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The implementation of Pd-Ni/C catalysts in PEMFCs is still quite 
limited, even though Pd and Ni alloys hold considerable promise as an 
alternative to decrease reliance on Pt/C. The Pd-Ni/C metal alloy 
functions as a catalyst on the anode side for the hydrogen oxidation 
process in PEMFCs. The catalyst was synthesized by incorporating 
NiCl₂·6H₂O into Pd/C with a catalyst loading of 0.5 mg/cm². Electrodes 
were prepared with varying Pd to Ni weight ratios in carbon (3:1, 1:1, 
and 1:3), and were compared against Pd/C and Ni/C electrodes, while 
a Pt/C catalyst was used on the cathode side. The Membrane Electrode 
Assembly (MEA) was constructed by combining the anode containing 
the Pd-Ni/C catalyst, and the cathode containing the Pt/C catalyst using 
a Nafion 212 membrane. XRD characterization showed a carbon peak 
at 2θ = 26.4° and a palladium peak at 2θ = 41°, both with low intensity. 
XRD spectrum of Pd-Ni/C electrode showing amorphous crystal peaks. 
The highest catalytic activity of the electrode was achieved by the 
electrode with Pd:Ni = 3:1 with an ECSA value of 1.539 m²/g and 
conductivity value of 3.98 × 10-2 S/cm. The highest OCV value was 
obtained with the MEA using a Pd/C catalyst at ambient temperature, 
reaching 0.88 V, which was not significantly different from the 0.8 V 
value of the Pd:Ni= 3:1 catalyst. The maximum power density of MEA 
with Pd:Ni= 3:1 catalyst at the anode was 4.67 mW/cm² at a current 
density of 14.4 mA/cm². This research indicates that the MEA with the 
Pd:Ni = 3:1 catalyst at anode achieves optimal performance at an 
operating temperature of 25°C, contributing to high efficiency in 
PEMFC applications. 

Keywords 
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1. Introduction 
Proton Exchange Membrane Fuel Cell (PEMFC) is one type of fuel cell that is very promising to be developed as an 
energy producer in the future. In addition, PEMFC can operate well at low temperatures with high efficiency, is 
environmentally friendly, and is free of noise pollution [1–3]. PEMFC has attracted a lot of attention with the use 
of fuel in the form of hydrogen so that it can produce electricity with high energy density [4]. Another advantage 
of using hydrogen as a fuel is that it can be an alternative to minimizing the use of fossil fuels by  converting 
chemical energy into electrical energy [5]. 

In PEMFCs, hydrogen gas is oxidized at the anode to produce protons and electrons, which then interact with 
oxygen gas supplied from the cathode [6]. Meanwhile, a semipermeable membrane made of the solid electrolyte 
Nafion 212 enables the transport of protons (hydrogen ions) from the anode to the cathode [7]. The most 
commonly used catalyst in PEMFCs is platinum supported on carbon (Pt/C), due to its high catalytic activity for 
both Oxygen Reduction Reaction (ORR) and hydrogen oxidation reactions (HOR) [8]. However, the high cost and 
limited availability of Pt have prompted research into finding more economical yet effective alternative catalysts. 
One approach that has been studied to a limited extent involves the use of metal alloys, such as palladium (Pd) 
and nickel (Ni), which present attractive alternatives [9]. Palladium has catalytic properties similar to those of 
platinum, including an excellent ability to break H-H bonds in hydrogen molecules [10]. Additionally, Pd is cheaper 
and more abundant compared to Pt, making it a promising choice for alternative catalysts [11]. Conversely, nickel 
is known for its low cost and abundant availability. Ni also possesses good catalytic capabilities for certain redox 
reactions and can enhance the stability and durability of the catalyst when alloyed with other metals [12]. 

The addition of nickel to a Pd alloy improves thermal and mechanical stability and enhances electrical 
conductivity, crucial for efficient electron flow during electrochemical reactions [13]. Better conductivity is crucial 
for facilitating efficient electron flow during electrochemical reactions in PEMFCs, thereby improving the overall 
efficiency of the fuel cell. A Pd-Ni alloy offers several significant advantages as a catalyst in PEMFCs. Combining 
these metals can generate a synergistic effect that enhances overall catalytic activity. Pd provides high catalytic 
activity, while Ni offers stability and cost-effectiveness. Moreover, Pd-Ni alloy demonstrates higher tolerance to 
poisons like carbon monoxide (CO), which can contaminate the catalyst on the anode side of PEMFC, an essential 
factor for long-term operation [14]. 

