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The sluggish reaction kinetics of the oxygen evolution reaction (OER) and methanol oxidation reaction
(MOR) remain obstacles to the commercial promotion of water splitting and direct methanol fuel cells.
Considering the vital role of noble metals in electrocatalytic activity, this work focuses on the rational
synthesis of Ni-noble metal composite nanocatalysts for overcoming the drawbacks of high cost and sus-
ceptible oxidized surfaces of noble metals. The inherent catalytic activity is improved by the altered elec-
tronic structure and effective active sites of the catalyst induced by the size effect of noble metal clusters.
In particular, a series of Ni-noble metal nanocomposites are successfully synthesized by partially intro-
ducing noble metal into Ni with porous interfacial defects derived from Ni-Al layered double hydroxide
(LDH). The NijgPd; nanocomposite exhibits high OER catalytic activity with an overpotential of 0.279V at
10mA/cm?, surpassing NijgAg; and NipAu; counterparts. Furthermore, the average diameter of Pd clus-
ters gradually increases from 5.57 nm to 44.44nm with the increased proportion of doped Pd, leading to
the passivation of catalytic activity due to the exacerbated surface oxidation of Pd in the form of Pd?*.
After optimization, NijgPd; delivers significantly enhanced OER and MOR electroactivities and long-term
stability compared to that of Ni,Pd;, Ni;Pd; and Ni;Pd,, which is conducive to the effective utilization of

Pd and alleviation of surface oxidation.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Owing to the rapid consumption of conventional fossil fuels
and global environmental pollution, the exploration of sustainable
clean energy with low-cost is stimulated [1,2]. Water splitting
has emerged as an efficient method for hydrogen generation
[3-6], however, is generally limited by the sluggish kinetics of
four-electron transfer OER for oxygen-oxygen double bonds [7-
9]. Besides hydrogen energy, direct methanol fuel cells (DMFC),
another appealing energy conversion technology due to the high
energy density and reproducibility of methanol, is also seriously
impeded by the sluggish MOR at anodic electrocatalysts [10-12].
Generally, electrocatalysts, the core assembly unit, play a crucial
role in directly determining the catalytic performance of both OER
and MOR. It is urgent to overcome the kinetic barrier by designing
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and synthesizing electrocatalysts for OER and MOR with high
electroactivity and long-term stability.

Previous reports have revealed that noble metal-based compos-
ites (such as Ru, Ir, Pt and Pd) exhibited outstanding electroac-
tivity due to their superior kinetics [13,14]. However, their large-
scale and practical application is restricted by the high cost and
relative scarcity of the noble metals [15-19]. Substantial efforts
have been devoted to enhancing the catalytic activity efficiency as
well as improving the atomic utilization of noble metal via pre-
cisely regulating chemical components, microstructures, and parti-
cle sizes [20,21]. In contrast, 3d transition metals (Ni, Co, Fe, etc.)
have garnered increasing attention in catalysis and energy conver-
sion/storage fields due to low cost and earth abundance [22,23].
Notably, Ni metal serves as an excellent electrocatalyst for pro-
moting various reactions because of its variable valence states and
phase transitions [24,25]. Nevertheless, the electrocatalytic perfor-
mance of Ni metal is hindered by partial oxidation, inactivity and
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lost conductivity during the electrochemical cycle, which signifi-
cantly limits its effectiveness.

Based on the above considerations, numerous investigations
emerge for the design and development of novel catalysts, aim-
ing at improving the catalytic activities and noble metal utiliza-
tion, such as manipulating the structures and chemical compo-
nents through exposing the ideal crystallographic facets of cata-
lysts, alloying and/or combining noble metals with 3d transition
metals [26-29]. Recently, controlling particle size and morphology
has also become a common approach to overcome the above ob-
stacles, such as core@shell nano-octahedra [30], nanocages [31,32],
hollow nanocubes [33]. Among these, the design of metallic clus-
ters stands out as a more economical, simple and feasible strategy
via directly loading noble metals onto substrates, such as the con-
struction of Ni-noble metal catalysts [34,35]. The synergy of intro-
ducing a trace of noble metal and particle size effect facilitates the
superior electrocatalytic activity due to the formation of abundant
active sites, strong corrosion resistance and improved conductivity.

