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Low-platinum alloy nanowire (NW) catalysts improve the performance of polymer electrolyte membrane fuel cells, but ultrafine PtNi-NW catalysts, particularly those with high Ni content, often experience significant Ni leaching during electrochemical processes. In this study, a Pt-rich surface layer was successfully formed on PtNi NWs through a simple post-annealing process. Pair distribution function (PDF) analysis revealed a Pt surface layer with a face-centered cubic (fcc) structure, along with internal body-centered cubic (bct) PtNi and fcc Ni phases. Operando X-ray absorption spectroscopy (XAS), including conventional and high-energy resolution fluorescence detection (HERFD) XAS, was used to investigate the catalysts' electronic states and structural changes under oxygen reduction reaction (ORR) conditions. The results showed that the Pt-rich surface layer of PtNi-NW/C catalysts, with its short Pt-Pt bond lengths, effectively suppresses Pt oxidation at high polarization potentials and restricts Ni leaching, leading to a significant increase in ORR-specific activity of 2.07 mA cmPt-2, which is a 2.5- and 7-fold activity enhancement compare to Pt-NW/C and commercial Pt/C catalysts. 
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Introduction
 Polymer electrolyte fuel cells (PEFCs) efficiently convert chemical energy into electrical energy, offering high efficiency, low noise, and clean operation.1-3 Due to their potential as a reliable energy source, they have gained significant attention for applications in vehicles and portable electronics, addressing the energy crisis.4 Carbon-supported Pt nanoparticles (Pt/C) have been widely used as oxygen reduction reaction (ORR) electrocatalysts due to their excellent properties.5 However, the high cost and limited utilization of commercial Pt/C catalysts, where approximately 60% of Pt remains inaccessible, pose substantial challenges.6, 7 As a result, developing low-platinum catalysts with enhanced activity has become a key area of research to improve PEFC efficiency while reducing costs.a Graduate School of Human and Environmental Studies, Kyoto University, Yoshida Nihonmatsu-cho, Sakyo, Kyoto 606-8501, Japan.
b International Centre for Materials Nanoarchitectonics (MANA), National Institute for Materials Science (NIMS), 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan
c Synchrotron Radiation Research Center, National Institutes for Quantum and Radiological Science and Technology, 1-1-1, Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5148, Japan
d. Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan
e Fuel Cell Cutting-Edge Research Center Technology Research Association, Aomi, Koto, Tokyo, 135-0064 Japan
f Japan Synchrotron Radiation Research Institute (JASRI), Koto, Sayo, Hyogo, 679-5198, Japan
† Electronic Supplementary Information (ESI) available. See DOI: 10.1039/x0xx00000x

[bookmark: _Hlk143415032]Recent efforts have focused on developing cost-effective electrocatalysts by alloying Pt with transition metals like Fe, Co, and Ni,8, 9 which reduces Pt content while enhancing the intrinsic activity of the electrocatalysts. 10 Among these alternatives, PtNi alloys have attracted considerable attention due to the beneficial effects of Ni atoms on the Pt structure, leading to superior catalytic performance.11 Additionally, strategies such as size control,12, 13 metal doping,14 structural modifications, 15 and the creation of specific morphologies such as nanowires (NWs) have been employed to further refine the properties of these alloy catalysts.16
One-dimensional NWs with active crystalline surfaces, anisotropic structures, minimal aggregation, and efficient conduction have emerged as promising ORR catalysts.17 For instance, jagged Pt-NWs demonstrate outstanding ORR activity with specific surface structural feature.18 However, the stability and durability of bimetallic catalysts remain a challenge due to the dealloying of transition metals during fuel cell operation.15 Intentional dealloying has been explored to exploit defects as a catalytic advantage,19 but this often leads to the loss of beneficial alloy properties and issues like membrane and ionomer contamination.20 Takahashi et al. observed that the Co content in Pt1Co2 nanoparticle catalysts dropped to 20% after undergoing 300 cyclic voltammetry (CV) cycles,21 and Ahluwalia et al. reveal a Ni loss from the Pt1Ni3 catalyst ranging between 55% to 90% during potential cycling.22 This dealloying effect was even more pronounced in ultrafine NWs. Kato et al. found that, after 100 cycles of electrochemical cleaning, the atomic ratio of platinum to nickel in PtNi-NW catalysts decreased from 52:48 to 94:6.23 Additionally, Pt oxides formed on Pt and Pt alloy NWs with 1D anisotropy exhibit structural and electronic properties that differ from conventional nanoparticle catalysts.24 Retaining high Ni content in catalysts, especially in ultrafine NWs, and thoroughly examining their structural and electronic changes under operando conditions remain critical challenges.