Although a Pd-Ni alloy shows great potential as a catalyst, several challenges need to be addressed. 
Optimization of the alloy composition is necessary to maximize catalytic efficiency. Additionally, developing 
efficient and scalable production methods poses a challenge for commercial applications [15]. Further studies are 
required to understand the degradation mechanisms of the Pd-Ni alloy and how to enhance its durability under 
real operating conditions.  With continuous research, a Pd-Ni alloy has the potential to become a competitive 
alternative to platinum-based catalysts, aiding the adoption of cleaner and more sustainable energy technologies. 
This development can bring us closer to the widespread implementation of PEMFCs as a reliable and economical 
source of clean energy in the future. In this paper, we developed an MEA with a cathode containing a Pt catalyst 
and an anode containing a Pd-Ni/C catalyst, as well as Nafion-212 as the electrolyte membrane, where Pd-based 
catalyst exhibit higher current density than Pt-based catalyst making them a promising alternative for fuel cell 
anodes [14]. 

2. Methodology 

2.1 Synthesis of Pd-Ni/C Catalyst 
The synthesis of the Pd-Ni/C catalyst was conducted using the impregnation method of NiCl₂·6H₂O onto a 40 wt% 
Pd/C catalyst, with a catalyst loading of 0.5 mg/cm² and an electrode size of 5 × 5 cm². NiCl₂·6H₂O catalyst was 
dissolved in deionized water, then impregnated into Pd/C and stirred for 24 hours with the addition of NH₄OH for 
each Pd ratio of 3:1, 1:1, and 1:3. The mixture was subsequently filtered, and the precipitate was washed with 
deionized water and dried in an oven at 110 °C for 3 hours. This was followed by calcination in a furnace at 550 
°C for 5 hours and reduction using H₂ gas at a flow rate of 1 mL/s at 400 °C for 2 hours, resulting in the Pd-Ni/C 
catalyst product. The synthesis process of the Pd-Ni/C catalyst is depicted in Fig. 1. A similar procedure is used for 
the formation of Ni/C catalyst. This catalyst is made by mixing 40 wt% NiCl₂·6H₂O into carbon, while the Pt/C 
catalyst uses a commercial catalyst. 
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Fig. 1 Synthesis of Pd-Ni/C catalyst by impregnation method 

2.2 Fabrication of Electrode 
The fabricated electrode consists of a cathode with a Pt/C catalyst containing 12 wt% Pt/C and an anode with 
Pd/C, Pd-Ni/C, and Ni/C catalysts, each with a loading of 0.5 mg/cm². The Pd and Ni weight ratio on the anode 
varies as follows: 3:1, 1:1, and 1:3. The catalyst was dissolved in 2-propanol, and Nafion solution was added, then 
stirred for 30 minutes using an ultrasonic homogenizer. PTFE was added, and the mixture was stirred again for 
30 minutes to form an ink. The Pd-Ni/C ink was sprayed onto a 25 cm² Gas Diffusion Layer (GDL) alternately in 
horizontal and vertical directions until fully deposited, then sintered in a furnace at 350°C for 3 hours, maximizing 
the backing layer's hydrophobicity [16]. The same process was applied to electrodes with Pt/C, Pd/C, and Ni/C 
catalysts. 
 

 

Fig. 2 Electrode fabrication process using the spraying method. 

2.3 Characterization and Electrochemical Evaluation of Electrode 
The crystal structure of the Pd-Ni/C catalyst, distributed on the electrodes, was examined using X-ray Diffraction 
(XRD). The electrochemical properties of the catalyst were further analyzed using a Methrohm PGSTAT204 
Autolab potentiostat/galvanostat, employing an Ag/AgCl reference electrode, platinum as a counter electrode, 
and the Pd-Ni/C catalyst as the working electrode in a 1 M NaOH solution [17]. Electrochemical Surface Area 
(ECSA) values were measured using Nova 2.1.4 software with the Cyclic Voltammetry method, in a potential range 
of -0.4 V to 0.8 V at a scanning speed of 0.025 V/s. The ECSA value can be calculated based on the average charge 
for hydrogen via the Eq. (1) [18].  
 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 
𝑚𝑚2

