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The rational design of highly efficient hydrogen oxidation reaction (HOR) catalysts is crucial for the development
of new-generation alkaline exchange membrane fuel cell (AEMFC)-based renewable technologies. Lattice strain
engineering is proving to be an effective approach for modifying the electronic properties of electrocatalysts.
Herein, we introduce ligand assembly pyrolysis techniques aimed at increasing lattice spacing by doping low-
valent 3d transition metals, specifically by embedding nickel-doped palladium nanoparticles on hollow meso-
porous carbon spheres (Ni-doped Pd/C). Experimental findings indicate that the incorporation of Ni significantly
alters the electronic structure and lattice strain of the Pd active sites, enhancing the electronic interaction be-
tween Ni and Pd, which in turn improves the adsorption and desorption processes of intermediates. The resulting
Ni-doped Pd/C catalyst showcases considerable exchange current density and mass activity of 3.10 mA cm ™2 and
2.85 mA ugp}, respectively, exceeding those of Pd/C (0.99 mA cm™2 and 0.10 mA ugp)) and commercial Pt/C
(2.38 mA cm ™2 and 0.23 mA ugpd). Surprisingly, Ni-doped Pd/C catalyst exhibits strong anti-CO toxic capacity, a
feature absenting in commercial Pt/C, suggesting a promising outlook for the broader implementation of

AEMFCs in renewable energy technologies.

1. Introduction

As energy demand rises, renewable energy technologies are gaining
traction, especially given the severe environmental pollution issues
stemming from prolonged reliance on fossil fuels [1]. Harnessing
hydrogen technology has garnered significant interest due to its poten-
tial to mitigate environmental pollution and address the energy crisis [2,
3]. Alkaline exchange membrane fuel cells (AEMFCs) renewable energy
technology are emerging as promising alternatives to the conventional
proton exchange membrane fuel cell (PEMFC) [4,5]. This shift is pri-
marily due to the rapid advancement of non-precious metal electro-
catalysts for the oxygen reduction reaction and a broader selection of
cell components, highlighting a critical and promising aspect of
hydrogen energy utilization [6,7]. However, the anodic hydrogen
oxidation reaction (HOR) heavily relies on platinum group metals
(PGMs), which are prohibitively expensive and scarce, significantly
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hindering the practical application of AEMFCs [8]. Moreover, even for
Pt/C, the kinetics of anodic HOR are considerably slower in alkaline
electrolytes than in acidic electrolytes, necessitating a significantly
higher platinum loading in AEMFC systems [9]. Therefore, developing a
cost-effective and efficient electrocatalyst with excellent intrinsic HOR
activity in alkaline media is crucial [10,11].

The anodic HOR in AEMFCs involves the oxidation of hydrogen to
water, which is controlled by the Tafel-Volmer or Heyrovsky-Volmer
mechanism. Adsorbed hydrogen (H,q) is a dominating reaction inter-
mediate, rendering hydrogen binding energy (HBE) widely accepted as a
descriptive indicator for assessing the HOR properties [12,13]. Never-
theless, as the pH increases, proton donors transition from HzO" to HyO
and hydroxyl species in an alkaline medium, making the Volmer step
(Hag + OHyq — H0 + 2% sites) the potential-determining step (PDS).
Enhanced hydroxyl binding energy (OHBE) can accelerate alkaline HOR
kinetics [14]. Consequently, a bifunctional mechanism was generated in
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an effort to harmonize the optimal HBE and OHBE, which guided the
composition of ideal alkaline HOR electrocatalysts such as Vp-Pd3sP@C
[15], Pbjy o4-RugoCug NFs [16], and compressive strain-PtIrNi ZNWs
[171, among others.