[bookmark: _Hlk143415119]	Operando X-ray absorption spectroscopy (XAS), including high-energy resolution fluorescence detection (HERFD) XAS, has been essential for investigating the structure and electronic states of Pt catalysts under reaction conditions.15, 25 HERFD-XAS enhances the resolution of spectral features compared to conventional XAS,26 making it particularly effective for identifying changes in the near-edge absorption maximum, or "white line".27 This improved resolution allows for clearer differentiation between Pt metal and Pt oxides, providing valuable insights into the electronic states of PtNi alloy catalysts under operando conditions. Additionally, X-ray powder diffraction (PXRD) combined with pair distribution function (PDF) analysis is useful for the structural analysis of nanomaterials with low crystallinity and multiple phases.28
In this study, Pt25Ni75 nanowires (PtNi-NW/C) with high Ni content were synthesized through an H2/N2 post-annealing treatment, resulting in a Pt-rich surface and PtNi alloy core, demonstrating enhanced ORR activity compared to commercial Pt/C and Pt-NW/C catalysts. PDF analysis revealed a structure comprising pure Ni face-centered cubic (fcc) and PtNi body-centered tetragonal (bct) phases in the bulk, with a Pt fcc phase on the surface characterized by compressed lattice parameters compared to standard Pt crystals. Operando conventional and HERFD-XAS analyses confirmed that the PtNi-NW/C catalyst exhibits lower oxygen bonding energy and a shorter Pt-Pt bond length, further enhancing ORR activity and stability. These findings underscore the key structural features of the PtNi alloy NWs and provide valuable insights for future catalyst design.
Experimental
Materials 
	Pt (II) acetylacetonate (Pt(acac)2, 98%), Ni (II) acetylacetonate (Ni(acac)2, 95%), tungsten hexacarbonyl (W(CO)6, 99%) were purchased from Sigma-Aldrich. Ethanol (99.5%), 2-Propanol (99.7%), oleylamine (OAm, 85%), cyclohexane (99.5%) glucose, and hexadecyltrimethylammonium chloride (CTAC, 99%) were purchased from Fujifilm. The electrolyte was prepared from ultra-pure water (Milli-Q, 18.2 MΩ) and perchloric acid (ultra-pure, Kanto Chemical Co. Inc.). The Vulcan XC-72 was purchased from Cabot Corporation. O2 (99.995%), N2 (99.999%), H2 (5%, 95% N2 balance) gases were purchased from Kyoto Teisan Co., Ltd.
The Pt/C catalyst (29.1 wt%; TEC10V30E) was purchased from Tanaka Kikinzoku Kogyo Co. Ltd., Japan. 
Synthesis of the Pt nanowire catalyst
	Synthesis of the Pt-NW catalyst involved dissolving 10 mg Pt(acac)₂, 6.4 mg Ni(acac)₂, 5 mg W(CO)₆, and 40 mg CTAC in 5 mL of OAm. The mixture was sealed in a 30 mL glass vial and sonicated at room temperature for 1 hour to form a homogeneous suspension. It was then heated at 160 °C for 2 hours to produce NW-structured catalysts. Residual organic impurities were removed by washing with a cyclohexane/ethanol mixture, followed by drying at room temperature to obtain a black powder. Subsequently, the product was dispersed in 15 mL of cyclohexane/ethanol, and 30 mg of carbon black (Vulcan XC-72) was added. The mixture was sonicated in an ice-water bath for 2 hours and centrifuged to obtain Pt-NW/C (12.3 wt% Pt). The catalyst was then dispersed in 0.1 M HClO₄ solution and heated to 80 °C for 2 hours to remove excess Ni. After etching, the sample was filtered, washed with water, and dried in an oven at 60 °C.
Synthesis of the PtNi nanowire catalyst
	The Pt25Ni75 NW catalyst (PtNi-NW/C) (11.9 wt% Pt) was synthesized using a process similar to that of Pt NWs, without acid leaching. In this method, 70 mg of glucose and 20 mg of Ni(acac)₂ were added to the reactants. For the synthesis of the Pt40Ni60 NW catalyst, the amount of Ni(acac)₂ was reduced to 10 mg. The resulting NW samples were calcined at temperatures between 250 and 450 °C for 1 hour under a 5% H₂ and 95% N₂ atmosphere to achieve the Pt-rich surface layer structure.
Characterization
Synchrotron XRD patterns were collected in BL02B2 at SPring-8, Japan, and the background was subtracted using Match! 3 software. The wavelength was calibrated with CeO2 (SPring-8) as 0.61950 Å. X-ray photoelectron spectroscopy (XPS) data were collected at the BL7U Aichi Synchrotron Radiation Center. The incident X-rays source was Monochromated Al-Kα (1486.6 eV) and photoelectron extraction angle was 45°. The carbon 1s peak was set at 284.60 eV for charge correction. The background was subtracted using the Shirley method. The morphologies of the NW samples were observed using a JEM-2200FS transmission electron microscope (JEOL, Ltd.) at an acceleration voltage of 200 kV. For High-resolution transmission electron microscopy (HR-TEM) imaging and energy-dispersive X-ray spectroscopy (EDS) mapping, the JEOL-JEM-ARM200F was used.
