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ABSTRACT
This study presents a facile synthesis of carbon-supported binarypalladium-copper (Pd-Cu/C) nanomaterials designed to achieve

competitive catalytic activity while reducing material costs in solid polymer electrolyte (SPE) fuel cells. A surfactant-free, micro-

wave-heated polyol process is employed to synthesize Pd/C and Pd-Cu/C nanomaterials with mean particle size below 4.0 nm.

The electrocatalytic activity toward oxygen reduction reaction (ORR) and the corresponding kinetic parameters of Pd-Cu/C elec-

trodes with varying compositions are systematically interrogated using rotating disk electrode (RDE) measurements. Notably,

Tafel analysis reveals a slope of 60± 2mV per decade slope at low current densities indicating that the first electron transfer

to molecular oxygen (O2) is the rate-determining step. At higher current densities, a slope of 144± 8mV per decade suggests

a transition proton-coupled electron transfer as the dominant mechanism. Furthermore, electrochemical performance of mem-

brane-electrode-assemblies (MEAs) reveals a peak power density of� 475mW cm−2 with Pd /C cathode under optimal operating

conditions. However, increasing the Cu content in the Pd-Cu/C catalysts results in a marked decrease in current density, likely

due to partial Cu dissolution. These findings highlight the potential of binary Pd-Cu nanomaterials as promising alternatives to

platinum-based catalysts for Pt-free SPE fuel cell applications.

1 | Introduction

The growing demand for developing efficient technologies aimed at
improving sustainable energy conversion, particularly in low-
temperature solid polymer electrolyte (SPE) fuel cells [1, 2].
However, the scaling-up commercialization of these systems is
largely constrained by high-cost and limited durability of electro-
catalysts, which are employed in the anodic and cathodic compart-
ments. Although technical advances in the noble metal loading to
decrease, for example, the cost of themembrane electrode assembly
(MEA) are still progressing, the effectiveness of the cathode cata-
lyst, where the sluggish oxygen reduction reaction (ORR) occurs,
needs to be improved [3–6]. Carbon-supported platinum materials
are the most used catalyst in both anode and cathode parts for
hydrogen oxidation (HOR) or ORRs, respectively [7, 8]. Due to

the high price and limited availability of the platinum resources
[9], most efforts are focused either on reducing the Pt catalytic load-
ing in a carbon support matrix or adding a nonprecious element as
co-catalyst to promote a bifunctional mechanism. In addition, pal-
ladium is an alternative catalyst with high catalytic activity to
replace platinum in proton exchange membrane (PEM) fuel cells
due to their same face-centered cubic ( fcc) crystal structure and
similar atomic size [10–12]. Many efforts were made these last dec-
ades to decrease the precious metal (PGM) loadings from some
units of mg cm−2 to 0.2–0.6mg cm−2 and to ‘dilute’ the PGM in
an inert substrate (20–30% in carbon) [13–15]. At the same period,
the introduction of a second metal into the Pd catalyst to form
bimetallic nanostructures was observed in the literature to ratio-
nally modify the electronic and geometric effects of the electrode
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material and thus to lead to an improvement of the catalytic prop-
erties including activity and stability [16–20]. In this respect,
researchers devoted considerable effort to improving the perfor-
mance of low-temperature SPE fuel cells working with either
Pd/C or Pd-based materials as catalysts [4, 21, 22]. Especially,
Tang et al. [11] demonstrated that Pd/C was an effective cathode
for the ORR, enabling a single fuel cell to deliver 508mW cm−2.

A profound understanding of the relationship between character-
istics of nanomaterials and principles of electrocatalysis is the key
to designing, tailoring, and synthesis of effective electrode materi-
als. Composition, size, morphology, and thus activity and stability
of nanomaterials considerably depend on synthesis routes
employed [23–25]. In most synthesis routes require reducing
agents, surfactants, and various additives to stabilize the nanoma-
terials, which impair the simplicity of synthesis steps and create
additional costs. The fact that nanomaterials are obtained via sev-
eral synthesis processes, nonetheless, usage of surfactants and
external additives leads to block active sites that facilitate mutual
interactions between nanomaterials and electroactive species and
thus leads to decreasing activity. Since the pioneering studies in
1986 [26, 27], for nearly 40 years, the utilization of microwave
synthesis method has contributed greatly to the preparation of
nanomaterials [28–31]. Due to its simplicity and scalability, polyol-
assisted synthesis routes are widely employed to prepare nano-
structured metal and metal oxide catalysts with controlled size,
morphology, and crystallinity [32–35]. Herein, an energy-efficient
and surfactant-free microwave-heated polyol synthesis method
has been presented, and particular emphasis has efforted to pre-
pare Pd/C and binary Pd-Cu/C nanomaterials to investigate the
electrochemical performance in SPE fuel cells. Concerning the
durability and degradation various remarkable works reported
the impact of operating conditions including operating tempera-
ture, applied cell potential, relative gas humidity, and particle
migration, particle dissolution, and particle detachment due to car-
bon support corrosion [36–38]. More recent studies dealing with
adverse effects of transition metals such as nickel (Ni), cobalt (Co),
iron (Fe), and copper (Cu) on fuel cells have been reviewed
[39–41]. However, most of the studies investigated in alkaline
mediums, which are beyond practical applications. It is a fact that
copper-based catalysts have rarely been reported because of stabil-
ity issues from a microstructure viewpoint, particularly in acidic
medium, which led to adverse effects in catalytic activity. Recently,
proton-conducting copper-based metal–organic frameworks (Cu-
MOFs) that address the role of stability supporting efficient proton
mobility have highlighted with a particular focus on fuel cell appli-
cations [42]. Nonetheless, copper-based catalysts as low-cost
alternative to platinum group metals have gained growing interest
toward low-temperature fuel cells and metal-air batteries [43, 44].
Moreover, corrosion of the carbon support issues arising at high
potential cycling overcome by synthesis of robust carbon materials
increasing graphitic content [45–47]. Regulating the active sites in
catalysts carbon matrix by doping with nitrogen (N), sulfur (S),
and phosphorous (P) greatly promises for further optimizing cat-
alytic performance [48, 49].