Herein, well-defined NijgPd;, NijgAu; and NijpAg; nanoplates
were prepared via the displacement reactions. The uniform disper-
sion of trace noble metals on Ni significantly influenced the OER
activities in an alkaline. Particularly, Ni;gPd; nanocomposite exhib-
ited superior OER activity and long-term cycling to NijpAu; and
NijpAg;. Additionally, Ni,Pdy, Ni;Pd; and Ni;Pd, were further syn-
thesized by adjusting the Pd concentration to investigate the size
effect of Pd metal clusters on both OER and MOR catalytic activ-
ity. The size of Pd clusters grew from 5.57 nm to 44.44nm with
increased Pd concentration, which severely exacerbated the oxi-
dation of Pd surface in Pd2+, thus reduced the efficacious metal
active sites and weakened the catalytic performance. As a re-
sult, NijgPd; exhibited not only higher OER mass activity of 0.085
A/mgpy at 1.50V but also excellent MOR mass activity of about
0.401 A/mgpy at 0.71V. This work proposed a facile strategy to
prepare high-performance Ni-noble metal-based electrocatalysts by
incorporating trace noble metals, which improved the noble metal
utilization and the availability of active metal sites.

A series of Ni-noble metal nanoplates (Ni-Pd, Ni-Au and Ni-
Ag) were prepared through the partial replacement of nanoplate-
assembled flower-like Ni precursor which was derived from Ni-Al
LDH counterpart (Fig. 1). In detail, Ni-Al LDH was prepared by an
oil bath process using NiCl,-6H,0, AlCl3-6H,0, and urea as the raw
materials. Subsequently, Ni nanoplates were successfully synthe-
sized through successively treating Ni-Al LDH nanoplates with hy-
drazine hydrate and NaOH solution in another hydrothermal sys-
tem. The preparation of Ni nanoplates from Ni-Al LDH precursor
generated porous defects during the removal of Al element, which
was conducive to loading noble metals. Ni-noble metal nanoplates
(Ni]opd], Ni]oAU], Ni-loAg], Nizpd1, Nl]Pd] and Nl-lpdz) were ac-
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Fig. 1. Synthetic illustration of Ni-noble metal nanoplates.
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Fig. 2. Compositional and structural characterizations. (A) XRD patterns. (B) TEM
and (C) HRTEM images of Ni nanoplates. (D) TEM and Pd particle size distribution
of NijpPd; nanoplates. (E) HRTEM image, (F) the HADDF-STEM and (G) the corre-
sponding elemental mapping of NijoPd; nanoplates. (H) TEM and SAED, (I) HRTEM
of NijpAg; nanoplates. (J) TEM and SAED, (J) HRTEM of NijpAu; nanoplates.

quired by partially displacing the Ni with noble metals through a
displacement reaction.