X-Ray Total scattering measurements
X-ray total scattering data for pair distribution function (PDF) analysis were collected using synchrotron radiation at the BL22XU beamline of SPring-8, Japan. A Varex Imaging XRD1621 flat panel detector captured the data, with a 2-second exposure and a 150-second integration time. Calibration of the beam center coordinates, detector tilt, and sample-to-detector distance (225.7759 mm) was performed using the PIXIA program, based on image data from CeO2 (NIST, 674B; lattice constant, a = 5.41165 Å). 29 The wavelength (λ = 0.180420 Å) was calibrated through PDF fitting of the CeO2 data using PDFfit2. 30
The data were normalized with the form factor using the Faber-Ziman formalism and the MaterialsPDF program. 29 The structure function, S(Q), was converted into reduced PDFs, G(r), through Fourier transformation within the Q range of 1.3–29.0 Å–1. Simultaneous joint curve fitting and simulation of the PDF data and XRD patterns were performed using the TOPAS program with a common structural model, 31 assuming individual lattice constants for PDF and XRD analyses.
Electrochemical measurement
All electrochemical experiments were performed in a three-electrode cell at room temperature. A reversible hydrogen electrode (RHE) with 5% H₂ was used as the reference electrode, Pt mesh as the counter electrode, and a glassy carbon rotating disk electrode (RDE) (Φ=5 mm) with a drop-coated catalyst served as the working electrode (WE). Prior to measurements, the glassy carbon RDE was polished with alumina micropolish and rinsed three times with water to remove any residual particles.
The catalyst ink was prepared by dispersing 2 mg of catalyst in a 2 ml mixture of ultrapure water and 2-propanol (0.3:1.7), along with 40 µL of 5 wt% Nafion® solution as a binder. The mixture was sonicated for 30 minutes and then deposited onto the glassy carbon RDE with a Pt loading of 6.5 µg cm⁻². Before testing the oxygen reduction reaction (ORR), 50 cycles of cyclic voltammetry (CV) were carried out in N₂-saturated 0.1 M HClO₄, scanning between 0.02 and 1.2 V (vs. RHE) at 100 mV s⁻¹ to remove residual surfactants. After activation, a stable CV was recorded at a scan rate of 50 mV s⁻¹.
ORR linear sweep voltammograms (LSVs) were recorded in O₂-saturated 0.1 M HClO₄, scanning from 0.2 to 1.2 V vs. RHE at 10 mV s⁻¹. LSVs under different mass transport conditions were measured using a rotating disk electrode (RDE) system with rotational speeds ranging from 100 to 2500 rpm. The ORR data were corrected using an N₂ background and analyzed with the Koutechy-Levich (K-L) equation at 0.9 V vs. RHE. The electrochemical active surface area (ECSA) was determined by integrating the hydrogen adsorption charge over the CV curve, assuming a hydrogen monolayer adsorption value of 210 µC/cm².
The accelerated degradation test (ADT) was conducted by applying constant potential polarization at 0.60 V and 1.00 V, each held for 3 s, and repeated for 10,000 cycles. After the ADT cycles, LSV was performed to evaluate the stability of the catalysts.
Oxygen coverage was determined by calculating the ratio of charges associated with reducing surface oxides () to those from hydrogen underpotential deposition (). The  values were measured by stepping the electrode potential from 0.4 V vs. RHE to specific potentials ranging from 0.5 to 1.1 V vs. RHE in N₂-saturated 0.1 M HClO₄, holding for 5 minutes, and then scanning back to 0.4 V at 50 mV s⁻¹.

CO stripping voltammograms were obtained by immersing the working electrode in CO-saturated 0.1 M HClO₄ at 0.12 V vs. RHE for 20 minutes, allowing full CO adsorption on the catalyst. The electrolyte was then purged with N₂ gas for 40 minutes to remove any remaining CO. The adsorbed CO was stripped from the catalyst surface by scanning from 0.02 to 1.0 V vs. RHE at a rate of 10 mV s⁻¹.