𝑔𝑔 =  
𝑄𝑄𝐻𝐻 [µ𝐶𝐶]𝑥𝑥 10

405 [µ𝐶𝐶 . 𝑐𝑐𝑐𝑐−2] 𝑥𝑥 𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 [𝑚𝑚𝑚𝑚] (1) 
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where QH represents the average charge for hydrogen adsorption, obtained by integrating the area under the 
hydrogen adsorption peak, while 405 µC.cm-2 cm² is the transfer coefficient of the Pd crystalline active surface 
area. Additionally, Electrochemical Impedance Spectroscopy (EIS) was performed to assess the conductivity of 
the electrocatalyst, using the FRA Impedance method on Nova 2.1.4 software to observe the impedance response 
to an applied voltage of 1.2 V. Eq. (2) was used to determine the electrical conductivity σ [S/cm], where L [cm] 
represents the thickness of the electrode, A [cm2] represents its surface area, and R [Ohm] represents the observed 
resistance [19]. 
 

𝜎𝜎 = 𝐿𝐿/𝑅𝑅 × 𝐴𝐴 (2) 

2.4 MEA Performance Test 
The MEA with an active area of 25 cm² was tested in a single-cell configuration using the WonAtech SMART2 Fuel 
Cell Test Station, resulting in polarization curves based on the I-V and I-P performance curves. The MEA was 
installed in a stack consisting of two bipolar plates with a pin-type design. The installation was adjusted to a high 
level of tightness to ensure no gas leakage (0.5 – 1.5 N m) [20]. The experiment was conducted under operating 
conditions the temperature of the humidifier is 65°C, gas flow rates of 200 mL/min  and a relative humidity of 85-
87% [3]. 

3. Results and Discussion 

3.1 X-Ray Diffraction (XRD) Analysis 
Characterizing the crystallinity and structure of electrochemical catalysts is crucial for understanding their 
physical and chemical properties and their impact on performance. X-ray Diffraction (XRD) is a widely used 
technique for identifying crystal phases and determining particle sizes on electrode surfaces [21]. The Pd-Ni/C 
catalyst, which combines palladium (Pd) and nickel (Ni) on a carbon base, is popular in fuel cells and other 
electrochemical applications due to its excellent catalytic properties. Analyzing its distribution and crystal 
structure provides insights into how these elements enhance electrochemical reaction efficiency. However, its use 
in PEMFCs is still limited compared to Pt-based catalysts. 

 

Fig. 3 Electrode diffractogram with Pd-Ni/C catalyst (Pd:Ni = 1:1) 

The XRD analysis for the electrode with Pd-Ni/C catalyst is presented in Fig. 3. The diffractogram shows a 
carbon peak at 2θ = 26.4° and a palladium peak around 2θ = 41°, suggesting an amorphous structure for the Pd-
Ni alloy [22]. The diffraction pattern of Pd/C typically appears at 2θ = 40°, but the addition of nickel shifts the alloy 
formation angle. Additionally, the amorphous polymer structure of Nafion peaks at 17°, while crystalline PTFE 
peaks between 17.9° and 18.6°. The overlapping diffraction peaks of Nafion and PTFE between 12° and 20° 
contribute to close diffraction angles [23]. This analysis provides valuable insights into the interactions within the 
Pd-Ni/C catalyst and the effect of each component's crystal structure on overall performance. The electrode 
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diffractogram analysis, corroborated by JCPDS data (04-0850 and 46-1043), shows that nickel typically appears 
at 2θ = 45.45° and 51.8°, and palladium at 2θ = 40.1° and 46.6°, with (111) and (200) face-centered cubic (fcc) 
crystal lattices (JCPDS card no. 05-0681) [24-25]. 

3.2 Electrochemical Characterization 

3.2.1 Cyclic Voltammetry (CV) 
The electrodes with Pd-Ni/C catalyst were characterized using the CV method to analyze the electrochemical 
properties based on the ECSA values indicating the Pd-Ni/C electrocatalytic activity. CV measurements were 
carried out using a 1 M NaOH as an electrolyte solution, the reference electrode was an Ag/AgCl electrode, where 
if there was a current flowing on the electrode, the Cl- concentration would change and the potential would change. 
The auxiliary electrode used is Pt metal which functions to maintain a constant value of the comparison electrode 
potential because the counter electrode has a small resistance from the Ag/AgCl electrode [17,26]. The results of 
CV measurements on electrodes with varying Pd-Ni and Pt/C ratios can be seen in Fig. 4. 
 