Fig. 2A and Fig. S1 (Supporting information) show the XRD pat-
terns of as-prepared samples, from with high crystallinity of Ni-
Al LDH product was detected [36]. The intermediate product after
treating by hydrazine hydrate was composed by AIO(OH) (JCPDS
No. 21-1307) and Ni (JCPDS No. 65-2865) (Fig. S2 in Supporting
information). The pure metallic Ni was obtained by further treated
with NaOH. The strong-diffraction peaks at 44.5°, 51.9° and 76.8°
well matched with the (111), (200) and (220) reflections of cu-
bic Ni phase, respectively. While for the XRD traces of the com-
posites, the diffractions of Pd, Au or Ag metal were also detected,
which proved the co-existence of Ni with the noble metals in
the as-obtained composites. The hierarchical flower-like morphol-
ogy assembled by hexagonal nanoplates of pure Ni is displayed in
Fig. S3 (Supporting information), in good consistency with Ni-Al
LDH (Fig. S4 in Supporting information). The representative TEM
image of Ni nanoplates revealed the presence of numerous hexag-
onal nanoplates around 200 nm (Fig. 2B). The magnified TEM im-
age, as in the inset in Fig. 2B, exhibited the formation of porous
interfacial defects on the pure Ni nanoplates. The high-resolution
electron microscope (HRTEM) image also distinctly illustrated the
same phenomenon (Fig. 2C). The different regions of HRTEM were
extracted by the inverse fast Fourier transformation (FFT) opera-
tion (Figs. S5, S6A and B in Supporting information). The lattice
fringes with a plane spacing of 0.18 nm representing (111) crystal
plane of cubic Ni were observed in regions i and ii. In addition,
the numerous amorphous areas were also presented (region iii),
representing the formation of porous interfacial defects after re-
moving Al treatments. The selected area electron diffraction (SAED)
pattern of hexagonal Ni nanoplates showed the diffraction rings
of (111) and (220) planes of cubic Ni, confirming the polycrys-
talline nature (Fig. S6C in Supporting information). The nanoplate-
like porous defect structures may enhance the efficiency of the
subsequent displacement reaction and thus facilitate the effective
reduction and adsorption of noble metal components on the sur-
face of Ni nanoplates.

To further explore the deposition states of noble metals, com-
prehensive SEM and TEM analyses were conducted on Ni-noble
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metal catalysts. The NijgPd; nanoplates substantially retained dis-
tinctive lamellar morphology, as illustrated in the representative
SEM image in Fig. S7A (Supporting information). The correspond-
ing EDS result demonstrated that the Ni to Pd ratio was close
to 10:1, which is approximately the same as the ratio of input
raw materials (Fig. S8 in Supporting information). Notably, numer-
ous Pd clusters, uniformly distributed on the surfaces of hexagonal
Ni nanoplates with an average particle size of 5.57 nm, were ob-
served (Fig. 2D and Fig. S7B in Supporting information). The lat-
tice fringes of particle clusters are measured as representing the
Pd (111) crystal plane with a crystal plane spacing of 0.23nm in
HRTEM and corresponding inverse FFT images (Fig. 2E). The SAED
pattern shows the diffraction rings of different crystallographic
planes for Ni and Pd, confirming the simultaneous presence of
Ni and Pd within the NijgPd; nanoplates. The high-angle annu-
lar dark-field STEM (HADDF-STEM), as shown in Fig. 2F, demon-
strated bright spots on the hexagonal nanoplates, corresponding to
metal particles with larger atomic numbers, i.e., Pd. The elemen-
tal mapping (Fig. S9 in Supporting information) exhibited the co-
existence of Ni and Pd elementals, which fully confirmed that Pd
has successfully replaced Ni in the process of displacement reac-
tion. Furthermore, the HADDF-STEM image and elemental mapping
of NijgPd; nanoplates verified the uniform distribution of Ni and
Pd throughout the nanoplate (Fig. 2G).