This study offers both practical and fundamental insights into the
synthesis, characterization, and interrogating electrochemical
performances of the carbon-supported Pd-Cu nanomaterials in
SPE fuel cells. Accordingly, nanomaterials with varying Pd:Cu
atomic ratios (90:10, 70:30, and 50:50) were synthesized by
one-step, microwave-heated polyol method. Their intrinsic

kinetic activities were systematically demystified by rotating disk
electrode (RDE) measurements, emphasizing their potential to
address the limitations of conventional cathode catalysts. Then
after, typical H2/O2 single fuel cell tests were conducted using
MEA prepared by integrating the synthesized electrocatalyst as
cathode, commercial Pt/C as anode, a Nafion-based ionomer sus-
pension, and a proton-conducting membrane.

2 | Results and Discussion

2.1 | Physicochemical Characterization of the
Prepared Nanomaterials

Figure 1 demonstrates the X-ray diffraction (XRD) patterns of the
as-prepared nanomaterials. The crystalline phases of the Pd/C and
Pd-Cu/C materials were identified according to database of the
International Centre for Diffraction Data (ICDD). The XRD pat-
terns reveal that the materials exhibit characteristic peaks corre-
sponding to a typical face-centered cubic (fcc) crystal structure,
with a space group of Fm-3m. A broad observed at about 2θ =
24.4° is attributed to the (002) plane of the graphite, originating
from carbon substrate (Vulcan XC-72R) [50, 51]. Moreover, the
XRD pattern of Pd/C (Figure 1a) indicates diffraction peaks at
2θ = 39.91°, 46.43°, 68.04°, 81.94°, and 86.47°, which correspond
to the (111), (200), (220), (311), and (222) planes of metallic palla-
dium, respectively, confirming the formation of crystalline palla-
dium (ICDD no: 98-005−2251) [31]. Likewise, the diffraction
patterns of the Pd90Cu10/C, Pd70Cu30/C, and Pd50Cu50/C materials
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FIGURE 1 | X-ray diffraction patterns of (a) Pd/C and (b) PdCu/C

nanomaterials prepared from the one-step microwave-heated polyol

method.
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(Figure 1b) also depict the characteristic fcc structure (ICDD no:
98-010−3082). Notably, a positive shift (about 1.01°) in the Pd(111)
is observed from 39.91° in Pd/C to 40.92° in the Pd50Cu50(111)
sample. This shift is attributed to the substitution of smaller Cu
atoms into Pd lattice, suggesting the formation of Pd-Cu solid sol-
utions, as reported elsewhere [52, 53]. No diffraction peaks corre-
sponding to oxide species (PdO, CuO, Cu2O) were detected in the
XRD patterns. The crystallite size, calculated using the five-main
diffraction peaks, decreases from 8.9 nm in Pd/C to 7.5 nm in

Pd50Cu50/C, suggesting that the synthesis procedure employed

is effective for promoting alloy formation between Cu and Pd.

Considering the (111) diffraction peak, the calculated lattice

parameters were 3.9 Å for Pd/C, Pd90Cu10/C, Pd70Cu30/C, and

3.8 Å for Pd50Cu50/C, indicating a progressive incorporation of

Cu into the Pd lattice.