Palladium (Pd) belongs to the same group as platinum (Pt) and has a
hydrogen binding strength similar to that of Pt. whereas Pd offers a
higher abundance, excellent stability, and greater resistance to CO
poisoning, making it a potential alternative to Pt-based HOR catalysts
[18,19]. Nevertheless, the strong interaction between Pd and H atoms
reduces the H adsorption/desorption efficiency, thereby slowing down
the overall HOR kinetics [20]. Previous studies have shown that bime-
tallic nanocatalysts can generate unique strain effects on the
surface/near-surface, altering the distance between surface atoms and
thus changing the surface electronic structure, which in turn enhances
the catalytic activity [21]. Copper and nickel are ideal partners for
Pd-based catalysts due to their active electronic effects, high availabil-
ity, and good corrosion resistance [22,23]. It has been confirmed that
introducing low-valent 3d transition metals (e.g., Ni and Cu) can alter
the electronic structure of Pd atom, weakening the affinity for toxic
intermediates, which is favorable to increasing the electrocatalytic ac-
tivity [24]. For example, Qiu et al. synthesized a BCC-phase PdCu alloy
via a wet-chemistry method, demonstrating excellent electrocatalytic
performance [25]. Additionally, pioneering open nanostructures char-
acterized by fast charge diffusion, ample active sites, and high material
stability are instrumental in augmenting the electrocatalytic properties
of materials [26,27].

In this study, we developed an effective HOR catalyst by anchoring
Ni-doped Pd nanoparticles onto hollow porous carbon spheres (denoted
as Ni-doped Pd/C) via ligand assembly-pyrolysis strategies. Experi-
mental results revealed that the doping of Ni can modulate the electronic
structure and expand the lattice of Pd nanoparticles. Specifically, Ni
doping induced strong Ni-Pd electronic interactions, optimized the
adsorption of hydrogen and hydroxyl species, and promoted the Volmer
step. Furthermore, Ni doping brought the valence band of the Ni-doped
Pd/C catalysts closer to the Fermi level, enhancing electrical conduc-
tivity. These characteristics endowed the Ni-doped Pd/C with
outstanding HOR performance, higher exchange current density, and
strong anti-CO poisoning capacity.

2. Experimental section
2.1. Chemicals

All chemicals and reagents were utilized as purchased without any
further purification. These included Tetraethyl silicate (TEOS),
ammonia solution (NH40H), 3-Hydroxytyramine hydrochloride
(CgH11NO2-HCI, AR, 98 %), potassium tetrachloropalladate (KoPdCly,
AR, 98 %), nickel chloride hexahydrate (NiCly-6H50, AR, 99 %), Po-
tassium bromide (KBr, AR, 99 %), ascorbic acid (C¢HgOg, AR, 99 %),
polyvinylpyrrolidone ((CsHoNO),, AR), commercial Pt/C (20 wt% Pt),
Nafion solution (5 wt%), and potassium hydroxide (KOH, AR, >90 %).
The deionized water (18.25 MQ crnfl) from a water purification system
(Ulupure) was used throughout the whole experiment.

2.2. Fabrication of hollow carbon spheres (CS)

The hollow CS was produced based on our previously reported work
with slightly modification [28].

2.3. Fabrication of Ni-doped Pd/C and Pd/C hollow heterostructure

Generally, a certain amount of CS was dispersed in 50 ml of deion-
ized water. Subsequently, 105 mg of ascorbic acid, 60 mg of poly-
vinylpyrrolidone and 300 mg of KBr were introduced with sonication for
30 min. The above solution was reacted with 20 mg of KoPdCl4 and 50
mg of NiCly-6H20 at 80 °C with stirring for 6 h. The product was
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collected by centrifugation, washed with water and ethanol several
times, and dried at 60 °C. Afterward, the precursor was placed in a tube
furnace, and heated up to 450 °C for 2 h with a heating rate of 5 °C min ™"
in Ny atmosphere to yield Ni-doped Pd/C. A specific Pd content of 7.3 wt
% was confirmed by inductively coupled plasma (ICP-AES) measure-
ments. For comparison, we obtained other sample marked Pd/C with the
same approach.

