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[bookmark: OLE_LINK292][bookmark: OLE_LINK293][bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK157][bookmark: OLE_LINK158][bookmark: OLE_LINK149][bookmark: OLE_LINK150][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK171][bookmark: OLE_LINK172][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK402][bookmark: OLE_LINK403][bookmark: OLE_LINK173][bookmark: OLE_LINK174]Abstract 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 susceptible oxidized surfaces of noble metals. The inherent catalytic activity is improved by the altered electronic 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 introducing noble metal into Ni with porous interfacial defects derived from Ni-Al layered double hydroxide (LDH). The Ni10Pd1 nanocomposite exhibits high OER catalytic activity with an overpotential of 0.279 V at 10 mA/cm2, surpassing Ni10Ag1 and Ni10Au1 counterparts. Furthermore, the average diameter of Pd clusters gradually increases from 5.57 nm to 44.44 nm 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 Pd2+. After optimization, Ni10Pd1 delivers significantly enhanced OER and MOR electroactivities and long-term stability compared to that of Ni2Pd1, Ni1Pd1 and Ni1Pd2, which is conducive to the effective utilization of Pd and alleviation of surface oxidation.

[bookmark: OLE_LINK155][bookmark: OLE_LINK156][bookmark: OLE_LINK32][bookmark: OLE_LINK33]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 and synthesizing electrocatalysts for OER and MOR with high electroactivity and long-term stability.
[bookmark: OLE_LINK177][bookmark: OLE_LINK196][bookmark: OLE_LINK165][bookmark: OLE_LINK166][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK159][bookmark: OLE_LINK160]Previous reports have revealed that noble metal-based composites (such as Ru, Ir, Pt and Pd) exhibited outstanding electroactivity 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 precisely regulating chemical components, microstructures, and particle sizes [20,21]. In contrast, 3d transition metals (Ni, Co, Fe, etc.) have garnered increasing attention in catalysis and energy conversion/storage fields due to low cost and earth abundance [22,23]. Notably, Ni metal serves as an excellent electrocatalyst for promoting various reactions because of its variable valence states and phase transitions [24,25]. Nevertheless, the electrocatalytic performance of Ni metal is hindered by partial oxidation, inactivity and lost conductivity during the electrochemical cycle, which significantly limits its effectiveness. 
[bookmark: OLE_LINK38][bookmark: OLE_LINK39]Based on the above considerations, numerous investigations emerge for the design and development of novel catalysts, aiming at improving the catalytic activities and noble metal utilization, such as manipulating the structures and chemical components through exposing the ideal crystallographic facets of catalysts, 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 obstacles, such as core@shell nano-octahedra [30], nanocages [31,32], hollow nanocubes [33]. Among these, the design of metallic clusters stands out as a more economical, simple and feasible strategy via directly loading noble metals onto substrates, such as the construction of Ni-noble metal catalysts [34,35]. The synergy of introducing 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. 
[bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK52][bookmark: OLE_LINK167][bookmark: OLE_LINK168][bookmark: OLE_LINK175][bookmark: OLE_LINK169][bookmark: OLE_LINK170][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK281][bookmark: OLE_LINK282][bookmark: OLE_LINK151][bookmark: OLE_LINK152][bookmark: OLE_LINK135][bookmark: OLE_LINK136]Herein, well-defined Ni10Pd1, Ni10Au1 and Ni10Ag1 nanoplates were prepared via the displacement reactions. The uniform dispersion of trace noble metals on Ni significantly influenced the OER activities in an alkaline. Particularly, Ni10Pd1 nanocomposite exhibited superior OER activity and long-term cycling to Ni10Au1 and Ni10Ag1. Additionally, Ni2Pd1, Ni1Pd1 and Ni1Pd2 were further synthesized by adjusting the Pd concentration to investigate the size effect of Pd metal clusters on both OER and MOR catalytic activity. The size of Pd clusters grew from 5.57 nm to 44.44 nm with increased Pd concentration, which severely exacerbated the oxidation of Pd surface in Pd2+, thus reduced the efficacious metal active sites and weakened the catalytic performance. As a result, Ni10Pd1 exhibited not only higher OER mass activity of 0.085 A/mgPd at 1.50 V but also excellent MOR mass activity of about 0.401 A/mgPd at 0.71 V. 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.