Figure 2 displays the X-ray photoelectron spectroscopy (XPS)
spectra obtained for the PdCu/C sample. The wide-scan spectrum

FIGURE 2 | XPS spectra of PdCu/C sample. (a) Wide-scan XPS spectra of PdCu/C, (b) C 1s orbital, (c) Pd 3d orbital, (d) O 1s orbital, and (e) Cu 2p3/2
orbital.
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(Figure 2a) obtained for PdCu/C clearly shows the presence of
both Pd and Cu. Meanwhile, the high-resolution C 1s spectrum
of the carbon support identifies four distinct chemical environ-
ments, as shown in Figure 2b. The dominant peak at 284.4 eV is
attributed to aromatic carbon (C–C sp2), while a secondary com-
ponent at 285.4 eV corresponds to aliphatic hydrocarbon groups
(C–H sp3), consistently accounting for �27% of the total spectral
area. Additional contributions from oxidized carbon species
include alcohol/ether (C–O, �286.5 eV), carbonyl (C=O,
287.5 eV), and carboxyl (O–C=O, �289.5 eV) groups. Notably,
the incorporation of metals does not significantly alter the
relative proportions of these carbon species. The O 1s spectrum

(Figure 2d) shows two principal peaks at 532.4 eV and�533.7 eV,
assigned to oxygen in C–O and O–C=O groups, respectively, in
agreement with the C 1s analysis. In samples containing copper
(Pd/Cu), an additional low binding energy feature appears
at�530 eV, indicative of lattice oxygen (O2−) associated with
PdO and CuO phases. A weak, high-binding-energy tail suggests
the presence of adsorbed molecular water on the nanoparticle
surface. Furthermore, the Pd 3d spectrum (Figure 2c) can be
deconvoluted into three spin–orbit doublets, each with a fixed
splitting of 5.25 eV and an area ratio of 3:2 (3d5/2:3d3/2). The peak
at 335.2 eV (Pd 3d5/2) corresponds to metallic palladium (Pd0),
while the components at 336.6 eV and�338.0 eV are attributed
to oxidized Pd species in the form of PdO and PdO2, respectively.
For copper, shown in Figure 2e, the Cu 2p3/2 spectrum features a
main peak at 931.7 eV, which may originate from either metallic
Cu or Cu2O. Additional peaks at 933.0 eV, 934.5 eV, and 935.7 eV
correspond to CuO, Cu(OH)2, and CuSO4 species, respectively,
indicating the presence of multiple Cu oxidation states on the
surface.

Figure 3 depicts the high-resolution transmission electron
microscopy (HRTEM) micrographs, while Figure 4 presents
the particle size distribution histograms of the as-prepared mate-
rials. The micrographs reveal that the prepared samples exhibit
well-dispersed nanoparticles with mean particle sizes of 4.0, 4.0,
3.5, and 3.0 nm for the a) Pd/C, b) Pd90Cu10/C, c) Pd70Cu30/C,
and d) Pd50Cu50/C materials, respectively. It is worth noting that
the size distributions are relatively narrow, implying a high
degree of monodispersed nanoparticles. Also, the micrographs
show that the nanoparticles possessed spherical morphology
with homogeneous dispersion although slight agglomerations
were observed in certain regions. Considering that the smaller
particle sizes lead to higher catalytic surface areas (SAs), it is
evident that the one-step microwave-heated polyol method
produces smaller nanomaterials as compared to those via co-
impregnation followed by heat-treatment at 600°C [52].

FIGURE 3 | HRTEMmicrographs of the (a) Pd/C, (b) Pd90Cu10/C, (c)

Pd70Cu30/C, and (d) Pd50Cu50/C nanomaterials recorded at 20 nm scale.

FIGURE 4 | TEM histograms fitted using the log-normal function of the (a) Pd/C, (b) Pd90Cu10/C, (c) Pd70Cu30/C, and (d) Pd50Cu50/C nanomaterials.
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 2199692x, 2026, 1, D
ow

nloaded from
 https://aces.onlinelibrary.w

iley.com
/doi/10.1002/cnm

a.202500324 by U
niversity O

f Sao Paulo - B
razil, W

iley O
nline L

ibrary on [02/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2.2 | Electrocatalytic Activity toward the ORR

The electrochemical profile of the prepared nanomaterials is
identified by cyclic voltammetry (CV) measurements in N2-
deaerated 0.5 mol L−1 H2SO4 solution. Accurately determining
the open-circuit potential (OCP), where no net current flows
and electroactive species are in equilibrium, is essential indicator
for evaluating key parameters of the electrochemical reactions
expected. As shown in Figure 5a, electrochemical oxidation of
Pd to PdO does not occur during the first cycle of CV starting
from the OCP value, as expected. To activate the electrode surface
and establish reproducible voltammetric behavior between 0.35
V and 1.20 V versus RHE, the Pd/C electrode was subsequently
polarized. This treatment facilitates the reversible interconver-
sion of PdO and PdOH species, leading to the formation of a
PdO monolayer. During the positive scan, the surface oxidation
of electrode starts at about 0.80 V (vs. RHE), as shown in
Figure 5a. This oxidation is assigned to the formation of Pd2+

species, leading to the development of PdO species. The reduc-
tion peak of palladium oxide (PdO) takes place during the back-
ward scan [54]. This peak shifts toward lower potential values
depending on the copper content in the material composition
(Figure 5b), as recently evidenced by some authors [55, 56].
Furthermore, the lower potential limit was set to 0.35 V (vs.
RHE) to prevent the irreversible insertion of hydrogen into
the palladium crystal lattice [54, 55]. It is worth noting that to
avoid overestimation of the electrode`s active SA, it is essential
to limit the potential window during cycling considering electro-
chemical processes. The SA and electrochemical active SA
(EASA) were determined by integrating the reduction peak of
PdO, as described elsewhere [56, 57]. The EASA values for

Pd/C, Pd90Cu10/C, Pd70Cu30/C, and Pd50Cu50/C nanomaterials
were found as 36.0, 35.1, 23.3, and 24.3 m2 gPd

−1, respectively.

