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Highly active electrocatalytic alcohol oxidation coupled hydrogen production with unsaturated Ni-O(OH) coordination
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[bookmark: _Hlk115208526]Experimental Section
Chemicals
Nickel nitrate hexahydrate (Ni(NO3)2·6H2O, AR, ≥ 98.0%), N, N-dimenthylformamide (DMF, AR, ≥ 99.5%), ethanol, polyvinylpyrrolidone (PVP, Mw=40000), and potassium hydroxide (KOH, AR, 85.0%) were purchased from Sinopharm Chemical Reagent Co., Ltd. Trimesic acid (H3BTC, ≥ 99.0%) was bought from Shanghai Aladdin Biochemical Technology Co., Ltd. Nafion (D520) was received from Shanghai Branch, Du Pont China Holding Co., Ltd. Ultrapure water was collected by an ultrapure purification system and utilised in all experiments. The carbon paper (CP) was acquired from Suzhou Sinero Technology Co., LTD. All of the chemicals in the experiments underwent any purification process.
Methods
[bookmark: OLE_LINK15][bookmark: OLE_LINK3][bookmark: OLE_LINK2]Synthesis of the Ni-BTC hollow nanosphere precursor. A modified version of the previously described method was employed to prepare Ni-BTC1. A solution containing distilled water, ethanol, and DMF (v: v: v=20 mL: 20 mL: 20 mL) was thoroughly mixed while being agitated for 30 min. Subsequently, H3BTC (0.168g, 0.8 mmol), Ni(NO3)2·6H2O (0.432g, 1.5 mmol), and PVP (3g) were sequentially dissolved into the aforementioned mixture solution while being stirred for 1 hour. The substance was relocated to a Teflon-lined autoclave with a capacity of 100 mL and retained at a temperature of 153 ℃ for 6 h. Afterward, the resultant products were mixed with the bright and light-green crystal and dispersed in ethanol through sonicated. The cystals settled at the bottom of the solution were removed. The light-green powders were acquired by centrifuging the supernatant, rinsing thrice with ethanol and subsequently drying at 60 ℃ for 24 h.
[bookmark: OLE_LINK17]Synthesis of the Ni-O(H)-C and Ni-O(H) catalyst. The catalysts were synthesized via temperature-programmed pyrolysis of Ni-BTC precursors. A railboat was loaded with 200 mg Ni-BTC and placed at the centre of a tube furnace. It was then heated to 430 ℃ at a heating rate of 5 ℃ min–1 and held for a duration of 8 h. For the preparation of Ni-O(H)-C catalyst, 5 sccm Ar was introduced into the furnace, while a combination of 3 sccm Ar and 2 sccm H2 was used for Ni-O(H) catalyst. Following cooling in the an Ar atmosphere, the samples were collected and subsequently stored in a vacuum. 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8]Electrochemical measurements. Electrochemical measurements were conducted using a standard three-electrode configuration on the Gamry Interface 1010E. The working electrodes were prepared by dropping catalyst ink on 3 mm-diameter glassy carbon electrodes or carbon paper. The catalyst ink was formulated by adding catalysts including Ni-O(H)-C, Ni-O(H), Pt/C and RuO2 (5 mg) to a the solution composed of 600 μL ethanol, 400 μL water and 10 μL Nafion, which was then subjected to ultrasonication for 30 min. A film layer was formed by casting 5 μL of homogeneous ink onto a pre-polished glassy carbon (GC) electrode. The total catalyst loading on the GC electrode was 0.35 mgcat cm–2. Using the aforementioned catalyst ink, a 5×1 cm–2 catalyst-modified CP electrode was prepared by pipetting onto CP with a catalyst mass loading of 1 mg cm–2and drying at 60 ℃. Hg/HgO and a carbon rod were employed as reference and counter electrodes, respectively. 
[bookmark: OLE_LINK9]The LSVs for HER and OER were assessed in a 1 M KOH electrolyte with a potential scan rate of 5 mV s–1. The potentials were given versus RHE with the RHE calibration equation of E(RHE) = E(Hg/HgO) + 0.0591 × pH + 0.098. Electrochemical impedance spectroscopy (EIS) was conducted on a GC electrode at 0.224 – 0.774 V vs. Hg/HgO. The frequency scan range was from 100 kHz to 0.01 Hz. For the both EOR and OER prior to 1.35 V, the equivalent circuit consists of the solution resistor (Rs) in series with the R1||CPE1. After 1.35 V, the device contains R1||CPE1 and R2||CPE2 in series, with R2 representing the charge transfer of the OER process. The electrochemical active surface area (ECSA) was established by measuring the capacitive current related to double-layer charging via cyclic voltammetry (CV) at a series of scan rates (100, 200, 300, 400, 500 mV s–1) within a non-Faradaic potential range. Chronoamperometry measurements for EOR were recorded at a potential of 1.448 V vs. RHE on CP electrode. Alcohol oxdiation measurments were taken in a 1 M KOH electrolyte containing 1 M alcohol including methanol, ethanol, and glycol. The coupling of HER and EOR relied on the a two-electrode configuration. A Ni-O(H)-C -CP served as both anode and cathode in an H-type electrolytic cell, utilizing the anion exchange membrane (Fumasep FAB-PK-130). 