The morphologies of the obtained Ni;pAg; and Ni;pAu; com-
posites closely resembled the hexagonal nanoplates of the Ni sub-
strate (Figs. S7C and D in Supporting information), indicating the
robust stability of the Ni precursor structure derived from Ni-
Al LDH during the displacement reaction. Additionally, the corre-
sponding EDS result confirmed the presence of Ag and Au in the
NijpAg; and NijgAu; composites after the reaction, respectively
(Figs. S10 and S11 in Supporting information). Fig. 2H and Fig. S12A
(Supporting information) show the TEM image of Ni;gAg; compos-
ite in which Ag clusters with an average particle size of 11.55nm
were anchored on the Ni nanoplates. The (111) and (220) diffrac-
tion rings of the Ag element are detected in the SAED pattern, as
displayed in the inset of Fig. 2H, indicating the polycrystalline na-
ture. The HRTEM and corresponding inverse FFT images of NijgAgq
revealed the lattice fringes of Ag (111) plane spacing of 0.23 nm
(Fig. 21 and Fig. S13 in Supporting information). Similarly, the TEM
image of NijgAu; nanoplates indicated that Au clusters (particle
size of 10.47 nm) were also anchored on Ni substrate (Fig. 2] and
Fig. S12B in Supporting information). The SAED pattern showed the
diffraction ring of (220) face of the Au element. The HRTEM and in-
verse FFT images present the crystallographic structure of Au with
(111) lattice spacing of 0.24nm (Fig. 2K and Fig. S14 in Support-
ing information), which were consistent with the XRD results of
NijpAu; nanoplates.

The electrocatalytic OER activity of as-prepared Ni-noble metal
nanocomposites were evaluated in 1.0 mol/L KOH solution (Fig. 3A).
The OER activity of NijgPd; nanoplates is superior to that of
NijpAg; and NijgAu;. According to our previously reported re-
search, the pure Ni demonstrates a high overpotential of 0.4V
delivering a current density of 10mA/cm? [36]. In contrast,
the NijpPd; nanoplates required a smaller overpotential of only
0.279V while NijpAg; and NijpAu; exhibited the 0.382V and
0.373V, respectively (Fig. 3B), outperformed reported similar ma-
terials (Table S1 in Supporting information). Moreover, Ni;gPd;
catalyst demonstrated a higher O, production rate of approxi-
mately 156.67 x 10 cm—2s~! (Fig. 3C). The Tafel slope for Ni;oPd;
(68 mV/dec) is significantly lower than 158 mV/dec for NijgAg;
and for 134mV/dec for NijgAu; (Fig. 3D). Additionally, Ni;oPd;
nanoplates also possessed high durability over 42h at 10mA/cm?,
indicating its practical applicability (Fig. 3E). Both the activity and
durability of NijpPd; nanoplates fully demonstrate the suitability
of Pd over Ag and Au for enhancing the OER performance.
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Fig. 3. OER measurements for Ni-noble metal composites. (A) IR-corrected LSV
curves, (B) overpotential delivering 10 mA/cm?, (C) production rate of O,, (D) Tafel
slopes. (E) chronoamperometry curves of NijgPd; nanoplates at 10mA/cm?2. (F)
Nyquist plots of Ni-metal electrocatalysts. (G) Bode plots for NijgPd; from 1395V
to 1.670V. (H) OER schematic mechanism and equivalent circuit models of Ni;oPd;
nanoplates in 1 mol/L KOH.

Electrochemical impedance spectroscopy (EIS) was carried
out to evaluate the electrocatalytic kinetics of Ni-noble metal
nanoplates for OER (Fig. 3F). The charge-transfer resistance (Rct)
was determined from the distinctive semicircle registered at low
frequencies (high Z’'), exhibiting a discernible order in the R of
NijpPd; < NijgAu; < NijgAg;. The variational tendency of the
Rt was consistent with LSV results. The smaller R of NijgPd;
nanoplates imparted faster electrode kinetics. To unravel the in-
terface electron transfer reactions, EIS Nyquist and Bode plots
and during OER for NijgPd; were displayed in Fig. S15 (Support-
ing information) and Fig. 3G, accompanied by the corresponding
OER schematic mechanism and equivalent circuit models (Fig. 3H).
NijgPd; catalyst displayed negligible charge transfer at the high-
frequency interface, signifying that the high-frequency interface
was exclusive to the original electrocatalyst oxidation without the
involvement of OER. The OER occurred at the low-frequency in-
terfaces when the applied potential was higher than 1.495V, per-
formed with the drastic decrease of phase angle at the low-
frequency interface. According to the energy band theory, d elec-
tronic holes have a positive effect on the catalytic reaction, with
a cardinal principle that an augmented abundance of d electronic
holes corresponds to an amplified catalytic activity. Notably, Pd,
Au and Ag exhibit the valence electron configurations of 4d105s9,
5d196s! and 4d'95s!, respectively. While the d electron orbitals of
Pd, Au and Ag are full state, Pd uniquely possesses an empty 5s or-
bit, rendering its 4d electrons more prone to transition and form-
ing a vacant d electron orbit. Additionally, the porous defects of
the Ni metal substrate imparted a strategic advantage by increas-
ing the active dot density of the Pd catalyst and constraining Pd
cluster size. The symbiotic interplay between the porous structure
and smaller Pd clusters contributes to improve the specific surface
area of the catalyst, thereby enhancing the chemical adsorption of
the material and achieving the best catalytic activity [37-39].