Figure 6 wraps up how to demystify the kinetic parameters through
the Koutecký–Levich (K–L) analysis systematically. The ORR
polarization curves of the Pd/C electrode are presented in
Figure 6a. These curves reveal the presence of three distinct cata-
lytic regions [58, 59]: (i) Activation region, herein at E> 0.85 V (vs.
RHE), (ii) the mixed kinetic-diffusion control region from ca. 0.70
V to 0.85 V (vs. RHE), and (iii) the diffusion limiting current region
at E< 0.70 V (vs. RHE). As shown in Figure 6a, the onset potential
of the ORR takes place at about 0.88 V (vs. RHE), followed by the
appearance of a diffusion-limited plateau extending down to 0.30 V
(vs. RHE).With increasing rotational speed, the corresponding lim-
iting currents increase proportionally, indicating enhanced oxygen
diffusion toward the electrode surface. Furthermore, the individual
contributions of the kinetic and the diffusion currents to the overall
measured current were separately evaluated by using K–L equa-
tion, as shown in Equation (1) [60]. The K–L equation relates
the measured current density ( j) to the diffusion-limited current
density of O2 jjdiffL jin the bulk electrolyte, as defined by Levich
in Equation (2), and the apparent kinetic current density of the
ORR jjappk j at the overpotential (η), as expressed in Equation (3).

1
jjj =

1

jjdiffL j +
1

jjappk j (1)

jdiffL = 0.201nF DO2

� �2
3CO2

v−
1
6ω

1
2 (2)

The coefficient 0.201 is used when the angular velocity (ωÞ is
expressed as the rotation rate of electrode in revolutions per min-
ute (rpm). In this context: n is the number of electrons trans-
ferred per reduced oxygen molecule, F is the Faraday constant
(96,485 C mol−1), ðDÞ is the diffusion coefficient of oxygen
(2.01 × 10−5 cm2 s−1), ðCÞ is the bulk concentration of dissolved
oxygen (1.03 × 10−3 mol L−1); v is the kinematic viscosity of the
electrolyte (1.07 × 10−2 cm2 s−1) [8, 61].

1

jappk

=
1
jL

+
1
j0

� θ

θeq

�
exp

jηj
b

� �
(3)

where jL is the diffusion-limiting current density being the key
phenomenon of the O2 mass transport, depending on the cata-
lytic film thickness [62]. j0 (mA cm−2) represents the exchange
current density that is the net current passed at the equilibrium
potential Eeq= 1.185 V (vs. RHE) in 0.5 M H2SO4 electrolyte [63].
θ and θe represent the fractional surface coverage of the electrode
by assuming oxygen adsorption at the applied potential (E) and
the equilibrium potential (Eeq), respectively.

The K–L plots (Figure 6b) were constructed by plotting the inverse
of the measured current density as a function of the inverse square
root of the electrode rotation rate at different potentials. The linear
and parallel behavior of these plots across all potentials indicates
that the ORR follows first-order kinetics. To evaluate the contri-
bution of the limiting current density, the jjappk j values were first
calculated from the intercepts of the K–L plots based on Equations
(1) and (2). Subsequently, plotting 1/ jjappk j as a function of the elec-
trode potential (Figure 6c) enables the determination of the main
limiting current density ( jL), as described in Equation (4).
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FIGURE 5 | Cyclic voltammograms of (a) Pd/C and (b) Pd-Cu/C

nanomaterials recorded at a scan rate of 50 mV s−1 in N2-deareated

0.5 mol L−1 H2SO4 supporting electrolyte.
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1
jL

=
1

jadsL

+
1

jfilmL

(4)

The main limiting currents of the ORR were determined from the
extrapolated K–L plots and summarized in Table 1. Additionally,
the specific kinetic current densities ( jk) were assessed by normal-
izing the kinetic current at 0.80 V versus RHE with either the SA
(in cm2) or EASA (in mg−1Pd) values. Tafel plots for the ORR,
shown in Figure 6d, were constructed using Equation (5), and dis-
play two distinct linear regions. These regions exhibit different Tafel

slopes, which increase gradually as applied potential decreases, con-
sistent with a change in the rate-determining step [64].