Product Detection. The products for the EOR reaction were analysed using 1H nuclear magnetic resonance spectroscopy (Bruker AVANCE NEO 600M). Chronopotentiometry measurements were conducted at the a current density of 100 mA in 50 mL of electrolyte containing 1M ethanol for 25, 50, 100, and 150 min to determin the product quantities Ion chromatography (ICS 1100, Thermo Fisher Scientific Inc.) was employed for this purpose.
The total theoretical charges for ethanol oxidation are as follows: 
Qtheoretical = I × t                                                    (equation 1)
The actual total charges of ethanol oxidation are as follows: 
Qactual=N (acetic acid) × 4 × (6.02 ×1023 mol–1) × (1.6 ×10–19 C)                (equation 2)
The faradaic efficiency for the ethanol oxidation is as follows:
Faradaic effeciency (%) for EOR = Qtheoretical / Qactual × 100%                   (equation 3)
Zn-Alcohol-Air battery. The air electrode utilized the Ni-O(H)-C catalysts at approximately 0.5 mg cm–2 integrated with a gas diffusion layer (GDL). For comparison, a GDL coated with commercial catalysts (20% Pt/C : IrO2 =1 : 1, mass ratio) was also employed. A polished zinc plate was made as an anode, with 1M KOH and 1 M alcohol serving as the electrolyte. 
[bookmark: _Hlk119787507]Material characterizations. X-ray diffraction (XRD) patterns of the as-synthesized catalysts were obtained on a Bruker D8 Advance with CuK𝛼 radiation (λ = 1.540598 Å). The phase structures and crystallites were determined through the XRD results. Thermo Fisher (ESCALAB 250Xi) system was used for the measurement of the X-ray photoelectron spectra (XPS). Binding energies were referenced to the C1s peak at 284.8 eV of the surface adventitious carbon to correct the shift caused by the charge effect. The catalysts’ morphology and microstructure were documented using a field-emission scanning electron microscope (JSM-7610F Plus). The scanning transmission electron microscopy (STEM), high-angle annular dark-field STEM (HAADF-STEM) and STEM energy-dispersive X-ray spectroscopy (STEM-EDS) elemental mapping images were acquired using an FEI Titan G2 F20 X-Twin microscope running at 300 kV. JEM-ARM300F transmission electron microscope equipped with a probe spherical aberration corrector was employed for obtaining atomic resolution HAADF-STEM images and electron energy loss soectroscopy (EELS) elemental mappings. Inductive coupled plasma-optical emission spectroscopy (ICP-OES) was conducted using an Agilent 7850 (Ms) system. 
[bookmark: OLE_LINK14][bookmark: _Hlk102075976]XAFS analysis. The X-ray Absorption Fine Structure (XAFS) spectra at Ni K-edge were obtained at the XAFCA beamline in Singapore Synchrotron Light Source (SSLS). The storage ring was operated at an electron energy of 2.5 GeV with a beam current of 200 mA. The Ni K-edge energy was calibrated based on the absorption edge of a Ni foil. Athena and Artemis software were used for data extraction and profile fitting 2. Coordination peaks on R-space were simulated without phase correction.
In situ Raman Spectrum. The Renishaw inVia Raman microscope was used to conduct an in-situ Raman spectrum at a series of potentials. Electrochamical tests were carried out using a three-electrode configuration with the working electrode being a Ni-O(H)-C-CP and operated on a Gamry Interface 1010E electrochemical workstation. The reference electrode and counter electrode were SCE and platinum wire, respectively. The electrolyte for the EOR system consisted of 1 M KOH and 1 M ethanol, while the OER system contained a 1 M KOH electrolyte.