[bookmark: OLE_LINK184][bookmark: OLE_LINK185]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 NiCl2·6H2O, AlCl3·6H2O, and urea as the raw materials. Subsequently, Ni nanoplates were successfully synthesized through successively treating Ni-Al LDH nanoplates with hydrazine hydrate and NaOH solution in another hydrothermal system. 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 (Ni10Pd1, Ni10Au1, Ni10Ag1, Ni2Pd1, Ni1Pd1 and Ni1Pd2) were acquired by partially displacing the Ni with noble metals through a displacement reaction.
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Fig. 1. Synthetic illustration of Ni-noble metal nanoplates.
[bookmark: OLE_LINK186][bookmark: OLE_LINK187][bookmark: OLE_LINK188][bookmark: OLE_LINK189]Fig. 2A and Fig. S1 (Supporting information) show the XRD patterns 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 AlO(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 cubic Ni phase, respectively. While for the XRD traces of the composites, 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 morphology 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 hexagonal nanoplates around 200 nm (Fig. 2B). The magnified TEM image, 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) operation (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 removing 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 polycrystalline 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 surface of Ni nanoplates.
[bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK284][bookmark: OLE_LINK285][bookmark: OLE_LINK190][bookmark: OLE_LINK191][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK176][bookmark: OLE_LINK178]To further explore the deposition states of noble metals, comprehensive SEM and TEM analyses were conducted on Ni-noble metal catalysts. The Ni10Pd1 nanoplates substantially retained distinctive lamellar morphology, as illustrated in the representative SEM image in Fig. S7A (Supporting information). The corresponding 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, numerous Pd clusters, uniformly distributed on the surfaces of hexagonal Ni nanoplates with an average particle size of 5.57 nm, were observed (Fig. 2D and Fig. S7B in Supporting information). The lattice fringes of particle clusters are measured as representing the Pd (111) crystal plane with a crystal plane spacing of 0.23 nm 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 Ni10Pd1 nanoplates. The high-angle annular dark-field STEM (HADDF-STEM), as shown in Fig. 2F, demonstrated bright spots on the hexagonal nanoplates, corresponding to metal particles with larger atomic numbers, i.e. Pd. The elemental 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 reaction. Furthermore, the HADDF-STEM image and elemental mapping of Ni10Pd1 nanoplates verified the uniform distribution of Ni and Pd throughout the nanoplate (Fig. 2G).
[bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK290][bookmark: OLE_LINK291][bookmark: OLE_LINK179][bookmark: OLE_LINK180]The morphologies of the obtained Ni10Ag1 and Ni10Au1 composites closely resembled the hexagonal nanoplates of the Ni substrate (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 corresponding EDS result confirmed the presence of Ag and Au in the Ni10Ag1 and Ni10Au1 composites after the reaction, respectively (Figs. S10 and S11 in Supporting information). Fig. 2H and Fig. S12A (Supporting information) show the TEM image of Ni10Ag1 composite in which Ag clusters with an average particle size of 11.55 nm were anchored on the Ni nanoplates. The (111) and (220) diffraction rings of the Ag element are detected in the SAED pattern, as displayed in the inset of Fig. 2H, indicating the polycrystalline nature. The HRTEM and corresponding inverse FFT images of Ni10Ag1 revealed the lattice fringes of Ag (111) plane spacing of 0.23 nm (Fig. 2I and Fig. S13 in Supporting information). Similarly, the TEM image of Ni10Au1 nanoplates indicated that Au clusters (particle size of 10.47 nm) were also anchored on Ni substrate (Fig. 2J and Fig. S12B in Supporting information). The SAED pattern showed the diffraction ring of (220) face of the Au element. The HRTEM and inverse FFT images present the crystallographic structure of Au with (111) lattice spacing of 0.24 nm (Fig. 2K and Fig. S14 in Supporting information), which were consistent with the XRD results of Ni10Au1 nanoplates.
