of Ni
within the internal structure of the catalyst, which could
have significant implications for the material's overall
catalytic performance.

The XRD analysis was also performed to evaluate
the structure of PtNi electrodes. The distinguished peaks
at 20 = 26.6° (Fig. 5(a)) correspond to graphitic carbon,
which is commonly observed on the GDL substrate
[22,30]. The other prominent peaks assigned to (111),
(200), and (220) planes are in alignment with the
reference of Pt (JCPDS-04-0802),
domination of Pt composition on the GDL. The intensity
of the Pt (111) facet is the highest, commonly observed on
the 1D Pt nanostructure in our previous works [29]. This

confirming the

result indicates the formation of a 1D nanostructure
structure, which is in agreement with the SEM image in
Fig. 2.

The magnification area on the Pt (111) peak (Fig.
5(b)) shows that the main peaks of both PtNi electrodes
are also aligned to Pt/GDL and the reference of Pt
(JCPDS-04-0802) without shifting closer to the Ni
reference peak of JCPDS: 04-0850. This can be attributed
to a low Ni amount detected on the electrode of ca. 2
atomic% based on the EDX results in Fig. 3 and 4.
Nevertheless, both peaks of PtNi electrodes are narrower
than Pt/GDL and commercial Pt/C catalysts, indicating
the formation of bigger particles due to alloying with Ni
and annealing, which was commonly observed in
previous studies [22,34].

The formation of PtNi alloy catalyst potentially
affects the formation of bigger particles. However, the

Cographitic —— Pt JCPDS: 04-0802 (b) —— Pt JCPDS: 04-0802
/ —— Ni JCPDS: 04-0850 @11 —— Ni JCPDS: 04-0850
PtNI/GDL H,/N,
= (111) 5 /\ PtNi/GDL N,
@ (200) s ‘
> \_} (220)  PINIGDL H/N, | 5 ‘ ~
2 \) 2 ‘ PYGDL
8 \ A PINIGDLN,| & [T
\,&/ L——A‘A 3 . i &%
\ GDL 1
~ S A PUC
e — PYC !
I ! Ll | I
T T T T T T T T T T
10 20 30 40 50 60 70 80 90 38 40 42 44 46
2 Theta (Degree) 2 Theta (Degree)

Fig 5. (a) XRD pattern and (b) high-resolution Pt (111) peaks of the as-made GDEs referencing Pt (JCPDS: 04-0802)

and Ni (JCPDS: 04-0850)
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effect of the annealing step toward the formation of bigger
particle size is more prominent [35]. The XRD pattern
peaks show that both electrodes of PtNi/GDL annealed
with N, and H,/N, gas exhibit a similar particle size. This
suggests that environmental conditions have a less
significant impact on the formation of larger particles.
Instead, annealing temperature and time appear to play a
more critical role in influencing particle size. This is due
to the low resistance of Pt nanostructure toward heat
the
temperature of 200 °C to minimize the aggregation [22].

treatment, suggesting optimizing annealing
Higher temperatures facilitate the growth of larger
particles by providing the necessary energy for increased
atomic mobility and agglomeration, especially with a long
annealing period of up to 24h. Nevertheless, the
annealing step is crucial in optimizing the Pt and Ni
interaction and minimizing the higher degree of atomic
dissolution rendered by the lattice incongruity between Pt
and Ni, which highly influences the catalytic activities

towards ORR [9,36].
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GDE Half-Cell Measurement

The ex-situ GDE half-cell measurement was
conducted to examine the catalytic activity of GDE made
of PtNi treated with N, and H,/N, benchmarking to
commercial Pt/C catalyst (20 wt.% Pt) and monometallic
Pt grown directly on GDL (Pt/GDL). In this work, the
Pt/C GDE was prepared by making the ink of the Pt/C
catalyst and painted on the GDL with a loading of
0.4 mgp: cm . Fig. 6 presents the CV of all tested GDEs
obtained under N,-saturated 0.1 M HCIO; electrolyte
with a scan rate of 100 mV s™'. The current density
observed on the CV of PtNi/GDL annealed in H,/N, gas
is the largest (Fig. 6(d)) compared to the other GDEs of
Pt/GDL (Fig. 6(b)), PtNi/GDL N, (Fig. 6(c)) and even
the commercial Pt/C (Fig. 6(a)), which relates to the
increased number of active sites on the catalyst surface.