A series of Ni-Pd catalysts with Ni:Pd ratios of 2:1, 1:1, and
1:2 (denoted as NiyPd;, Ni;Pd;, and Ni;Pd,, respectively) were
further synthesized for the composition optimization. The varying
Ni:Pd ratios help to systematically investigate the size effect of Pd
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Fig. 4. Compositional and structural characterizations on Ni-Pd catalysts with dif-
ferent Ni/Pd compositions. (A) XRD patterns and (B) UV-vis spectra. TEM image of
(C) NiyPdy, (E) NijPd; and (G) Ni;Pd,. The insets show the corresponding Pd parti-
cle size distribution. HRTEM and corresponding inverse FFT and SAED of (D) Ni,Pd;,
(F) Ni;Pd; and (H) Ni;Pd,.

clusters concerning Pd oxidation, atomic utilization, and catalytic
performances. The composition and crystallographic structures of
these Ni-Pd catalysts were characterized by XRD (Fig. 4A). Grad-
ually pronounced diffraction peaks of Pd (111), (200), and (220)
were observed with increasing Pd concentration, indicating the
generation of metallic Pd after the displacement reaction. The sim-
ilar trend of enhanced absorption peak for Pd is also reflected at
~280nm in the ultraviolet-visible (UV-vis) spectroscopy (Fig. 4B).
No significant differences in the basic nanoplate morphology were
observed for the Ni-Pd catalysts (Fig. S16 in Supporting informa-
tion). The proportion of the incorporated Pd element determined
by corresponding EDS was nearly equivalent to the inputs of raw
materials, indicating that the partial Ni substrate has been success-
fully substituted by Pd element (Figs. S17-S19 in Supporting infor-
mation).

TEM images of Ni,Pd;, Ni;Pd;, and Ni;Pd, nanoplates vali-
dated the uniform distribution of Pd clusters of varying sizes on
Ni support (Figs. 4C, E and G). The size distribution of Pd clus-
ters on NijgPd;, NiyPd;, Ni;Pd; and Ni;Pd, nanoplates revealed
an increasing trend of Pd cluster size along with the increasing
Pd concentration. Specifically, the average size of Pd clusters on
NijgPdy, Ni,Pd;, Ni;Pd;, and Ni;Pd, catalysts are approximately
5.57nm, 9.27 nm, 26.85nm, and 44.44 nm, respectively (the insets
in Figs. 4C, E and G). The corresponding elemental mapping of
NiyPd¢, Ni;Pd; and Ni;Pd, nanoplates allow for a direct discrimi-
nation of the element of Pd and Ni, affirming the successful dopant
of Pd element (Figs. S20-S22 in Supporting information). Similarly,
an interplanar distance of 0.23 nm was detected in all HRTEM and
inverse FFT images of NiyPd;, Ni;Pd;, and Ni;Pd, catalysts, corre-
sponding to the Pd (111) lattices. The corresponding SAED patterns
simultaneously show the diffraction rings of Ni and Pd (Figs. 4D, F
and H).