operando Conventional XAS measurement
XAS measurements were carried out at the BL37XU beamline in SPring-8, Japan. Monochromatic X-rays were generated using a Si (111) monochromator and a total reflection Ru mirror (4 mrad). The operando cell setup, as described in previous studies, 32 were made from polyether ether ketone (PEEK). An Ag/AgCl electrode (Saturated KCl, RE-8, EC Frontier CO., LTD., Japan) and a platinum mesh served as the reference and counter electrodes, while the working electrode was a glass-carbon RDE coated with the catalyst. Gas was introduced into the electrolyte through a PTFE tube at the bottom of the cell, with a check valve (MFTD-6V, AS ONE Corporation, Japan) at the top to maintain stable pressure during gas bubbling. X-ray measurements were conducted through a 25 µm Kapton® film window. Data analysis was performed using ATHENA and ARTEMIS from the IFEFFIT software suite.33
operando High-Energy Resolution Fluorescence Detection-XAS
Operando HERFD-XAS spectra of the Pt L3-edge were acquired at the BL39XU beamline at SPring-8, Japan, in a 0.1 M HClO₄ electrolyte under O₂-saturated conditions, with the potential referenced to the reversible hydrogen electrode (RHE). X-ray emission spectroscopy (XES) was employed to monochromatize the fluorescent X-rays before collecting the XAS signals. During the test, collimated and monochromatic X-rays were generated using Si (220) monochromators and a total-reflection Rh mirror (4.5 mrad). The HERFD-XAS spectra were fitted using an arrangement equation for the background and two pseudo-Voigt (Gaussian-Lorentzian) equations for the peaks.


  Here, Abg denotes the height for the arctan, which was adjusted to match the μE within the range of 11568-11570 eV. Ebg and En were determined as previous research. 34 mn was set as 0.5.
Results and discussion
Identification of the Pt nanowire structure
	In the typical synthesis of Pt-NWs, OAm functions as both the solvent and surfactant, CTAC acts as a capping agent, and Ni(acac)₂ is introduced to facilitate NW formation, as outlined in the experimental section. The presence of a small amount of Ni2+ is crucial for the anisotropic growth of Pt NWs (Fig. S1†), as previous studies have shown that transition metal cations can slow Pt²⁺ reduction and promote the formation of one-dimensional structures.35 Due to the limited reducing capability of OAm, the Ni(acac)₂ in the system was not fully reduced, preventing the formation of a PtNi-NW catalyst.36 After acid treatment, ICP analysis revealed that only 3 at% of Ni remained in the alloy (Pt97Ni3-NW/C), with no significant Ni signal observed in STEM-EDS mapping (Fig. S2†). Considering the further dissolution of Ni during electrochemical testing (e.g., cleaning CV process) and for comparison with PtNi-NW, this catalyst was named Pt-NW/C, as the remaining Ni content does not significantly affect its Pt-rich properties.
The morphological characteristics of the synthesized Pt-NWs were analyzed using TEM, HR-TEM, and HAADF-STEM. As shown in Fig. 1a and Fig. S3†, the NWs are uniformly dispersed on the carbon support without noticeable agglomeration, with an average length of 11.3 ± 6.6 nm and a diameter of 2.5 ± 1.2 nm. The selected area electron diffraction (SAED) image (inset in Fig. 1a) shows distinct polycrystalline diffraction rings, where the first ring corresponds to carbon and rings 2 through 5 align with the (111), (200), (220), and (311) facets of Pt with Fm-3m symmetry, confirming the high crystallinity of the NWs.
[image: ]Fig. 1c shows that most of the NWs have a lattice spacing of 0.227 nm, corresponding to the (111) facets of a typical fcc Pt nanocrystal. Atomic-level observations revealed a polycrystalline nature, suggesting a stepped structure. Surface defects within the NWs, including grain boundaries (GBs), kinks, and steps, disrupt the interfacial water network and destabilize ORR intermediates, significantly enhancing catalytic activity. 24, 37
[image: ]PXRD patterns, recorded with a wavelength (λ) of 0.61950 Å, were used to analyze the Pt-NW crystal structure (Fig. 1e). By simulation with fcc Pt models, the total scattering patterns indicated a lattice constant of 3.918 Å (Table S1). However, the weak and broad Bragg reflections made precise determination of crystal symmetry challenging, highlighting the need for alternative methods to enhance precision. The PDF technique, which provides the weighted probability of detecting any pair of atoms at a distance 𝑟, establishes the distribution of interatomic distances in real space and is a powerful tool for resolving material structures. PDF results indicated a slightly larger lattice constant of 3.921 Å compared to the PXRD measurement, while the synthesized NWs exhibited a more compact lattice structure than standard Pt crystals (3.925 Å).38
Identification of the PtNi alloy nanowire structure
 To address the issue of weak reduction by OAm in the synthesis of PtNi-NW/C, glucose was used as a stronger reducing agent, ensuring the complete reduction of Ni during the formation of PtNi NWs.36 The TEM and STEM-EDS spectra of the PtNi-NW/C before H2/N2 annealing (Fig. S4†) revealed that the NWs had diameters ranging from 2 to 3 nm, and the distribution of Ni in the structure was non-uniform. Given the more positive reduction potential of Pt²⁺/Pt compared to Ni²⁺/Ni, the structural features of the Pt core and Pt-Ni shell formation can be deduced, which is further confirmed by the HR-TEM images (Fig. S5†).18, 39 Due to the sensitivity of metallic nanostructures with highly segregated compositions to exposure atmospheres,40, 41 efforts were focused on engineering Pt-rich layer PtNi-NWs through thermal annealing under an H2/N2 atmosphere.