η=E−Eeq = − b ln
jL
j0

+ + ln
jappk

jL − jappk

� �� 	
(5)

The Tafel slopes of 62 and 136mV dec−1 are consistent with val-
ues typically reported for the ORR on Pd-based catalysts
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FIGURE 6 | (a) Polarization curves of the Pd/C recorded at different rotation rates with a scan rate of 5 mV s−1 in an O2-saturated 0.5 M H2SO4

electrolyte, (b) related Koutecký–Levich plots determined at different potentials from 0.80 to 0.70 V vs. RHE, (c) Plot of 1/jk as a function of the applied

potential, and (d) related Tafel plots for low over potential and high over potential regions. The total metal loading on the electrode: 51 μg cm−2.

TABLE 1 | Kinetic parameters for oxygen reduction reaction on the prepared electrodes.

Catalyst n
jk,(SA) @ 0.80 V,

mA cm–2
jk,(EASA) @ 0.80 V,

mA mg–1Pd jL, mA cm–2

Pd/C 3.96 0.107 3.84 33

Pd90Cu10/C 3.95 0.132 4.63 30

Pd70Cu30/C 3.91 0.248 5.77 35

Pd50Cu50/C 3.90 0.290 7.03 32
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[16, 21, 65] and likely correspond to Temkin and Langmuir
adsorption isotherms, respectively. Furthermore, the number
of electrons transferred per oxygen molecule was found to be
close to 4, as listed in Table 1, indicating a predominantly
four-electron reduction pathway. The key kinetic parameters,
including the exchange current density (j0) and Tafel slopes,
are summarized in Table 2. The polarization curves and corre-
sponding K–L plots for the Pd-Cu cathodes are depicted in
Figs. S1-S3 in the Supplementary Information.

2.3 | Performance of the Catalysts in a Single H2/
O2 Fuel Cell

The fuel cell measurements of Pd/C and Pd-Cu/C nanomaterials
as cathode catalysts and a commercial Pt/C as anode catalyst
with the same metal loading (0.4 mg cm−2) were carried out
at the temperature of 80°C. Figure 7 compares the polarization
and power density curves of as-prepared catalysts. As shown, the
open circuit voltage (OCV) remains within the range of
0.85 – 0.90 V for all cathode compositions, suggesting a similar
electrochemical reaction across the tests. However, the maxi-
mum power density, which reaches 475mW cm−2 for Pd/C,
decreases to 302mW cm−2 as the Cu content in the Pd-Cu/C
catalyst increases to 50 %. This decline may stem from modifica-
tion of the electronic structure of Pd upon Cu incorporation,
which may reduce the number of active sites and thereby
decrease overall catalytic activity. It is significant to mention that
direct comparison with fuel cell performances reported in the lit-
erature is scarce due to differences in experimental parameters
such as the type of membrane used (Nafion 117 in Ref. [4]), metal
loading [66], and material synthetic method [67]. For a more
insightful comparison, Table 3 summarizes the fuel cell perfor-
mance metrics of Pd/C and binary PdCu/C as well as Pt/C [68]
catalysts tested under comparable operating conditions.

Conversely to the positive electronic effect obtained with some
transitionmetals such as Ag and Ni when alloyed with Pd, copper
does not seem to promote a beneficial effect with a large amount.
This negative effect can be observed on Figure 7b, where increas-
ing the Cu content in the Pd-based cathode results in a decrease
in current density. This phenomenon can be explained by a
mechanism previously proposed by Fouda-Onana et al. [69],
which consists of an associative electrochemical adsorption of
the intermediate OOHads, followed by dissociative recombination
on the Pd-Cu bimetallic surface. Accordingly, the ORR on the Pd-
Cu proceeds via the following rate-determining step:

Pd–Cu OOHð Þads →PdOadsCu OHð Þads (6)

Subsequently, a high Cu content in the Pd-Cu cathode induces
decrease in the number of electrons transferred per oxygen

molecule, which suggests a higher formation of intermediates, such
as hydrogen peroxide. On the other hand, according to d-band the-
ory, this observation is consistent with recent theoretical and
experimental studies, which highlight that tuning d–d orbital
hybridization can effectively modulate the electronic structure of
bimetallic systems and, consequently, govern their catalytic func-
tionality [70, 71]. In particular, in the Pd-Cu bimetallic system,
the d–d orbital hybridization brings about a shift in the d-band cen-
ter of Pd, resulting from electronic interactions with Cu, which has
a lower electronegativity. This shift tends to weaken the adsorption
strength of reaction intermediates, thereby influencing both the
activity and selectivity of catalysts during electrochemical processes.
While Pd alone is highly active for catalytic reactions, it suffers from
strong binding to poisons, which can limit performance. Briefly, in
bimetallic Pd-Cu systems, Pd possesses a filled 4d shell with its

TABLE 2 | Tafel slope and exchange current density for oxygen reduction reaction on the prepared electrodes.