3. Results and discussion
3.1. Synthesis and characterization

As illustrated in Fig. 1a, lattice-expanded Ni-doped Pd/C catalysts
were successfully synthesized using a ligand assembly-pyrolysis strat-
egy. The introduction of polyvinylpyrrolidone (PVP) and potassium
bromide (KBr) facilitated the formation of favorable PdCl4.XBr§’ com-
plexes with PACIZ~, contributing to the anchoring and size regulation of
nickel-doped Pd/C nanoparticles [29]. Subsequently, the palladium and
nickel precursors were reductively anchored on CS support through a
reductive process, and annealed at elevated temperatures to enhance the
structural integrity of Ni-doped Pd nanoparticles. The affluent specific
surface area of CS enabled fine dispersion of Ni-doped Pd/C and full
exposure of active sites [30]. The X-ray diffraction (XRD) patterns of the
Ni-doped Pd/C and Pd/C catalysts were displayed in Fig. 1b. The
diffraction peaks of Ni-doped Pd/C and Pd/C were consistent with the
cubic phase Pd (JCPDS: 87-0643). Intriguingly, the addition of Ni
caused a blue shift in the diffraction angle of Ni-doped Pd/C, while no
new diffraction peaks appeared. This suggests that the Ni content is
relatively low and that Ni was incorporated within the lattice structure
of Pd nanoparticles [31]. The Rietveld refinement data (Fig. S1)
confirmed the cubic structure of the Ni-doped Pd/C powder, identifying
Ni-doped Pd/C with the space group Pm-3m and lattice parameters a = b
=c=3.908 A (Rp = 5.49 %, Rwp = 7.15 %). Additionally, the crystallite
size of the Ni-doped Pd/C was determined by the Scherrer equation, as
shown in Table S1. The D- and G-band intensity ratio (Ip/Ig) of Ni-doped
Pd/C (1.55) was higher than that of pure Pd/C (1.42) and Ni/C (1.33), as
shown in Fig. 1c. The peaks in the D- and G-bands of the different cat-
alysts were shifted, which could be related to the significant electronic
interactions between Pd and Ni [32]. This higher ratio indicated that the
Ni-doped Pd/C catalyst had more edge defects, facilitating faster charge
transfer [30]. The Brunauer-Emmett-Teller (BET) adsorption-desorption
isotherm analysis revealed that the specific surface area of Ni-doped
Pd/C hollow sphere was measured to be 292.8 m? g~1. The pore size
distribution of Ni-doped Pd/C primarily exhibited a mesoporous struc-
ture, with an average pore diameter of approximately 20.14 nm
(Fig. 1d). The large specific surface area and mesoporous nature of
Ni-doped Pd/C promoted the adsorption of H, molecule and the trans-
port of electrons/mass at the catalytic interface, thus exhibiting catalytic
activity [33,34].

The microstructure of the catalysts was illustrated by scanning
electron microscopy (SEM). As displayed in Fig. S2a, SiOo@DA exhibi-
ted a dispersed spherical morphology with a smooth surface. After high-
temperature annealing and strong alkali etching, numerous well-aligned
cracks appeared on the CS, as depicted in Fig. S2b. TEM analysis verified
the hollow structural features (Fig. S3), revealing that the shell thickness
of pure CS was approximately 8.6 nm. Especially, the morphology was
kindly inherited after modifying Pd and Ni onto CS (Fig. 2a). The uni-
formly distributed cracks in the hollow CS offered abundant specific
surface area, which facilitated the dispersion of Pd and Ni, thereby
exposing more active sites. The internal structure of Ni-doped Pd/C was
further observed utilizing transmission electron microscopy (TEM). As
seen in Fig. 2b and the inset, the Ni-doped Pd/C particles were uniformly
distributed throughout the hollow structure with small average particle
size of 4.45 nm. Upon adding Ni and Pd, the shell thickness increased to
10.8 nm, suggesting that the Ni and Pd metals contributed an additional
2.2 nm layer within the carbon shell. In comparison, the particles of the
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Fig. 1. (a) Schematic illustration of Ni-doped Pd/C catalyst preparation. (b) XRD patterns of Ni-doped Pd/C and Pd/C. (c) Raman spectra of Ni/C, Pd/C and Ni-doped
Pd/C. (d) N, adsorption-desorption isotherms with the corresponding pore size distribution (inset) of Ni-doped Pd/C.