X-ray photoelectron spectroscopy (XPS) was employed to metic-
ulously analyze the surface composition and valence state of Pd
and Ni elements in the Ni-Pd catalysts. As shown in Fig. 5A,
the Pd 3d spectra render to Pd 3ds;, and Pd 3d;;. After fit-
ting, Pd® species were identified at 335.86eV and 341.18eV, and
Pd2* species were located at 337.36eV and 342.56eV, respec-
tively. Different from NijgPd; in which only Pd® species were de-
tected, the peaks of Pd2* species gradually intensified in Ni,Pd;,
Ni;Pd;, and Ni;Pd, catalysts, which confirmed that Pd concentra-
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Fig. 5. XPS spectra of (A) Pd 3d and (B) Ni 2p. (C) FTIR spectra of Ni-Pd catalysts.

tion strongly correlated with an augmented Pd cluster size, result-
ing in extremely pronounced surface oxidation of Pd. The Ni 2p
spectra also illustrated that the Ni species in Ni-Pd catalysts pre-
dominantly manifest as Ni2* with the signal locating at 856.22 eV
and 874.21eV accompanied by satellite peaks at 861.78eV and
880.07 eV, respectively (Fig. 5B). The faint peak of Ni° gradually di-
minished in NijgPd;, NiyPd;, and Ni;Pd;, suggesting that the in-
creased Pd concentration also exacerbated the surface oxidation of
Ni. The severe surface oxidation of Ni to Ni?t might constitute a
crucial reason for the low intrinsic catalytic activity of the individ-
ual Ni catalyst.

The surface oxidation was also reflected in Fourier transforms
infrared spectroscopy (FTIR), as shown in Fig. 5C. The broad ad-
sorption band at around 3400 cm~! was attributed to O-H groups.
Additionally, the absorption band at the range of 650-570 cm™!
was related to M-O bonds, where M could be Ni or Pd. The
intense trend of M-O bonds was NijgPd; < NiyPd; < Ni;Pd; <
Ni;Pd,, which suggested that the increased Pd concentration led
to the changes in the chemical structure of composites, intensi-
fying surface oxidation through generating M-O bonds. Thus, the
augmentation of Pd concentration held the potential to increase
reactive sites for noble metal, yet the concomitant increase in Pd
cluster size. The increment in Pd cluster size concurrently raised
the facile surface oxidation, resulting in a significant compromise
in OER activity.

To estimate the effects of Pd clusters particle size and sur-
face oxidation on electrocatalytic performance, OER and MOR
electrochemical measurements were conducted in a standard
three-electrode system (Fig. 6). The Pd concentration rendered no
significant effect on the specific OER activity for the Ni-Pd catalysts
(Fig. 6A and Fig. S23 in Supporting information). However, the
best-performing NijgPd; showed up as the high mass-specific OER
activity of 0.085 A/mgpy at 1.5V (normalized by Pd loading mass),
displaying more than 3.86-, 7.08-, and 6.54-fold enhancement
compared to Ni,Pd;, NijPd;, and Ni;Pd,, respectively (Fig. 6B).
The higher mass activity confirmed that the small size of Pd
clusters contributed to the alleviated surface oxidation, thereby
effectively maximizing the reactivity and the atomic efficiency
of noble metals. EIS also showed a similar trend of the sluggish
OER kinetics for Ni-Pd nanoplates along with the increased Pd
concentration (Fig. 6C).