Catalyst b, mV dec–1 j0, A cm–2 b, mV dec–1 j0, A cm–2

Pd/C 62 2.10× 10–8 136 1.58× 10–5

Pd90Cu10/C 60 2.10× 10–9 153 2.79× 10–6

Pd70Cu30/C 61 2.10× 10–9 140 2.18× 10–6

Pd50Cu50/C 57 2.10× 10–9 149 2.89× 10–6
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FIGURE 7 | Electrical performance of a 5 cm2 single H2/O2 SPE fuel

cell operating at 80°C with Nafion-115 membrane: Pt/C (0.4 mg cm−2)/H2

humidified at 95°C//O2 humidified at 85°C/Cathode (0.4 mgPd cm−2).

(a) Pd/C as cathode; (b) PdxCu100−x/C as cathode. All data were per-

formed at atmospheric pressure.
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d-band center located near Fermi level, whereas Cu has filled 3d
configuration. The incorporation of Cu leads to downward shift
in the d-band center of Pd, primarily due to electron donation from
Cu 3d orbitals to the Pd 4d orbitals [72–74]. This electronic modifi-
cation results in weaker adsorption of reaction intermediates on Pd
active sites. Indeed, this modification can be beneficial in reaction
where strong adsorption impedes catalytic performance. This type
of electronic interaction has been widely studied in catalysis such as
hydrogenation [75, 76], CO oxidation [77, 78], and electrochemical
alcohol oxidation [79]. In our study, as shown in Figure 7b, exces-
sive incorporation of Cu may diminish the number of active Pd
sites, thereby negatively affecting the overall catalytic performance.

3 | Conclusion

The development and microstructural characterization of Pd/C
and binary PdCu/C nanomaterials serving as cathode catalysts
have been efforted. In this regard, a surfactant-free microwave-
heated polyol method was employed without the use of an addi-
tional reducing agent. The observed shift in XRD peak positions
for PdCu/C relative to the Pd/C confirms the formation of Pd-Cu
alloys, attributed to the incorporation of Cu atoms into the Pd lat-
tice, thus validating the effectiveness of synthesis protocol. The
RDEmeasurements for the ORR, combined K–L analysis, enabled
accurate determination of kinetic parameters. The ORRwas found
to proceed predominantly via a four-electron transfer pathway.
However, the number of transferred electrons slightly decreased
with increasing the copper content, feasibly due to partial Cu dis-
solution under operating conditions, which may cause a reduction
in catalytic activity. It is observed that maximum performance
reached about 475mW cm−2 with Pd/C as the cathode, while it
slightly reduced by the increase of the Cu content in the Pd-Cu
material composition. Nonetheless, PdCu/C catalysts exhibited
notable ORR activity while reducing noble metal content, which
is essential for integrating low-cost catalysts into long-term opera-
tion. These findings highlight the promising potential of Pd-based
materials as Pt-free cathode catalysts for SPE fuel cell applications
under realistic operating conditions.

4 | Experimental Section

4.1 | Synthesis of the Electrode Nanomaterials

Carbon-supportedpalladium Pd/C and binary Pd90Cu10/C,
Pd70Cu30/C, and Pd50Cu50/C nanomaterials are prepared by

reduction of potassium tetrachloropalladate (II) (Alfa Aesar,
99.99%) and copper (II) chloride (Alfa Aesar, 98%), using one-step
microwave-heated polyol method under continuous N2 flow. The
synthesis of Pd/C process is detailed elsewhere [39], and described
as follows: a required amount of K2PdCl4 (0.18 mmol) is dissolved
in 100mL of ethylene glycol (EG, CH2OH-CH2OH) under con-
stant ultrasonication for 5min. Then, the pH value of the solution
is gently adjusted to 11 by dropping NaOH (2.0mmol) prepared in
the EG under stirring. Afterward, to yield a metal loading of
20 wt.%, the required amount of pre-treated Vulcan XC-72R car-
bon black (80mg) is added under stirring at 1000 rpm for 15min.
The mixture is then placed in the microwave oven (CEM,
Synthesis Technology Inside) and operated at 180°C with a power
output of 800W for 30min. Finally, the resulting suspensions are
filtered on a 0.22 μm GSWP (Fisher-Bioblock paper), rinsed with
500mL of ultrapure water, and dried in an oven at 60°C for 12 h.
To synthesize the binary PdCu/C nanomaterials, the similar pro-
cess is employed by introducing a required amount of CuCl2
beside that of K2PdCl4 in 100mL of EG.