 

Fig. 4 Voltammogram of electrodes  

Fig. 4 presents voltammograms for hydrogen adsorption and desorption on electrodes with various Pd and 
Ni ratios, where the active surface area is determined by the potential applied to the working electrode. To 
evaluate the reversibility of the anodic and cathodic peaks, cyclic voltammograms were recorded over different 
potential ranges in both positive and negative directions [20-21]. The variation in Pd and Ni weight ratios 
influences electrocatalytic performance, particularly in terms of conductivity, stability, and active surface area. 
Nickel (Ni) has higher conductivity than palladium (Pd), resulting in a broader voltammogram curve due to a 
wider charge distribution and greater double-layer capacitance. However, Pd is more stable in electrochemical 
environments, especially under acidic conditions, as it is more resistant to corrosion compared to Ni, which is 
prone to oxidation. Therefore, while Ni enhances conductivity, Pd remains crucial for maintaining electrocatalytic 
stability and performance. 

Compared to Pd/C and Ni/C, the combination of Pd-Ni/C can provide a synergistic effect; however, at certain 
ratios, the Electrochemically Active Surface Area (ECSA) tends to decrease. Individually, Pd/C and Ni/C exhibit 
higher ECSA, while mixed Pd-Ni/C shows a reduction due to surface structure modifications and possible alloy 
formation, which reduces the number of active sites. At specific ratios, such as Pd-Ni/C 1:3, the ECSA is the lowest, 
indicating that an excessive Ni content can negatively impact electrocatalytic activity. The presence of a peak in 
the desorption region indicates the release of previously adsorbed species, such as hydrogen or oxides, reflecting 
the catalyst's active surface area and stability. Changes in the desorption peak intensity can signify degradation or 
structural modifications of the catalyst after electrochemical cycling, which affects long-term electrocatalytic 
performance. The results of the CV analysis were used to estimate the active surface area using an electrochemical 
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approach based on the Electrochemical Surface Area (ECSA) values of Pt/C and Pd-Ni/C electrode as shown in 
Table 1. 

Table 1 Calculation of ESCA electrode value 
Electrode Scan Rate (V/s) Qh 

(µ𝐶𝐶) 
ECSA (m2/g) 

Pd/C  0.025 5.07 x 10-3 2.502 
Pd-Ni/C (3:1) 0.025 3.12 x 10-3 1.539 
Pd-Ni/C (1:1) 0.025 1.92 x 10-3 0.948 
Pd-Ni/C (1:3) 0.025 0.58 x 10-3 0.285 
Ni/C 0.025 5.73 x 10-2 2.231 
Pt/C 0.025 0.1 x 10-2 0.956 

 
Table 1 presents the effect of mixing Pd and Ni at various weight ratios, including Pd-Ni/C (3:1), Pd-Ni/C  (1:1), 

and Pd-Ni/C (1:3). In all these variations, nickel acts as a bridge between the catalyst nanoparticles and the 
support material, leading to lower electrochemical impedance and stronger alloy interactions. However, due to 
the difference in particle sizes between Pd and Ni, uniform size distribution was not achieved, resulting in a 
reduction in the active surface area. This effect is not limited to Pd-Ni/C (1:1) but is also observed in Pd-Ni/C (3:1) 
and Pd-Ni/C (1:3), where the addition of nickel influences the overall alloy size. The excessive presence of Ni in 
Pd-Ni/C (1:3) further contributes to a significant decrease in the Electrochemically Active Surface Area (ECSA), 
indicating that an imbalance in composition can negatively impact catalytic performance and electron transfer 
efficiency.  

3.2.2 Electrochemical Impedence Spectroscopy (EIS) 
The response of the electrode in a certain frequency range is in the form of a real impedance value (Z') or 
resistance and an imaginary impedance value (-Z”) or capacitance. If the value of Z' is greater than Z" when the 
resistance is large, the current flowing at the electrode will be hampered. In addition, EIS can be used to measure 
the conductivity of electrodes in fuel cells. To describe the resistance in the circuit, an electronic circuit simulation 
was performed using Nyquist curve fitting. When plotted as Z' versus Z", it produces the Nyquist curve and 
equivalent circuit models shown in Fig. 5 and 6.  