The ECSA was then measured from the hydrogen
desorption region peak (Ha) between 0.05-0.40 V vs.
RHE, as shown in the shaded region in Fig. 7. ECSA

15

(a) PYVC (b) PYGDL
104 10
5 1 5
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Fig 6. CV of (a) Pt/C, (b) Pt/GDL, PtNi/GDL annealed with (c) N; and (d) H./N; gas obtained in 0.1 M HCIO, under

N, gas flow with a scan rate of 100 mV s™
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Fig 7. CV of Pt/GDL obtained in 0.1 M HCIO4 under N,
gas flow with a scan rate of 100 mV s

Table 2. The catalytic activities

ECSA Mass Activity at 0.85 V
Sample Y N
(m*g™) vs. RHE (mA mg™)
Pt/C 42.67 5.25
Pt/GDL 28.76 14.18
PtNi/GDL N, 18.28 8.17
PtNi/GDL H,/N, 30.06 18.26

represents the number of active sites accessible on the
catalyst's surface, which can be determined from the Eq.

(1);
ECSA =

QHdes - (1)
mx210 uC cm
Quaes is the charge linked to the chemical process
measured from the Hae region shown in Fig. 7, converted
to a current plot against time [37], m is the catalyst
loading (PtNi) measured in grams, and the value of
210 puC cm™ is a conversion factor for the charge required
to facilitate the reduction of hydrogen atoms on a
polycrystalline Pt surface. The obtained ECSA is
presented in Table 2 generated from the CVs in Fig. 6.

The measured ECSA of monometallic Pt/C and
Pt/GDL are 42.67 and 28.76 m*g', respectively. The
ECSA value obtained for the benchmark Pt/C is in close
agreement with the references [24,38], signifying the
reliable technique applied in this work. These outcomes
indicate that Pt synthesized directly on GDL provides a
higher number of active sites on the catalyst layer. Adding
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Ni to Pt/GDL to form PtNi/GDL alloy, along with the
type of annealing gas used, significantly influences the
ECSA. Specifically, PtNi/GDL annealed with a mixture
of H/N, gas generates an ECSA of 30.06 m* g™!, which is
higher than that of PtNi/GDL treated with N, gas
(18.28 m* g™'). This result further affirms the positive
effect of alloying Ni with Pt in providing more active
sites available for ORR. This outcome refers to the
positive effect of the annealing step under a reductive
atmosphere of saturated H,/N; to optimize the surface
area. The presence of surfactant is potentially reduced
during annealing, enhancing the catalyst properties.
Furthermore, the annealing in a reductive atmosphere
such as H, induces surface segregation due to differences
in free energy, typically causing Pt to migrate to the
surface, resulting in improved ECSA [34,36,39].

The polarization curves illustrating the ORR
performances of the tested GDEs are presented in Fig.
8(a). The curves were generated in O,-saturated 0.1 M
HCIO; with the GEIS method following the
benchmarking procedure described by Ehelebe et al. [24-
25]. The ORR activity metric refers to either the intrinsic
activity normalized to the catalyst's electrochemical
surface area (LA cm ), known as specific activity, or the
activity quantified per unit of mass (mA mg™) referred
to as mass activity. For practical applications, mass
activity is more prominent because it relates to the
amount of Pt used, which is directly proportional to the
manufacturing cost. Therefore, mass activity is one of
the main parameters utilized in this work to determine
the ORR activity. Mass activity is commonly measured
from the kinetic current obtained between 0.9-0.85 V vs.
RHE generated from the Tafel plots (the inset in Fig.
8(a)) [21,28,40]. In this work, the ORR current value is
measured at 0.85 V vs. RHE.