Pd + Ni

Fig. 2. (a) SEM image of Ni-doped Pd/C. TEM images of (b) Ni-doped Pd/C and (c) Pd/C with corresponding particle size distribution (inset). High-resolution TEM
image of (d) Ni-doped Pd/C and (e) Pd/C catalyst. (f) Elemental mappings of Ni-doped Pd/C catalyst.

single-component Pd/C tended to agglomerate on the support, resulting poor electrochemical performance. This result suggested that Ni doping
in a significantly larger nano-size of surface particles of 6.19 nm can effectively regulate the particle size growth of Pd in CS. Further-
(Fig. 2¢), which in turn covered many active sites and contributed to more, the Pd metal dispersions of the Pd/C and Ni-doped Pd/C catalysts
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were 1.49 % and 2.66 %, respectively, as determined by H: pulse
adsorption experiments, aligning with the TEM results. The higher
palladium dispersion in the Ni-doped Pd/C catalyst facilitated greater
exposure of active sites, thereby enhancing catalytic activity, consistent
with literature reports [35]. Moreover, high-resolution TEM (HRTEM)
images (Fig. 2d and S4a) revealed a lattice fringe of 0.227 nm on the
Ni-doped Pd/C surface, corresponding to the (111) plane of Pd.
Compared with Pd/C (Figs. 2e and S4b), there was a certain increase in
the crystallite spacing of Ni-doped Pd/C, verifying that Ni atoms suc-
cessfully doped into Pd lattice, in agreement with the XRD results. The
lattice expansion effect of the Ni-doped Pd/C catalyst caused faster
interfacial electron transfer kinetics, benefiting the improved catalytic
performance [36]. As depicted in Fig. 2f, the high-angle annular
dark-field scanning TEM (HAADF-STEM)-energy dispersive X-ray map-
ping confirmed the coexistence of C, Pd, and Ni elements throughout the
hollow spherical structure.

X-ray photoelectron spectroscopy (XPS) was employed to investigate
the chemical state at the surface of the as-prepared samples. As illus-
trated in Fig. S5, the XPS survey spectrum of Ni-doped Pd/C further
affirmed the existence of C, Ni and Pd elements. The deconvolution XPS
spectrum of the C 1s regions (Fig. S6) showed peaks of C-C (284.8 eV), C-
0 (286.0 eV), and C=0 (288.9 eV), which were utilized as calibration
standards [37]. As depicted in Fig. S7, the Ni content was very low, and
there were no significant absorption peaks in the high-resolution XPS,
consistent with the XRD analysis. In Fig. 3a, the deconvolution peaks at
335.6 and 340.8 eV belonged to 3ds,» and 3dz» of metallic Pd,
respectively [38]. Whilst the peaks at about 336.5 and 341.7 eV were
3ds/2 and 3ds/z of the metal-oxidizing PdO resulting from unavoidable
air exposure [39]. Notably, the binding energy of the Pd species in
Ni-doped Pd/C was lower than pure Pd/C, indicating electronic inter-
action between Pd and Ni [15]. Ultraviolet photoelectron spectroscopy
(UPS) was used to measure the work function (WF) and revealed the
surface electronic properties of the catalysts (Fig. 3b). The valence band
maximum of Pd/C, Ni/C and Ni-doped Pd/C were discovered to be 3.31,
4.12 and 3.18 eV, respectively (Fig. 3c). Since the valence electrons near
the Fermi level contributed most of the d states [40]. It was evident that
Ni-doped Pd/C was closer to the Fermi level than Pd/C and Ni/C, sug-
gesting better electrical conductivity [41,42]. Furthermore, the WFs for
the Pd/C, Ni/C and Ni-doped Pd/C catalysts were 3.37, 3.56 and 3.77
eV, respectively (Fig. 3d). A higher work function meant that electrons
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were less likely to escape, which indicated that the Ni/C was more likely
to accept electrons. The difference in WFs revealed that the electrons
transferred from higher to lower energy levels at multiphase interfaces
caused charge redistribution (Fig. 3e) [43].