 

Fig. 5 Nyquist plot of the electrodes with (a) Pd/C; (b) Pd-Ni/C  (3:1); (c) Pd-Ni/C (1:1); (d) Pd-Ni/C(1:3); (e) Ni/C 
and (f) Pt/C catalyst  
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Fig. 6 Equivalent circuit models for  electrodes (a) Pd/C; (b) Pd-Ni/C  (3:1); (c) Pd-Ni/C (1:1); (d) Pd-Ni/C(1:3); (e) 
Ni/C; and (f) Pt/C catalyst  

The resistance in the Nyquist plot is determined by fitting the data to an equivalent circuit model, considering 
charge transfer and ohmic resistance to ensure accurate impedance representation. Based on EIS analysis, the 
addition of Ni to Pd/C affects the impedance value. The greater the impedance, the more hindered the capacity or 
ability of electrons to flow through the electrode [27]. Low cell impedance occurs due to overload at high 
frequencies. As the voltage increases, electron transfer decreases, reflecting an increase in the strength of the 
electrochemical cell at the electrode surface. However, there are cases where the curved impedance curve will 
increase with rising overvoltage due to the influence of conductivity and mass transfer in the catalyst layer. The 
conductivity value was obtained by measuring the electrode coated with a Pd-Ni/C catalyst, which was then 
connected to the Metrohm PGSTAT204N Autolab Potentiostat using the EIS method. The fitting on the Nyquist 
plot simulates an electronic circuit, displaying data on the values of Rs (series resistance) and Rp (parallel 
resistance) on the monitor screen to determine the electrical conductivity of an electrode. The results of the 
electrical conductivity test can determine the ability of an electrode related to the overall performance and 
efficiency of the catalyst. The electrical conductivity value can be calculated using the formula in Eq. (1). 

Table 2 Electrode conductivity value 
Electrode Impedance Conductivity 

(S/cm) Rs (Ω) Rp (Ω) 

Pd/C (1:0) 9.46 10.2 3.39 x 10-2 
Pd-Ni/C (3:1) 10.54 7.09 3.78 x 10-2 
Pd-Ni/C (1:1) 14.26 8.13 2.98 x 10-2 
Pd-Ni/C (1:3) 7.68 26.02 1.98 x 10-2 
Ni/C (0:1) 
Pt/C 

8.05 
6.13 

4.59 
2.58 

5.27 x 10-2 

7.65 x 10-2 
 

Table 2 shows the results of electrical conductivity calculations using Eq. (2), indicating an increase of 
approximately 11.5% after the addition of Ni to Pd-Ni/C (3:1) electrodes compared to Pd/C catalysts. However, a 
decrease in conductivity occurs at the same or higher Ni addition ratios compared to Pd in Pd-Ni/C catalysts. This 
is due to structural or phase changes resulting from the combination of two metals in a bimetallic configuration. 
Meanwhile, Ni/C and Pt/C electrodes exhibit high electrical conductivity because they consist of a single metal 
(monometallic) and are not affected by other metals. Other factors that also influence electrical conductivity 
include concentration, ion mobility, ion valence, and temperature. 

3.3 MEA Performance Testing  
 The single stack MEA made by combining the electrodes with Pt/C catalyst at the cathode and the electrodes of 

Pd-Ni/C with varying composition at the anode was tested by measuring the open circuit voltage (OCV), I-V, and 
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I-P Performance on the PEMFC stack connected to the WonAtech Smart 2. The single-cell configuration is 
illustrated in Fig. 7 to enhance understanding of the experimental setup.  

 

Fig. 7 Schematic representation of a single cell PEMFC stack 

Before performance testing, the MEA was first activated for 1 hour to ensure stability. The fuel for PEMFC is 
in the form of hydrogen gas at the anode and oxygen gas at the cathode at stack temperature of 25°C with the 
humidifier temperature of 65 °C. OCV measurements in the MEA are carried out to determine the performance of 
the MEA before the load is added. 

 

  

Fig. 8 OCV value of MEA 

The measurement of the OCV reflects the initial electrode potential when interacting with the fuel source in a 
PEMFC [28]. In the MEA, the addition of Ni decreases the OCV value, as indicated in Fig. 8. However, the MEA with 
the Pd-Ni/C (3:1) catalyst exhibits an OCV of 0.80 V, which demonstrates a better initial condition compared to 
MEAs using the Pd-Ni/C (1:1) and Pd-Ni/C (1:3) catalysts. A similar trend is observed in Ni/C (0:1), which 
demonstrates high ECSA and electrical conductivity (Table 1 and 2) values but a low OCV. This may be due to 
interfacial resistance between Ni/C (0:1) and Pt/C. When the electrode is integrated into the MEA, interfacial 
resistance may increase due to imperfections in the contact between the catalyst layer and the electrolyte 
membrane, hindering the transfer of electrons and ions. This resistance can be further exacerbated by differences 
in the intrinsic properties of the materials, suboptimal pore distribution, and interactions between Ni and other 
components in the MEA structure. The overall performance of the MEA can be analyzed through the polarization 
curve shown in Fig. 9. 
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Fig. 9 Polarization curve of the MEA with different anode catalyst variations 