4.2 | Physicochemical Characterization of the
Electrode Materials

The XRD patterns of the prepared materials are measured with a
Rigaku Multiflex diffractometer including a copper tube powered
at 45 kV and 40 mA (Cu,Kα1= 1.54060 Å and Cu,Kα2= 1.54443 Å).
To avoid interference from the kβ component, a nickel filter is
installed in a secondary optic. Each XRD pattern is investigated
from 20 to 90° in step mode, with 0.05° and fixed acquisition time
of 2 min/step. The width of the (111) peak is used to calculate the
crystallite size and lattice parameter of the nanoparticles according
to Scherer’s equation [80] and the Bragg formula [81], respectively.
International Center for Diffraction Data (ICDD), Powder
Diffraction File (PDF) served as the reference database for phase
identification. XPS analysis was performed using a commercial
UNI-SPECS UHV system (Berlin, Germany) under an operating
pressure below 5× 10−7 Pa. The Mg Kα line (hν = 1253.6 eV)
was used as the ionization source, and the analyzer pass energy
was set to 10 eV. The inelastic background of the high-resolution
spectra for Pd 3d, Ag 3d, Cu 2p, Ni 2p, C 1s, and O 1s was sub-
tracted using the Shirley method. Surface composition (at.%)
within the top� 5 nmwas calculated from the relative peak areas,
corrected using Scofield atomic sensitivity factors, with an accu-
racy of ±5%. The binding energies were calibrated by setting
the hydrocarbon C 1s peak to 285.0 eV. Spectral deconvolution
was performed using a Voigt-type function composed of 70%

TABLE 3 | Comparison of PEM fuel cell performance at different operating conditions.

Cathode material
Anode
material Membrane

Open circuit
voltage, mV

MEA-operated
temperature, °C

Power density,
mW cm–2 Ref.

Pd/C 0.4 mg cm−2 Pt/C 0.4 mg cm−2 Nafion-115 860 80 475 Here

Pd90Cu10/C 0.4 mg cm−2 Pt/C 0.4 mg cm−2 Nafion-115 900 80 440 Here

Pd70Cu30/C 0.4 mg cm−2 Pt/C 0.4 mg cm−2 Nafion-115 850 80 330 Here

Pd50Cu50/C 0.4 mg cm−2 Pt/C 0.4 mg cm−2 Nafion-115 860 80 302 Here

PdCu/C 0.14 mg cm−2 Pt/C 0.8 mg cm−2 Nafion-117 900 80 150 [4]

Pd/C 0.4 mg cm−2 Pt/C 0.4 mg cm−2 Nafion-115 800 70 330 [67]

Pt/C 0.4 mg cm−2 Pt/C 0.4 mg cm−2 Nafion-112 900 70 669 [68]
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Gaussian and 30% Lorentzian contributions. The full width at half
maximum (FWHM) ranged from 1.1 to 2.1 eV, and peak positions
were determined with a precision of ±0.1 eV. The morphological
observation of the as-prepared nanoparticles is characterized by
HRTEM. The measurements are carried out using a JEOL
JEM-2100 electron microscope operated at 200 kV accelerating
voltage. The samples are prepared from specific amount of catalyst
powder stirred in ethanol and then a few drops were dripped onto
C-coated Cu grids, then the solvent is evaporated at room temper-
ature. Nanoparticle size distribution and mean particle size are
evaluated with ImageJ software.

4.3 | Electrochemical Measurements

The electrochemical measurements are conducted by using a ther-
mostatic three-electrode electrochemical cell with a rotating disk
electrode (RDE, Radiometer Analytical BM-EDI101) equipped
with a bipotentiostat Autolab NOVA (PGSTAT302N). Prior to
measurement, an open-circuit potential (OCP) test was performed
on the as-prepared Pd/C electrode in a continuously N2-deaerated
0.5 mol L−1 H2SO4 solution. The measured OCP value was then
used as the initial potential for subsequent voltammetry experi-
ments. A glassy carbon disk (0.196 cm2 geometric SA) and a glassy
carbon slab (5 cm2 geometric SA) are served as working electrode
(WE) and counter electrode (CE), respectively. An electrochemi-
cally prepared reversible hydrogen electrode (RHE) was used as
the reference electrode (RE), connected to the electrochemical cell
through a Luggin–Haber capillary to minimize potential drop
between the reference and WE. Prior to electrochemical measure-
ments, the glassy carbon electrode was polished by using Al2O3

slurry on a synthetic cloth, then rinsed with ultra-pure water
and maintained under ultrasonication for 2min in ethanol.

To prepare the catalytic ink, 490 μL of isopropanol (Sigma Aldrich,
99.5%) and 10 μL Nafion suspension (5wt.% from Sigma–Aldrich)
were ultrasonically mixed for 2min. Then after a certain amount of
catalyst powder (Pd/C, PdCu/C) was added into solvent mixture,
yielding a density of 10 μg μL−1 homogeneous suspension.
Afterwards, a required amount of catalytic ink was gently deposited
onto freshly polished WE, yielding a metal loading of 51.0 μg cm−2.
The solvent was then evaporated in a stream of ultra-pure N2 at
room temperature for 5min. All RDE measurements were carried
out in an aqueous solution containing 0.5mol L−1 H2SO4 (96% from
Merck) as supporting electrolyte. Before each CVmeasurement, the
electrolyte was deoxygenated by bubbling nitrogen for 15min. The
EASAwas evaluated by integrating the reduction peak of palladium
oxide (PdO), which has a charge density of 424 μC cm−2 (Qmonolayer)
[56]. The ORR polarization curves were measured using linear scan
voltammetry (LSV) with a scan rate of 5mV s−1 and recorded at
different rotation rates (200, 400, 625, 900, 1225, 1600, 2025, and
2500 rpm) in O2-saturated supporting electrolyte. To avoid the risk
of chemical and physical contamination, all glassware is meticu-
lously cleaned using concentrated potassium permanganate and
piranha solution prior to electrochemical measurements, following
procedures described elsewhere [56].