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[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK244][bookmark: OLE_LINK245][bookmark: OLE_LINK286][bookmark: OLE_LINK287]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 Ni10Pd1 nanoplates. (E) HRTEM image, (F) the HADDF-STEM and (G) the corresponding elemental mapping of Ni10Pd1 nanoplates. (H) TEM and SAED, (I) HRTEM of Ni10Ag1 nanoplates. (J) TEM and SAED, (J) HRTEM of Ni10Au1 nanoplates.
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK208][bookmark: OLE_LINK209][bookmark: OLE_LINK204][bookmark: OLE_LINK205][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK206][bookmark: OLE_LINK207][bookmark: OLE_LINK119][bookmark: OLE_LINK120][bookmark: OLE_LINK13][bookmark: OLE_LINK216][bookmark: OLE_LINK217][bookmark: OLE_LINK22][bookmark: OLE_LINK146][bookmark: OLE_LINK147]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 Ni10Pd1 nanoplates is superior to that of Ni10Ag1 and Ni10Au1. According to our previously reported research, the pure Ni demonstrates a high overpotential of 0.4 V delivering a current density of 10 mA/cm2 [36]. In contrast, the Ni10Pd1 nanoplates required a smaller overpotential of only 0.279 V while Ni10Ag1 and Ni10Au1 exhibited the 0.382 V and 0.373 V, respectively (Fig. 3B), outperformed reported similar materials (Table S1 in Supporting information). Moreover, Ni10Pd1 catalyst demonstrated a higher O2 production rate of approximately 156.67  1014 cm2 s1 (Fig. 3C). The Tafel slope for Ni10Pd1 (68 mV/dec) is significantly lower than 158 mV/dec for Ni10Ag1 and for 134 mV/dec for Ni10Au1 (Fig. 3D). Additionally, Ni10Pd1 nanoplates also possessed high durability over 42 h at 10 mA/cm2, indicating its practical applicability (Fig. 3E). Both the activity and durability of Ni10Pd1 nanoplates fully demonstrate the suitability of Pd over Ag and Au for enhancing the OER performance. 
[bookmark: OLE_LINK220][bookmark: OLE_LINK221][bookmark: OLE_LINK261][bookmark: OLE_LINK262][bookmark: OLE_LINK224][bookmark: OLE_LINK225][bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK40][bookmark: OLE_LINK226][bookmark: OLE_LINK227][bookmark: OLE_LINK228][bookmark: OLE_LINK229][bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK89][bookmark: OLE_LINK90]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 Rct of Ni10Pd1 < Ni10Au1 < Ni10Ag1. The variational tendency of the Rct was consistent with LSV results. The smaller Rct of Ni10Pd1 nanoplates imparted faster electrode kinetics. To unravel the interface electron transfer reactions, EIS Nyquist and Bode plots and during OER for Ni10Pd1 were displayed in Fig. S15 (Supporting information) and Fig. 3G, accompanied by the corresponding OER schematic mechanism and equivalent circuit models (Fig. 3H). Ni10Pd1 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 interfaces when the applied potential was higher than 1.495 V, performed with the drastic decrease of phase angle at the low-frequency interface. According to the energy band theory, d electronic 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 4d105s0, 5d106s1 and 4d105s1, respectively. While the d electron orbitals of Pd, Au and Ag are full state, Pd uniquely possesses an empty 5s orbit, rendering its 4d electrons more prone to transition and forming a vacant d electron orbit. Additionally, the porous defects of the Ni metal substrate imparted a strategic advantage by increasing 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].
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[bookmark: OLE_LINK41][bookmark: OLE_LINK59][bookmark: OLE_LINK91][bookmark: OLE_LINK92]Fig. 3. OER measurements for Ni-noble metal composites. (A) IR-corrected LSV curves, (B) overpotential delivering 10 mA/cm2, (C) production rate of O2, (D) Tafel slopes. (E) chronoamperometry curves of Ni10Pd1 nanoplates at 10 mA/cm2. (F) Nyquist plots of Ni-metal electrocatalysts. (G) Bode plots for Ni10Pd1 from 1.395 V to 1.670 V. (H) OER schematic mechanism and equivalent circuit models of Ni10Pd1 nanoplates in 1 mol/L KOH.