 To prevent agglomeration, PtNi-NW/C was annealed at various temperatures (Fig. S6†), resulting in different morphological changes. The experimental results show that annealing at 400 °C produces NWs with an average length of 8.5 ± 8.1 nm and a diameter of 2.6 ± 1.5 nm (Fig. S7†). At temperatures above 400 °C, large particles were observed, indicating the disruption of the NW structure and the onset of agglomeration.
 To further demonstrate the effect of annealing temperature on the formation of a Pt-rich surface, STEM-Electron Energy Loss Spectroscopy (EELS) characterization was performed on PtNi-NW/C annealed at 300 °C. As shown in Fig. S8†, the distribution of Pt and Ni within the NW structure was uniform, with no significant element segregation. This is attributed to the slow atomic diffusion and surface relaxation at lower temperatures (~300 °C).42 In contrast, the sample annealed at 400 °C showed a decreased Ni concentration from the core to the surface, revealing a PtNi alloy core and a Pt shell structure, highlighting the formation of a Pt-rich surface layer (Fig. 2e). Further STEM-EDS mapping and HR-TEM analysis (Fig. S9 and S10†) confirmed the development of the core-shell structure. Studies indicate that annealing at around 400 °C accelerates bulk atom diffusion and element segregation, leading to a concentration gradient that forms a Pt-rich surface.43 This [image: ]arrangement contributes to the specific catalytic properties of PtNi NW/C catalysts by balancing the strain effects of Ni in the core with a stable, highly active Pt-rich shell. Therefore, 400 °C was selected as the optimal annealing temperature.[image: ] Subsequent PXRD results (Fig. S11†) indicate improved crystallinity of PtNi-NW/C after annealing. Fig. 1 (a, c, d) HAADF-STEM image, (b) STEM-EDS element mapping spectrum, (e) Powder XRD patterns, and (f) PDF patterns of Pt-NW/C (obs: observed data, sim: fitted data, obs-sim: residual value). The inset in (a) is SAED image from the yellow area.


Fig. 2a presents HAADF-STEM and SAED images of the PtNi-NW/C catalysts, providing further insight into the synthesized structure. Diffraction rings 2, 3, and 4 correspond to the (111), (200), and (220) facets of Pt75Ni25 with Fm-3m symmetry, along with the (101), (110), and (002) facets of PtNi with P4/mmm symmetry, indicating the presence of the bct alloy phase in the NWs. Figs. 2b and 2c highlight the steps and grain boundaries in PtNi-NW/C.24
[image: ] XPS was used to analyze the elemental composition and valence states in catalysts(Fig. S12† and Table S2). The Pt 4f binding energy in PtNi-NW/C (71.46 eV) showed a slight negative shift compared to Pt-NW/C (71.53 eV), attributed to the interaction between Pt and Ni, where Pt exhibits an electron-withdrawing effect.44, 45 This electron transfer also leads to a partial oxidation state of Ni, with Ni²⁺ accounting for approximately 69%. The Pt/Ni atomic ratio in PtNi-NW/C, determined from the XPS survey spectra (Fig. S13†), was 1/3, consistent with the ICP-MS results (26.9/73.1).Fig. 2 (a, b, c, d) HAADF-STEM image and (e) STEM-EELS mappings for PtNi-NW/C.

Ex-situ XAS analysis was conducted to further evaluate the valence states and coordination environments of Pt and Ni. The X-ray absorption near edge structure (XANES) spectra for the Pt L3-edge (Fig. 3a) indicate a metallic state in both Pt-NW/C and PtNi-NW/C.46 Additionally, the reduced white line intensity for Pt in PtNi-NW/C compared to Pt-NW/C suggests electron transfer from Ni to Pt in the PtNi alloy, consistent with XPS results. Ni K-edge XANES spectra (Fig. 3d) show that the white line intensity of PtNi-NW/C falls between that of Ni foil and NiO, indicating a Ni valence state between 0 and +2. Fourier-transformed Extended X-ray absorption fine structure (FT-EXAFS) analyses for the Pt L3-edge and Ni K-edge (Figs. 3b and e) provide insights into the local atomic structure, with PtNi-NW/C exhibiting a positive shift in the Ni-Ni signal and a negative shift in the Pt-Pt signal compare to Ni/Pt foil, causing lattice contraction.47 Further analysis by wavelet transform (WT) reveals a shift in the maximum intensity of Pt-Pt to a lower k region, from approximately 12 Å⁻¹ to 10 Å⁻¹ (Figs. 3c and f). The strong interaction between Pt and Ni in PtNi-NW/C enhances oxidation resistance and changes the Pt coordination environment, which is considered to be favorable for ORR activity.48Fig. 3 (a) Pt L3-edge XANES spectra and (b) FT-EXAFS spectra of PtNi-NW/C, Pt-NW/C, and Pt/C, (d) Ni K-edge and (e) FT-EXAFS spectra of PtNi-NW/C. Wavelet transform of the k3 weighted Pt L3-edge EXAFS spectra of (c) Pt foil and (f) PtNi-NW/C. (g) Powder XRD patterns, and (h) PDF patterns of PtNi-NW/C.