Fig. 9 demonstrates the relationship between increasing current and its effects on both voltage and power for 
various MEAs, where performance metrics are directly proportional to the OCV of each MEA. The Pd/C MEA 
exhibits the most favorable performance characteristics among the tested compositions, due to its superior ability 
to sustain voltage despite rising current. In comparison, the MEA with Pd-Ni/C (3:1) catalyst shows enhanced 
performance over those with Pd-Ni/C (1:1), Pd-Ni/C (1:3), and Ni/C, attaining a maximum power density of 4.67 
mW/cm² at a current density of 14.4 mA/cm². This indicates that a higher power density indicates better 
performance efficiency in the MEA.  

The operational conditions of the MEA with Pd-Ni/C (3:1) catalyst were also analyzed based on performance 
degradation influenced by stack temperature. Stack temperature affects the humidity within the proton exchange 
membrane fuel cell (PEMFC) and can enhance reaction kinetics. However, excessive stack temperatures can cause 
cracking and damage to the MEA due to excessive drying or inadequate hydration. The performance degradation 
of the MEA with Pd-Ni/C (3:1) catalyst is shown in Fig. 10. 

 

                        

   

Fig. 10 MEA performance degradation influenced by stack temperature (a) I-V (b) I-P curve 

Fig. 10 shows the MEA performance at a stack temperature of 25°C. Performance degradation of the MEA 
increases with a rising stack temperature, thus it is recommended to operate at room temperature (25°C). 
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Operating under these conditions provides benefits in energy efficiency. Additionally, optimal temperature 
management can extend the lifespan of the MEA components and reduce maintenance needs, thereby lowering 
the overall operational costs of the system. The decrease in performance of the Pd-Ni/C (3:1) catalyst at high 
temperatures can be caused by particle melting or aggregation, material degradation, material migration from the 
surface, undesirable side reactions, and carbonization that reduces catalytic activity. Another cause is the 
degradation of carbon materials, which accelerate with operational temperature. Additionally, both 
electrochemical and chemical corrosion are accelerated by the presence of platinum at the cathode. Platinum not 
only increases the rate of electrochemical reactions but also contributes to the susceptibility of corrosion. In other 
words, the degradation of carbon materials and the acceleration of corrosion caused by platinum lead to reduced 
durability and performance of components in the system [29]. 

4. Conclusion 
The use of Pd-Ni/C catalysts in PEMFCs shows promise as an alternative to reduce dependence on Pt/C catalysts. 
These catalysts are effective for hydrogen oxidation on the anode side. They were synthesized by mixing 
NiCl₂·6H₂O into Pd/C with a catalyst loading of 0.5 mg/cm². Electrodes were prepared with various Pd-Ni ratios 
in carbon (Pd-Ni/C (3:1), Pd-Ni/C (1:1), and Pd-Ni/C (1:3)) and compared with Pd/C and Ni/C electrodes, with 
Pt/C used on the cathode side. The resulting MEA combined these electrodes with a Nafion 212 membrane. XRD 
characterization revealed carbon peaks at 2θ = 26.4° and palladium peaks at 2θ = 41°, both with low intensity. 
The Pd-Ni/C electrodes showed no significant nickel peaks in their XRD spectra. The highest catalytic activity was 
achieved by Pd-Ni/C (3:1) with an ECSA value of 1.539 m²/g and conductivity of 3.98 × 10-3 S/cm. In performance 
tests, the MEA using Pd/C and Pd-Ni/C (3:1) catalysts exhibited nearly comparable OCV values of 0.88 V and 0.8 
V, respectively, with a maximum power density of 4.67 mW/cm² at a current density of 14.4 mA/cm². These 
findings underscore the potential of Pd-Ni/C catalysts, especially at a Pd-Ni/C (3:1), to improve PEMFC 
performance as an alternative to platinum-based catalysts. This research indicates that the Pd-Ni/C (3:1) catalyst 
achieves optimal performance at an operating temperature of 25°C, contributing to high efficiency in PEMFC 
applications. 
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