3.2. Alkaline electrochemical properties

The HOR electrocatalytic performance of as-prepared catalysts was
examined employing the rotating disk electrode (RDE) technique in Hj-
saturated 0.1 M KOH electrolyte, with all electrochemical data being iR-
corrected. First, we investigated the influence of different preparation
conditions on the catalytic performance of Ni-doped Pd/C. The optimum
reaction temperature was determined to be 400 °C (Fig. S8). Concerning
the effect of Pd content, we observed a marked volcano-like trend in the
catalytic performance, peaking at 7.3 wt% Pd content (Fig. S9 and
Table S2). Suboptimal performance below this level indicated insuffi-
cient active sites, while excessive Pd species led to aggregate that
covered the active sites. The optimal Pd content probably helped ho-
mogeneous distribution of Ni-doped Pd nanoparticles, maximizing
active site exposure. This finding was in line with previous reports [44].
Subsequently, the electrocatalytic behaviors of the synthesized Pd/C,
Ni/C, Ni-doped Pd/C and Pt/C were investigated comparatively under
identical conditions. The HOR polarization curve of Ni-doped Pd/C
(Fig. 4a) demonstrated that the anodic current augmented with
increasing potential, even surpassing that of the commercial Pt/C. While
the current response of Ni/C was negligible, meaning that the synergistic
effect between Ni and Pd obviously accelerated the HOR process. For
comparison experiments, the HOR polarization curves of Ni-doped Pd/C
in No-saturated electrolyte showed pimping anodic currents, proving
that the anodic currents originated from Hj oxidation (Fig. S10) [45].
Fig. 4b depicted the HOR polarization curves of Ni-doped Pd/C at
various rotational speeds to obtain relevant kinetic parameters. The
plateau current density increased with rising rotational speed, indi-
cating an Hy mass-transport controlled process. The Koutecky-Levich
plot, constructed at an overpotential of 50 mV, showcased a linear
relationship between j ! and o~ '/2 with a slope of 4.15 cm? mA~! s~1/2
(theoretical value of 4.87 cm? mA~! s1/2), confirming a two-electron
HOR process (inset in Fig. 4b) [46].

The kinetic current density (ji) of the Ni-doped Pd/C catalyst was
further appraised by Koutecky-Levich equation. As appeared in Fig. 4c
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Fig. 3. (a) High-resolution XPS spectra of Pd 3d. (b—c) UPS spectra of Pd/C, Ni/C and Ni-doped Pd/C and (d) corresponding work functions. (e) Schematic diagram of

the built-in electric field and charge redistribution.
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Fig. 4. (a) HOR polarization curves of catalysts in Hp-saturated 0.1 M KOH at the rotating speed of 1600 rpm. (b) Polarization curves of Ni-doped Pd/C at different
rotation speeds. (c) Tafel plots. (d) Linear fitting curves in micropolarization region. () Summarization of ji and j, of studied electrocatalysts. (f) HOR polarization
curves of Ni-doped Pd/C and Pt/C at a rotating speed of 1600 rpm before and after 1000 CVs. (g) Accelerated durability test and chronoamperometric at 50 mV
response of catalysts. (h) Compared the MA with recently reported alkaline HOR electrocatalysts.