[image: ][image: ] Figs. 3g and 3h present the PXRD and PDF analysis for the PtNi-NW/C catalyst, revealing the presence of a tetragonal phase attributed to the L10 structure in the PtNi alloy core.49 Further analysis identifies a phase near pure Pt, characterized by a compressed fcc structure with a lattice constant of 3.79 Å and a shorter Pt-Pt distance of 2.67 Å compared to bulk Pt (Table S3), consistent with the Pt-rich layer observed in TEM images. Interestingly, PXRD did not show clear peaks for the tetragonal phase; instead, displayed broad intensities in regions where these peaks were expected, along with sharp Bragg peaks associated with pseudo-cubic phases. This pattern, combined with PDF data, suggests the formation of large pseudo-cubic crystals composed of randomly oriented c-axes of tetragonal phases. Additionally, the analysis indicated the presence of a pure fcc Ni phase within PtNi-NW/C, attributed to excess Ni content. Both the bct PtNi alloy and pure fcc Ni phases synergistically influence the core, positively impacting the structure and properties of the Pt-rich surface layer.
Electrochemical measurement
The RDE method was used to assess the electrocatalytic ORR activity of the catalysts in a 0.1 M HClO4 electrolyte. The cleaning CV was performed in an N2 environment for 50 cycles. Fig. S14† shows the cleaning CVs of the different NWs catalysts during the first and fiftieth cycles. In the initial cycle, the underpotential deposition of hydrogen (HUPD) and Pt redox peaks were discrete, likely due to residual surfactants and organic matter on the Pt surface. After 50 cycles, a standard CV curve was obtained, with a significantly reduced peak around 1.1~1.2 V vs. RHE, indicating the removal of organic matter from the Pt surface. Additionally, the PtNi-NW/C catalysts before and after annealing exhibited different CV shapes (Fig. S14b† and c†), with the unannealed PtNi-NW/C showing electrochemical behavior similar to that of Pt-NW/C after cleaning.23 This indicates that the Pt-rich surface layer formed after annealing effectively protects the internal Ni from dissolution.Fig. 4 (a) CV and (b) ORR polarization curves (1600 rpm) for Pt /C, Pt-NW/C, and PtNi-NW/C catalysts, respectively in O2-saturated 0.1M HClO4. (c) ORR polarization curves before and after the ADT. (d) Oxygen coverage and (e) The CO-stripping curves of the Pt-NW/C and PtNi-NW/C. (f) Comparison of specific and mass activity.


Fig. 4a presents the CV curves of the Pt-NW/C, PtNi-NW/C, and Pt/C catalysts after 50 cleaning cycles. The redox peak associated with oxide formation/reduction in the NW catalysts shifted to higher potentials compared to the Pt/C catalyst. In oxygen-saturated 0.1 M HClO4, LSV was conducted at 1600 rpm (Fig. 4b and Fig. S15†), with mass-transfer correction applied for kinetic current calculation. A four-electron pathway for ORR was identified,52 as shown in the Koutecky-Levich plot. Further comparison of PtNi-NW/C catalysts, accounting for variations in Ni content and annealing temperature (Fig. S16† and Table S4†), showed that catalysts with higher Ni content and annealed at 400°C displayed enhanced ORR activity. This aligns with previous studies, where increasing Ni content in PtxNiy alloys induces lattice contraction, shortening Pt-Pt bond lengths in the Pt-rich surface layer due to strain effects, thereby enhancing catalytic activity (Fig. S17†).50 Notably, the NW-structured catalysts exhibited a positive shift in the half-wave potential relative to Pt/C, supported by the Tafel plots (Fig. S18†), confirming the significant boost in ORR activity from one-dimensional NW catalysts. Under the combined influence of strain and ligand effects, PtNi-NW/C achieved an impressive specific activity of 2.07 mA cm-2 at 0.9 V vs. RHE, nearly 7-fold that of Pt/C and 2.5-fold that of Pt-NW/C. Additionally, it exhibited the highest mass activity of 1.37 A mgPt-1, surpassing Pt/C (0.21 A mgPt-1) and Pt-NW/C (0.47 A mgPt-1) (Fig. 4f).