[bookmark: OLE_LINK72][bookmark: OLE_LINK75][bookmark: OLE_LINK78][bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK83][bookmark: OLE_LINK103][bookmark: OLE_LINK104]A series of Ni-Pd catalysts with Ni:Pd ratios of 2:1, 1:1, and 1:2 (denoted as Ni2Pd1, Ni1Pd1, and Ni1Pd2, respectively) were further synthesized for the composition optimization. The varying Ni:Pd ratios help to systematically investigate the size effect of 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). Gradually 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 similar trend of enhanced absorption peak for Pd is also reflected at ~280 nm 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 information). 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 successfully substituted by Pd element (Figs. S17-S19 in Supporting information).
[bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK88][bookmark: OLE_LINK95][bookmark: OLE_LINK121][bookmark: OLE_LINK122][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK111][bookmark: OLE_LINK112][bookmark: OLE_LINK117][bookmark: OLE_LINK118]TEM images of Ni2Pd1, Ni1Pd1, and Ni1Pd2 nanoplates validated the uniform distribution of Pd clusters of varying sizes on Ni support (Figs. 4C, E and G). The size distribution of Pd clusters on Ni10Pd1, Ni2Pd1, Ni1Pd1 and Ni1Pd2 nanoplates revealed an increasing trend of Pd cluster size along with the increasing Pd concentration. Specifically, the average size of Pd clusters on Ni10Pd1, Ni2Pd1, Ni1Pd1, and Ni1Pd2 catalysts are approximately 5.57 nm, 9.27 nm, 26.85 nm, and 44.44 nm, respectively (the insets in Figs. 4C, E and G). The corresponding elemental mapping of Ni2Pd1, Ni1Pd1 and Ni1Pd2 nanoplates allow for a direct discrimination 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 Ni2Pd1, Ni1Pd1, and Ni1Pd2 catalysts, corresponding to the Pd (111) lattices. The corresponding SAED patterns simultaneously show the diffraction rings of Ni and Pd (Figs. 4D, F and H). 
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[bookmark: OLE_LINK398][bookmark: OLE_LINK399][bookmark: OLE_LINK66][bookmark: OLE_LINK71]Fig. 4. Compositional and structural characterizations on Ni-Pd catalysts with different Ni/Pd compositions. (A) XRD patterns and (B) UV-vis spectra. TEM image of (C) Ni2Pd1, (E) Ni1Pd1 and (G) Ni1Pd2. The insets show the corresponding Pd particle size distribution. HRTEM and corresponding inverse FFT and SAED of (D) Ni2Pd1, (F) Ni1Pd1 and (H) Ni1Pd2.
[bookmark: OLE_LINK238][bookmark: OLE_LINK239][bookmark: OLE_LINK236][bookmark: OLE_LINK237][bookmark: OLE_LINK108][bookmark: OLE_LINK113]X-ray photoelectron spectroscopy (XPS) was employed to meticulously 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 3d5/2 and Pd 3d3/2. After fitting, Pd0 species were identified at 335.86 eV and 341.18 eV, and Pd2+ species were located at 337.36 eV and 342.56 eV, respectively. Different from Ni10Pd1 in which only Pd0 species were detected, the peaks of Pd2+ species gradually intensified in Ni2Pd1, Ni1Pd1, and Ni1Pd2 catalysts, which confirmed that Pd concentration strongly correlated with an augmented Pd cluster size, resulting in extremely pronounced surface oxidation of Pd. The Ni 2p spectra also illustrated that the Ni species in Ni-Pd catalysts predominantly manifest as Ni2+ with the signal locating at 856.22 eV and 874.21 eV accompanied by satellite peaks at 861.78 eV and 880.07 eV, respectively (Fig. 5B). The faint peak of Ni0 gradually diminished in Ni10Pd1, Ni2Pd1, and Ni1Pd1, suggesting that the increased Pd concentration also exacerbated the surface oxidation of Ni. The severe surface oxidation of Ni to Ni2+ might constitute a crucial reason for the low intrinsic catalytic activity of the individual Ni catalyst. 