and e, the ji of Ni-doped Pd/C catalyst reached 63.6 mA cm ™2 at 50 mV
vs. RHE, being 15.4 and 9.0 times better than those of Pd/C (4.14 mA
cm’z), and commercial Pt/C (7.14 mA cm’z), respectively. The higher
kinetic current density of Ni-doped Pd/C illustrated that the lattice
strain effect in Ni-doped Pd/C nanoparticles facilitated the reaction in-
termediates adsorption on the catalyst surface. Additionally, the larger
lattice strain likely shifted d band closer to the Fermi level, facilitating
Hy adsorption and HoO desorption [47]. The exchange current density
(jo) was calculated using the simplified Butler-Volmer formula by
extracting linear fit data in micropolarisations region (Fig. 4d). As pre-
dicted, the jo of Ni-doped Pd/C (3.10 mA cm™~2) was higher than those of
Pd/C (0.99 mA cm2) and Pt/C (2.38 mA cm’z), indicating a significant
intrinsic activity of Ni-doped Pd/C (Table S4) [48]. Additionally,
long-term stability was another critical factor for practical applications.
Fig. 4f displayed the polarization curves of Ni-doped Pd/C before and
after the accelerated durability test (ADT), and the two polarization
curves matched up perfectly. Additionally, the stability of Ni-doped
Pd/C for catalyzing the HOR was evaluated by chronoamperometry (j
~ t) at 50 mV. It maintained HOR reactivity without noticeable degra-
dation throughout the test (Fig. 4g), confirming its exceptional
long-term stability. In contrast, Pt/C and Pd/C catalysts exhibited a
significant decline over time. After the ADT, Ni-doped Pd/C powder was
recovered and characterized by SEM and XPS. As displayed in Fig. S12,
SEM image proved the stability of the Ni-doped Pd/C morphostructure.
XPS survey spectra observed that Ni-doped Pd/C retains C, Ni and Pd
elements (Fig. S13). Meanwhile, the chemical state of Pd 3d XPS spectra
was almost unchanged compared to before the reaction, confirming the

catalyst stability further (Fig. S14). Furthermore, the Raman intensity
ratio (Ip/Ig) before and after long-term stabilization of the Ni-doped
Pd/C was almost unchanged compared to Pt/C as revealed in Fig. S15,
suggesting that the structure of the CS carrier was highly stable. The
mass activity (MA) of Ni-doped Pd/C was calculated to be 2.85 mA ugp}
at 50 mV. Moreover, we have compared the mass activity and stability of
Ni-doped Pd/C with recently reported Pd/Ni-based and other catalysts,
further emphasizing the performance advantages of Ni-doped Pd/C and
its potential for device application (Fig. 4h and Table S5).

Both hydrogen binding energy (HBE) and hydroxyl binding energy
(OHBE) were considered as active descriptors in alkaline HOR process
[14].To gain deeper insights into the catalytic process, we carefully
examined the electrochemical desorption curves associated with
hydrogen underpotential deposition (Hypp) and the CO stripping pro-
files of Ni-doped Pd/C and Pd/C samples. This was a compelling elec-
trochemical technique for exploring the adsorption behavior of Hyq and
OH,q on platinum group metal-based catalysts [28]. Generally, the
hydrogen underpotential deposition peak (Hypq) on the cyclic voltam-
metry (CV) curve was directly linked to the HBE. The decrease in peak
potentials in the Hypq region was reflected in attenuated HBE, which was
more favorable to the HOR process [43]. As presented in Fig. 5a, the
Hypd peak potential of Ni-doped Pd/C (0.091 V) was more negative than
that of Pd/C (0.114 V), implying the weaker hydrogen adsorption on Pd
site. Since palladium interfered with the hydrogen adsorption/de-
sorption potential region and the anodic current for CO oxidation can
only be induced by the reactive OH,q, we performed CO stripping
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saturated 0.1 M KOH containing 1000 ppm CO. (e) Diagram of HOR catalysis on the Ni-doped Pd/C.