 The durability of the catalysts was evaluated by ADT between 0.60 V and 1.0 V vs. RHE. Fig. 4c shows a significant negative shift in half-wave potentials for Pt-NW/C compared to PtNi-NW/C after 10k ADT cycles. TEM and STEM-EDS spectra revealed structural disruption, but the PtNi-NW/C catalyst retained a high Ni content of 60.3 at%, while the unannealed PtNi-NW/C showed approximately 95 at% Ni dissolution, confirming that the Pt-rich surface layer effectively shielded the inner Ni atoms (Fig. S19-21†). Oxygen coverage was also analyzed at various potentials (Fig. 4d and S22†), showing the relationship between oxygen species binding and the Pt surface. At 0.8 V vs. RHE, oxygen coverage increased, with the QO/QH value exceeding 0.0, marking the formation of Pt-OH on the catalyst surface, consistent with previous research.51 A notable change occurred at 1.1 V vs. RHE, where the QO/QH values for Pt/C and Pt-NW/C exceeded 1.0, indicating the transformation of Pt-OH to Pt-O, which requires two electron transfers per Pt site. This transformation reduced ORR activity by occupying surface-active sites.32 Interestingly, PtNi-NW/C exhibited lower oxygen coverage than Pt/C and Pt-NW/C, suggesting that the Pt-rich layer in PtNi-NW/C lowers oxygen adsorption energy at higher potentials, which could improve ORR performance. This finding is further supported by CO stripping results (Fig. 4e), where COads electrooxidation shifted to a negative potential in PtNi-NW/C due to the synergistic effects of surface steps, grain boundaries, and core-shell structures.52 These structural factors, as noted in previous studies, disrupt the interfacial water network, reduce the activation barrier for O-species conversion, and weaken oxygenated species adsorption, promoting COads electrooxidation and enhancing ORR activity.53
Chemisorption observation from operando HERFD-XANES
 To investigate the electronic state of Pt in the Pt/C, Pt-NW/C, and PtNi-NW/C catalysts under ORR condition, operando HERFD-XANES analysis was conducted. This technique provides enhanced resolution compared to conventional XAS,54 and allows for the distinct identification of changes in the white line, enabling differentiation between chemisorbed oxygen species, Pt oxides, and Pt metal.55, 56 For measurements, the catalysts were mounted on RDE and evaluated in an operando cell. The primary intensity of the Pt L3-edge white line increased and shifted positively with incerasing polarization potential, particularly for the Pt/C catalyst (Fig. 5 and S23†). This broadening and shifting in the spectrum is attributed to Pt adsorption and subsequent oxidation.57 Between 0.5 and 0.8 V vs. RHE, signs of hydroxyl (OH) adsorption on Pt caused a slight shift in peak position and an increase in white line intensity,58 with Pt oxidation becoming more pronounced above 1.0 V vs. RHE.51, 59 The initial steps involve the dehydration of chemisorbed OH, leaving oxygen atoms on the Pt surface, which eventually form Pt-O bonds.25
The subsequent oxidation of the Pt surface leads to the formation of PtO, which not only remains on the surface but also penetrates deeper, forming higher-order oxides such as α-PtO2, β-PtO2, and Pt3O4 at high polarization potentials.51, 60 Computational results from FEFF calculations suggest that as PtO fully converts to α-PtO2, there is a significant shift of approximately 2 eV towards the higher-energy side, along with a noticeable increase in intensity.59 However, in the case of PtNi-NW/C, this shift is smaller, indicating the catalyst does not undergo further oxidation to PtO2, which is attributed to the Pt-rich surface layer and strain effects.46Fig. 5 operando HERFD- Pt L3-edge XANES analysis for (a) Pt/C, (b) Pt-NW/C, and (c) PtNi-NW/C catalyst varying different polarization potential. (d) operando HERFD- Ni K-edge XANES analysis for PtNi-NW/C.


Catalysts with high transition metal content often tend to adsorb OH species at reaction potentials. The strong affinity of Ni or Co atoms for oxygen (oxyphilicity) accelerates the oxidation of Pt at high polarization potentials. This effect extends to internal Ni atoms, which are prone to oxidation due to interfacial place exchange with surface Pt atoms and adsorbed oxygen.61, 62 The operando Ni K-edge spectra (Fig. 5d) show that the PtNi-N/C catalyst with a stable Pt-rich surface layer, minimizing Ni oxidation and resulting in no significant spectral intensity changes. This demonstrates the effectiveness of post-annealing treatment in forming Pt-rich layer, which prevents Ni dissolution during the ORR process and suppresses the "positional exchange" effect.
[image: ]To examine changes in the electronic state of Pt at varying potentials, the spectra were analyzed using an arctangent function combined with two pseudo-Voigt peaks (Fig. 6a–c). The peaks at 11568.1 eV and 11570.3 eV correspond to the metallic and oxidized states of Pt, respectively. Fig. 6d–f illustrates the variations in the metallic, oxide, and combined peaks as a function of potential. The PtOx component increased with rising polarization potential, though this oxidation was mitigated by the NW-structured catalyst, due to its specific surface structure. 24 While Pt-NW/C limits PtOx formation, Pt still tends to convert into PtOx in highly polarized regions, which can lead to Pt dissolution and catalyst degradation.63 In contrast, a significant reduction in the oxidized composition was observed for PtNi-NW/C compared to Pt-NW/C, indicating that the Pt-rich surface layer and strain effect of the PtNi alloy hinders PtOx formation. With lower oxygen adsorption energies and reduced conversion to Pt oxide, PtNi-NW/C catalysts exhibit enhanced activity and stability.