[bookmark: OLE_LINK124][bookmark: OLE_LINK127][bookmark: OLE_LINK96][bookmark: OLE_LINK97]The surface oxidation was also reflected in Fourier transforms infrared spectroscopy (FTIR), as shown in Fig. 5C. The broad adsorption band at around 3400 cm−1 was attributed to O-H groups. Additionally, the absorption band at the range of 650-570 cm−1 was related to M-O bonds, where M could be Ni or Pd. The intense trend of M-O bonds was Ni10Pd1 < Ni2Pd1 < Ni1Pd1 < Ni1Pd2, which suggested that the increased Pd concentration led to the changes in the chemical structure of composites, intensifying 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.
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[bookmark: OLE_LINK114][bookmark: OLE_LINK115]Fig. 5. XPS spectra of (A) Pd 3d and (B) Ni 2p. (C) FTIR spectra of Ni-Pd catalysts.

[bookmark: OLE_LINK128][bookmark: OLE_LINK133][bookmark: OLE_LINK138][bookmark: OLE_LINK139][bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK131][bookmark: OLE_LINK132]To estimate the effects of Pd clusters particle size and surface 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 Ni10Pd1 showed up as the high mass-specific OER activity of 0.085 A/mgPd at 1.5 V (normalized by Pd loading mass), displaying more than 3.86-, 7.08-, and 6.54-folds enhancement compared to Ni2Pd1, Ni1Pd1, and Ni1Pd2, 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). 
[bookmark: OLE_LINK247][bookmark: OLE_LINK248][bookmark: OLE_LINK134][bookmark: OLE_LINK137][bookmark: OLE_LINK249][bookmark: OLE_LINK250][bookmark: OLE_LINK144][bookmark: OLE_LINK145][bookmark: OLE_LINK251][bookmark: OLE_LINK252][bookmark: OLE_LINK253][bookmark: OLE_LINK254][bookmark: OLE_LINK255][bookmark: OLE_LINK256][bookmark: OLE_LINK265][bookmark: OLE_LINK266]The MOR performance of Ni-Pd catalysts was evaluated by CV in Ar-purged 1.0 mol/L KOH and 1.0 mol/L CH3OH electrolyte solution. Despite the Ni1Pd2 catalyst displaying the higher specific activity than Ni10Pd1, Ni2Pd1 and Ni1Pd1 (Fig. 6D), the mass electroactivity of Ni10Pd1 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/mgPd, respectively (Fig. 6F). Generally, a higher ratio of the forward peak mass current density to backward peak mass current density (If/Ib) indicated the superior resistance to the poisoning of carbonaceous species. Herein, the Ni10Pd1, Ni2Pd1, Ni1Pd1, Ni1Pd2 exhibited If/Ib values of 26.7, 15, 4.1, 3.1, respectively, indicating that Ni10Pd1 enhanced MOR electrocatalytic activity. The Ni10Pd1 exhibited the highest mass electroactivity, signifying the pivotal role of Pd content in MOR electroactivity enhancement. 
[bookmark: OLE_LINK259][bookmark: OLE_LINK260][bookmark: OLE_LINK263][bookmark: OLE_LINK264][bookmark: OLE_LINK273][bookmark: OLE_LINK274][bookmark: OLE_LINK269][bookmark: OLE_LINK270][bookmark: OLE_LINK277][bookmark: OLE_LINK278][bookmark: OLE_LINK271][bookmark: OLE_LINK272][bookmark: OLE_LINK267][bookmark: OLE_LINK268]Besides the catalytic activity, the stability of catalysts was assessed by chronoamperometry (Fig. 6G). The mass current density of Ni10Pd1 catalyst exhibited a rapid drop initially and a slight decrease at the subsequent times, outperforming those of Ni2Pd1, Ni1Pd1, and Ni1Pd2. Additionally, the long-term stability was also evidenced by multi-cycled CV curves recorded at 50 mV/s. The forward peak mass current density of Ni10Pd1 catalyst exhibited only a slight decrease after 500 cycles, indicating a better stability compared to Ni2Pd1, Ni1Pd1, and Ni1Pd2 (Figs. S24-S26 in Supporting information). Furthermore, the Ni10Pd1 catalyst delivered faster charge transfer than Ni2Pd1, Ni1Pd1 and Ni1Pd2, which effectively reflected the intrinsic electroactivity of electrocatalysts (Fig. 6H). The anti-poisoning ability was demonstrated by CO-stripping measurements in 1.0 mol/L KOH solution (Fig. 6I). Notably, the peak potential of CO electro-oxidation of Ni10Pd1 (0.702 V) was much more negative than those of Ni2Pd1 (0.734 V), Ni1Pd1 (0.726 V), and Ni1Pd2 (0.743 V), revealing that Ni10Pd1 not only exhibited the improved 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 oxidation states of Pd and Ni surfaces by altering the chemical structure 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 result, Ni10Pd1 exhibits the optimal performance.