4.4 | PEM Fuel Cell Measurements

For the both catalyst layers are assembled with the total metal
loadings of 0.4mg cm−2 for anode (Pt/C 20 wt.%, E-TEK) and

cathode (Pd/C or Pd-Cu/C prepared by microwave-heated polyol
method). To prepare the catalytic ink, the required amount of cat-
alyst powder (10mg) is mixed with the Nafion solution (128 μL)
and isopropanol (2mL), and maintained by ultrasonication for
20min. In all cases, 35 wt.% of Nafion ionomer was incorporated
to the catalyst layer by using a Nafion solution (5 wt.% in isopro-
panol, DuPont). In all cases, 35 wt. % of Nafion (5 wt.% solution in
a mixture of alcohols, DuPont) is applied to the catalyst layer. The
gas diffusion layer (GDL) consisted of carbon powder (Vulcan XC-
72R, Cabot) with 15 (w/w) polytetrafluoroethylene (PTFE, TE-
306A, DuPont) deposited onto a carbon cloth substrate (ETEK).
The precursor catalytic layer ink is applied directly onto GDL
to form the resulting gas diffusion electrodes (GDE). It is critical
to handle a pretreatment of Nafion membrane that provides
enhanced proton conductivity, ensures proper hydration, reducies
interfacial resistance, and removes impurities to achieve optimal
stack performance. Thus, Nafion membranes (115, 127 μm,
DuPont) are treated in hydrogen peroxide solution (3% v/v) at
80°C for 1 hr followed by rinsing with ultrapure water at same
conditions to remove organic traces. Subsequently, the mem-
branes are treated with sulfuric acid solution (0.5 mol.L−1) at
80°C for 1 hr to provide Nafion-H+-form membranes The
MEAs are fabricated by hot pressing the anode and the cathode
to the pretreated Nafion 115-based membranes at 125°C and
1000 kgf cm−2 for 2min. Fuel cell polarization measurements
are carried out galvanostatically with a 5 cm2 single cell
(Electrocell, Brazil) with serpentine flow pattern. Fuel cells are
fed with hydrogen (99.999%) and oxygen (99.998%) at the flow
rates of 440mL min−1 and 380mL min−1, respectively. The gases
are saturated with water by using gas humidifiers set to 95°C for
H2 and 85°C for O2. Herein, the fuel cell test protocol used employs
H2 and O2 humidification temperatures set at 15°C and 5 °C above
the cell temperature, respectively, in order to minimize water
management effects on the polarization response and ensure an
optimized performance. The polarization curves are recorded at
a cell temperature of 80°C under atmospheric pressure. To this
end, a standard procedure is considered [82]. Prior to the acquisi-
tion of polarization curves, the system is held at 0.7 V for 2 hr to
reach steady-state condition. Polarization curves are then recorded
by applying current values ranging from 0.01 to 12 A, with step
increments between 0.01 and 0.5 A. Each current step is held
for 10 s in an ascending scan. Fuel cell tests were conducted by
acquiring successive polarization curves until the last two over-
lapped, indicating system stabilization. The final polarization
curve is used for graphical representation, with reproducibility
assessed by testing at least two identical MEAs until reproducible
results are obtained.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: (a) Typical polarization curves
recorded at different rotation rates and scan rate of 5 mV s-1 in an
O2-saturated 0.5 M H2SO4 electrolyte for Pd90Cu10/C electrocatalyst,
(b) related Koutecký-Levich plots determined at different potentials from
0.80 to 0.70 V vs. RHE, (c) Plot of 1/jk as a function of the applied poten-
tial and (d) related Tafel plots for low over potential and high over poten-
tial regions. The total metal loading on the electrode: 51 μg cm−2.
Supporting Fig. S2: (a) Typical polarization curves recorded at different
rotation rates and scan rate of 5 mV s-1 in an O2-saturated 0.5 M H2SO4

electrolyte for Pd70Cu30/C electrocatalyst, (b) related Koutecký-Levich
plots determined at different potentials from 0.80 to 0.70 V vs. RHE,
(c) Plot of 1/jk as a function of the applied potential and (d) related
Tafel plots for low over potential and high over potential regions. The
total metal loading on the electrode: 51 μg cm−2. Supporting Fig. S3:
(a) Typical polarization curves recorded at different rotation rates and
scan rate of 5 mV s-1 in an O2-saturated 0.5 M H2SO4 electrolyte for
Pd50Cu50/C electrocatalyst, (b) related Koutecký-Levich plots determined
at different potentials from 0.80 to 0.70 V vs. RHE, (c) Plot of 1/jk as a
function of the applied potential and (d) related Tafel plots for low over
potential and high over potential regions. The total metal loading on the
electrode: 51 μg cm−2.
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