voltammetry to measure the electrochemically active surface area
values and to monitor the OH adsorption capacity. As depicted in
Figs. 5b and S11, the ECSA value of Ni-doped Pd/C was evaluated to be
66.2 m? g1, which was higher than those of Pd/C (39.5 m? g~!) and
commercial Pt/C (36.4 m? g~1). The larger the ECSA was, the more
catalytic reaction sites would be available, to facilitate ample contact
between the reactants and the active sites [49]. Simultaneously, the
CO-stripping peak of Ni-doped Pd/C appeared at 0.911 V, which was
negatively shifted compared to Pd/C (0.926 V), meaning an enhanced
OH adsorption by Ni doping [5]. After incorporating Ni into the Pd
lattice, Ni-doped Pd/C exhibited stronger OHBE and better HOR per-
formance than Pd/C, highlighting the favorable effect of Ni species. This
enhancement was mainly attributed to the relatively pro-oxidative na-
ture of Ni, which favored the trapping of hydroxyl species [50]. The zeta
potential test illustrated in Fig. 5c revealed that Ni-doped Pd/C (—11.3
mV) possessed a lower potential than pristine Pd/C (—8.6 mV), further
justifying that Ni doping strengthened the OH adsorption of the catalyst
[51]. The CO-stripping curves and zeta potential results interpreted that
proper OHBE of Ni-doped Pd/C modulated the alkaline HOR process,
prevented active site poisoning, and lifted the CO tolerance [52]. As
anticipated, Ni-doped Pd/C maintained an extremely high HOR activity
without a significant decrease in Hs-saturated (containing 1000 ppm
CO) 0.1 M KOH electrolyte, whereas the activity of commercial Pt/C
decreased sharply (Fig. 5d). This confirmed that enhanced OH adsorp-
tion can effectively oxidized CO, ameliorating the catalyst’s anti-CO
poisoning ability [53]. Therefore, the moderate HBE and OHBE on the
Ni-doped Pd/C electrocatalysts surface achieved an optimal balance
between H,q and OH,g, resulting in conspicuous HOR performance
(Fig. 5e).

Taken together, the charming electrocatalytic performance of Ni-
doped Pd/C emanated from several common factors. Firstly, the
unique attributes of the hollow CS support provided ample space for the
homogeneous anchoring of the Ni-doped Pd nanoparticles, which
effectively restrained the particle agglomeration while enabling more
reactive active sites to interact with the reactants. Secondly, the pro-
nounced lattice strain effect of Ni-doped Pd/C expedited the interfacial
electron transfer kinetics. This not only facilitated the adsorption and

desorption of intermediates but also bolstered the overall catalytic ef-
ficiency. Lastly, the incorporation of Ni into the Pd lattice triggered an
electron redistribution, optimizing the valence band and elevating work
function, thereby enhancing electrical conductivity. It also fine-tuned
the absorption of hydrogen/hydroxyl intermediates and accelerating
the Volmer step.

4. Conclusion

In summary, we successfully prepared Ni-doped Pd nanoparticles
(Ni-doped Pd/C) on hollow mesoporous carbon spheres using ligand
assembly-pyrolysis strategies. The Ni doping optimized the bonding
strength between the catalyst and HOR reaction intermediates and
shifted the HOR activity towards the apex of the volcano curve. Spe-
cifically, the HOR mass activity and exchange current density of the Ni-
doped Pd/C catalysts were significantly better than those of pure Pd/C
and commercial Pt/C. Commendably, the Ni-doped Pd/C catalysts could
continuously catalyze Hy oxidation without evident degradation during
12 h testing and exhibit high resistance to CO poisoning, suggesting a
promising commercial application. The experimental results showcased
that the Ni doping can effectively regulate the electronic structure of Pd
active center, which not only induced strong electronic interactions
between Ni and Pd, but also optimized the work function and valence
band values, which was favorable to speeding up the charge transfer and
amplifying the electrical conductivity. This study confirmed the key role
of heteroatom doping in optimizing the electrocatalytic activity and
provides an ideal strategy for developing alkaline exchange membrane
fuel cells (AEMFCs) renewable energy technologies.
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