[image: ]
Fig. 6. OER and MOR performance of Ni-Pd nanocomposites with different Ni/Pd ratios. (A) IR-corrected LSV curves, (B) mass activity and (C) Nyquist plots toward OER. (D) The specific current density and (E) mass activity obtained in the mixed electrolyte of 1.0 mol/L KOH and 1.0 mol/L CH3OH. (F) The comparison of mass activities recorded at If peak current. (G) Chronoamperometry curves, the inset is multi-cycled CV curves of Ni10Pd1 catalyst. (H) Nyquist plots and (I) CO-stripping voltammograms for as-prepared Ni-Pd catalysts. 
[bookmark: OLE_LINK275][bookmark: OLE_LINK276]In summary, a facile approach was developed for the preparation 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, Ni10Pd1 exhibited superior OER electrocatalytic properties. Moreover, the effects of Pd cluster size, atomic utilization, and surface oxidation on OER and MOR electrocatalytic performances were systematically investigated on Ni-Pd nanoplates with different Ni/Pd ratios. The porous nanoarchitecture 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, Ni10Pd1 catalyst with an average Pd size of 5.6 nm demonstrated higher mass activity than all Ni2Pd1, Ni1Pd1 and Ni1Pd2 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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Noble metal clusters substitution in porous Ni substrate renders high  mass - specific activities toward oxygen evolution reaction and methanol  oxidation reaction   Fenglin Wang   a ,   Chengwei Kuang   a , Zhicheng Zheng a , Dan Wu a , Hao Wan b , Gen Chen a, *,  Ning Zhang a , Xiaohe Liu b, *, Renzhi Ma c,      a   School of Materials Science and Engineering,  Key Laboratory of Electronic Packaging and Advanced  Functional Materials of Hunan Province,  Cen tral South University, Changsha   410083, China   b   Zhongyuan Critical Metals Laboratory,  Zhengzhou University, Zhengzhou 450001,  China       c   Research Center for Materials Nanoarchitectonics (MANA), National Institute for Materials Science  (NIMS), T sukuba, Ibaraki 305 - 0044, Japan       Abstract   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 n oble   metals in  electrocatalytic activity, this work focuses on the rational synthesis of Ni - noble metal  composite   nano catalysts for overcoming the  drawbacks   of high cost   and  susceptible   oxidized surfaces of noble metals.  The   inherent catalytic activity is improved by  the   altered electronic 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 introducing noble metal into Ni with porous  interfacial defects derived from Ni - Al layered double hydroxide (LDH).   The Ni 10 Pd 1   nanocomposite  ex hibits high OER catalytic activity with an overpotential of 0.279 V  at   10 mA / cm 2 , surpassing Ni 10 Ag 1   and Ni 10 A u 1   counterparts.  Furthermore,  t he average  diameter  of   Pd clusters  gradually increases from 5.57  nm  to 44.44 nm  with   the increased  proportion   of doped Pd,  lea ding to the passivation of catalytic activity due to the  exacerbated surface oxidation of Pd in the form of Pd 2+ .  After   optimization, Ni 10 Pd 1   delivers significantly enhanced OER and MOR electroactivities and long - term stability  compared to that of Ni 2 Pd 1 , Ni 1 Pd 1   and Ni 1 Pd 2 , which is conducive to the e ffe ctive  utilization of Pd and alleviation of surface oxidation.     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       Corresponding author s .     E - mail   address es :   geenchen@csu.edu.cn (G.  C hen ) ,   liuxh@csu.edu.cn (X. L iu ) ,   M A.Renzhi@nims.go.jp  (R. M a ) .  