The MOR performance of Ni-Pd catalysts was evaluated by CV
in Ar-purged 1.0 mol/L KOH and 1.0 mol/L CH30H electrolyte solu-
tion. Despite the Ni;Pd, catalyst displaying the higher specific ac-
tivity than Ni;gPd;, Ni,Pd; and Ni;Pd; (Fig. 6D), the mass elec-
troactivity of NijgPd; was superior to those of the congeneric Ni-
Pd catalysts (Fig. 6E). The forward peak mass current densities (If)
for Ni-Pd catalysts were 0.401, 0.105, 0.110, and 0.092 A/mgpq, re-
spectively (Fig. 6F). Generally, a higher ratio of the forward peak
mass current density to backward peak mass current density (I¢/I;,)
indicated the superior resistance to the poisoning of carbonaceous
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Species. Herein, the Ni]opd], Nizpd1, Ni]Pd], Nl] Pd2 exhibited If/Ib
values of 26.7, 15, 4.1, 3.1, respectively, indicating that Ni;gPd; en-
hanced MOR electrocatalytic activity. The NijgPd; exhibited the
highest mass electroactivity, signifying the pivotal role of Pd con-
tent in MOR electroactivity enhancement.

Besides the catalytic activity, the stability of catalysts was as-
sessed by chronoamperometry (Fig. 6G). The mass current den-
sity of NijgPd; catalyst exhibited a rapid drop initially and a slight
decrease at the subsequent times, outperforming those of Ni,Pd;,
Ni;Pd;, and Ni;Pd,. Additionally, the long-term stability was also
evidenced by multi-cycled CV curves recorded at 50 mV/s. The for-
ward peak mass current density of NijgPd; catalyst exhibited only
a slight decrease after 500 cycles, indicating a better stability com-
pared to NiyPd;, Ni;Pd;, and Ni;Pd, (Figs. S24-S26 in Support-
ing information). Furthermore, the Ni;gPd; catalyst delivered faster
charge transfer than Ni,Pd;, Ni;Pd; and Ni;Pd,, which effectively
reflected the intrinsic electroactivity of electrocatalysts (Fig. 6H).
The anti-poisoning ability was demonstrated by CO-stripping mea-
surements in 1.0mol/L KOH solution (Fig. 61). Notably, the peak
potential of CO electro-oxidation of NijgPd; (0.702V) was much
more negative than those of Ni,Pd; (0.734V), Ni;Pd; (0.726V), and
Ni;Pd, (0.743V), revealing that Ni;oPd; not only exhibited the im-
proved electroactivity for MOR but also demonstrated an enhanced
anti-poisoning ability. Hence, it was concluded that the size of Pd
clusters anchored on Ni substrate significantly influenced the oxi-
dation states of Pd and Ni surfaces by altering the chemical struc-
ture of the catalyst. The above experimental findings elucidated
that the smaller Pd clusters were more effective in activating more
active sites accessible, enhancing the Pd atomic utilization. As a re-
sult, NijgPd; exhibits the optimal performance.

In summary, a facile approach was developed for the prepara-
tion of Ni-noble metal (Pd, Au and/or Ag) nanoplates via partially
replacing Ni in Ni-Al LDH precursor. Among a series of Ni-noble
metal nanocatalysts, NijgPd; exhibited superior OER electrocat-
alytic properties. Moreover, the effects of Pd cluster size, atomic
utilization, and surface oxidation on OER and MOR electrocat-
alytic performances were systematically investigated on Ni-Pd

nanoplates with different Ni/Pd ratios. The porous nanoarchitec-
ture of Ni metal substrate was beneficial to uniformly anchor Pd
clusters, avoiding agglomeration and thus controlling the cluster
size. The synergistic combination of porous Ni metal substrate
with trace Pd not only can effectively reduce the Pd loading mass
to improve Pd atomic utilization, but also modify the electronic
state of Pd atoms to facilitate the transmission of active species
and anti-poisoning ability. As a result, NijgPd; catalyst with an
average Pd size of 5.6 nm demonstrated higher mass activity than
all Ni,Pd;, Ni;Pd; and Ni;Pd, toward alkaline OER and MOR.
This work introduces a novel strategy for designing high-activity
transition metal-noble metal electrocatalysts through controlled
loading clusters for diverse electrocatalytic reactions.
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