A modest increase in mass activities is observed for
all GDEs made by direct catalyst synthesis on GDL
compared to Pt/C (Table 2). The GDE made of
PtNi/GDL treated with H,/N, generates mass activity of
18.26 mA mg™', which is higher than of PtNi/GDL
treated with the N, gas (8.17 mA mg™) and Pt/GDL
(14.18 mA mg™'). The improvement in ORR Kkinetic
activities is significant after adding Ni to Pt/GDL, followed
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Fig 8. (a) Polarization curves and (b) corresponding Tafel plots of the GDEs made of Pt/C, Pt/GDL, PtNi GDL
annealed with N, and mixed gas of H./N, generated in O,-saturated 0.1 M HCIO,

by annealing with H,/N,. The PtNi/GDL treated with
H,/N; also exhibited the lowest Tafel slope of 60 mV dec™
(Fig 8(b)), highlighting its faster kinetic performance in
the ORR [41]. This enhanced performance is attributed to
the cleaner catalyst surface and improved -catalyst
dispersion facilitated by reductive annealing conditions
using H,/N; gas. This optimizes the active site accessibility
and accelerates the ORR reaction kinetics. In contrast, the
PtNi/GDL annealed in N, showed a significantly higher
Tafel slope of 87 mV dec™ (Fig 8(b)), indicating slower
reaction kinetics. The higher Tafel slope may result from
a less effective catalyst distribution and potential surface
contamination, which hinders the ORR process. These
findings underscore the critical role of the annealing
atmosphere in shaping the electrode's catalytic properties,
confirming that a reductive environment like H,/N is
essential for achieving faster and more efficient ORR
kinetics.

At the operational fuel cell voltage of 0.6-0.7 V vs.
RHE, the ORR performance trend follows PtNi/GDL
H,/N, > Pt/GDL > Pt/C > PtNi/GDL N,, as shown in Fig.
8(a). A higher overpotential at a high reaction rate
indicates mass transport limitation inducing the
performance decrease. The significant performance drop
of PtNi/GDL annealed with N, gas at high current density
suggests this issue, indicating higher resistance slowing

down the gas and reactant movement throughout the

electrode. This is potentially rendered by higher
agglomerated catalyst particles on the GDL surface, as
observed in Fig. 1(b) and 1(c), blocking the transport of
gas and reactant across the electrode.

Those results suggest that annealing PtNi/GDL with
H,/N, gas generates the highest overall performance
toward ORR. This significant outcome can be attributed
to the larger ECSA due to alloying with Ni and annealing
in the reductive environment of H,/N,. The integration
of Ni to form PtNi alloy induces surface modification on
Pt, which is caused by the change of Pt-Pt bond distance
and the bonding interaction between Pt and the alloyed
metals, which results in improved kinetic activities
towards ORR [42]. Furthermore, a good distribution and
uniform size of catalyst particles, as presented in SEM
images in Fig. 2(e) and 2(f), provide a smooth gas and
mass transport throughout the electrode, minimizing
mass transport issues at the high current density region.
Finally, the optimized annealing condition in a reductive
environment of H,/N, demonstrates a significant impact
on the integration of Ni to form PtNi alloy, thereby
enhancing the catalytic performance toward ORR. It
also greatly influences particle distribution and size,
conferring a critical advantage, particularly in mitigating
mass transport limitations. These findings have shown
an effective strategy for the advanced fabrication of
electrodes for PEMFC application.
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m CONCLUSION

In conclusion, this study demonstrates that the
annealing environment significantly impacts the physical
characteristics of PtNi electrodes, which greatly influence
their catalytic activities, especially towards ORR. The
reductive annealing environment of H,/N, induces
catalyst surface modification, resulting in a larger ECSA
and enhancing the kinetics activities toward ORR. SEM-
EDX characterization reveals that a reductive annealing
environment involving H, facilitates a more uniform
distribution of catalyst particles, reducing agglomeration
and enhancing surface coverage. The XRD analysis
confirms the alloy structure of PtNi and highlights the
influence of annealing on crystallite size and phase
composition. The well-distributed and uniformly sized
catalyst particles are generated for the PtNi electrode
annealed with H,/N, gas. This is the key to facilitating
smooth mass transport throughout the electrode, thus
minimizing the overpotential at the fuel cell operational
voltage. These findings further signify the importance of
an annealing environment to optimize the catalytic
performance of Pt-based alloy nanostructure electrodes
for PEMFC application. Future studies could further
explore the synergistic effects of different alloying
elements and annealing atmospheres to push the
boundaries of catalytic activities toward ORR.
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