Conventional operando XAS measurements
The electronic states of Pt in these catalysts were also analyzed using conventional XAS, as shown in Fig. S24† and S25†, which display the spectra of the Pt L2 and L3-edge at varying potentials. An increase in white line intensity was observed as the potential increased, indicating electron depletion in the Pt d-orbitals due to oxidation. To further investigate changes in Pt valence, Δμ (defined as Δμ = μE - μedge) was calculated and depicted in Fig. S26† and Fig. 7d. The consistent increase in Δμ reflects the presence of chemisorbed oxygen.34 Notably, the minimal increase in white line intensity observed in the PtNi-NW/C catalyst aligns with the results from HERFD-XANES analysis, confirming its resistance to oxidation.Fig. 6 Least-square fits by two peaks (metal peak and oxides peak) of all HERFD-XANES spectra from Fig. 5 for (a) Pt/C, (b) Pt-NW/C, (c) PtNi-NW/C. Integrated peak areas of metal peak, oxides peak, and sum peak for (d) Pt/C, (e) Pt-NW/C, (f) PtNi-NW/C.


[image: ][image: ]Fig. 7 a-c and S27† present the FT-EXAFS analysis, showing an increase in the Pt-O signal (1.6 Å) and a decrease in the Pt-Pt signal (2.5 Å) as the potential increases. The wavelet-transform EXAFS spectra further confirm the formation of Pt-O bonds at high polarization potentials (Fig. S28†). Compared to Pt/C catalysts, Pt-NW/C and PtNi-NW/C catalysts exhibit less fluctuation in these signals, indicating weaker oxygen binding energies and reduced Pt-O formation on the surface. Pt-Pt bond lengths, calculated by Artemis' IFEFFIT (Table S5-7 and Fig. 7e), play a crucial role in influencing the d-band center state, which directly impacts ORR activity.64 For Pt/C and Pt-NW/C catalysts, a simple fcc Pt model was applied, showing bond lengths of 2.751 Å and 2.746 Å at 0.5 V vs. RHE, respectively. As the potential increased, the bond lengths expanded to 2.825 Å and 2.779 Å at 1.1 V vs. RHE, due to the combined effect of reduced Pt-Pt coordination number and Pt oxidation.
For the PtNi-NW/C catalysts with a Pt-rich layer structure, fitting was performed using both fcc Pt and bct PtNi models. At a potential of 0.5 V vs. RHE, the Pt-Pt and Pt-Ni bond lengths were determined to be 2.677 Å and 2.639 Å, respectively, consistent with the PDF results. Although these bond lengths increase with rising potential, the expansion is significantly smaller than that observed in the Pt-NW/C catalyst. The Pt-Pt bond length increases by approximately 0.01 Å at 1.1 V vs. RHE, and even at a high polarization potential of 1.4 V vs. RHE, it remains at 2.711 Å. DFT computational studies support the idea that Pt skins in Pt-Ni catalysts suppress the d-band center, effectively reducing [image: ][image: ]ΔEO.46, 65 This theory, aligned with operando XAS results, confirms that the Pt-rich layer and high Ni content in PtNi-NW/C catalysts contribute to enhanced catalytic activity.Fig. 7 Pt L3-edge FT-EXAFS spectra and corresponding fits for (a) Pt/C, (b) Pt-NW/C, and (c) PtNi-NW/C varying different polarization potential. (d) Δμ of the white line peak heights and (e) Pt-Pt bond length from the corresponding fitting results for Pt/C, Pt-NW/C, and PtNi-NW/C catalysts.

[bookmark: _Hlk143415724]Conclusions 
In summary, high-Ni-content PtNi-NW/C catalysts were synthesized and characterized using techniques such as TEM, XRD, PDF, and XAS, revealing an intriguing fcc Pt-rich surface layer and bct PtNi alloy core structure. Advanced operando HERFD-XANES analysis was used to examine the changes in Pt bonding to oxygenated species under reaction conditions, emphasizing the contribution of the Pt-rich layer and PtNi alloy core in suppressing Pt oxidation and preventing Ni dissolution. EXAFS fitting analysis showed minimal changes in Pt-Pt bond lengths in PtNi-NW/C catalysts as applied potential increased, indicating structural stability. This study provides valuable insights into the relationship between catalyst structure, activity, and stability, offering guidance for future catalyst design and optimization.
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