Computational configuration. The structural optimizations, charge density difference analysis, and energy calculations were completed via first-principles calculations based on the density function theory (DFT) as implemented in the Vienna Ab initio Simulation Package3. The projector augmented wave (PAW) potential and the generalized gradient approximation (GGA) with the Perdew-Burke Ernzerh of functional were used to described the the nuclei-electron and electron exchange correlation interactions, respectively4,5. The cut-off plane-wave kinetic energy was set at 400 eV, and an energy criterion of 10−5 eV was applied in the iterative solution of the Kohn-Sham equation. A vacuum spacing of 15 Å was deployed perpendicular to the sheet to avoid any artifical interplay between periodic images. The Brillouin zone integration was undertaken with a 3×3×1 k-mesh. Geometry optimization was relaxed until the residual forces on unconstrained atoms have declined to under 0.03 eV Å−1. The dimer method was employed for the transition state search to converge the saddle point within 0.05 eV Å−1. The Gibbs free energies were calculated as follows: ΔG = ΔEDFT + ΔZPE – TΔS. Here, ΔEDFT refers to the reaction energy calculated from DFT, while ΔZPE stands for the zero-point energy, and ΔS is the entropy change of the adsorbates adsorption.


[bookmark: _Toc112445386]Results and Discussion
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Supplementary Fig. 1 | Morphology characterzation. The SEM images of (a) Ni3(BTC)2 hollow nanospheres, (b-f) Ni-O(H)-C hollow nanospheres carbonized from Ni3(BTC)2 at (b)3 00 ℃, (c) 365 ℃, (d-f) 430 ℃. 
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Supplementary Fig. 2 | Microstructure characterzation of Ni-O(H)-C catalyst. a-b, The TEM images of Ni-O(H)-C hollow nanospheres at low-resolution. c, HAADF-STEM image of the Ni-O(H)-C catalyst.


[image: ]
Supplementary Fig. 3 | Elemental distribution of Ni-O(H)-C catalyst. The HAADF-STEM images with EDX mapping and the corresponding element ratio of Ni-O(H)-C nanospheres.
Supplementary Note 1| The synthesized Ni-O(H)-C catalyst exhibits well-dispersion of Ni, O, C on the shell structure of the hierarchical hollow spheres, with a diameter of ~ 1 μm. TEM-EDS detected the atomic percentages of final Ni,C,O for Ni-O(H)-C catalyst as 59.8, 34.1, and 6.1%, respectively.
[image: ]
Supplementary Fig. 4 | Structural characterzation. Raman spectra of Ni-O(H)-C and Ni-O(H) catalysts.
[image: ]
Supplementary Fig. 5 | Analysis of the Ni mass fraction in catalysts. Thermogravimetric analysis (TGA) results of (a) Ni-O(H) and (b) Ni-O(H)-C catalyst.
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Supplementary Fig. 6 | Microstructure characterzation of Ni-O(H) catalyst. The TEM images of Ni-O(H) hollow nanospheres at different resolution.
Supplementary Note 2| The Raman spectra of the Ni-O(H)-C catalyst also show the existence of the carbon layer, as evidenced by the broad peaks at ~ 1338 and 1598 cm–1, signifying the D and G peaks of graphitized carbon. These two peaks dispeared in the Raman spectrum of Ni-O(H). The alculated nickel content from TGA results of Ni-O(H) and Ni-O(H)-C are 99.6 wt.% and 81.2 wt.%. These reveal that the the carbon layer is absent on the surface of Ni-O(H) catalyst, which is also indicated by its TEM images.


[image: ]
Supplementary Fig. 7 | Structural characterzation of the Ni-O(H)-C catalysts carbinazed at different temperatures and Ni-O(H) catalyst. X-ray diffraction patterns of Ni-O(H)-C catalyst carbinazed at 300, 365, 430℃ and Ni-O(H) catalyst.
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[bookmark: OLE_LINK46]Supplementary Fig. 8 | Structure characterization of the Ni-O(H)-C and Ni-O(H) catalysts by XPS. High resolution XPS spectra and corresponding fittings for (a) C 1s, (b) Ni 2p3/2, (c) O 1s for Ni-O(H)-C-300℃, Ni-O(H)-C-365℃, Ni-O(H)-C-430℃, and Ni-O(H) catalysts.
[bookmark: OLE_LINK13]Supplementary Note 3| In the Ni 2p spectra of Ni-O(H)-C-300 ℃, the peak at 855.9 eV is associated with the Ni-OH bond. In the Ni 2p spectra of Ni-O(H)-C-365 ℃, signal peaks of metal Ni0 and Ni-O and Ni-OH appear, with their location being at 852.7 eV, 854.0 eV and 856.0 eV, respectively. The above suggests the formation of the Ni metal phase at 365℃, with O and OH species present on its surface. When the temperature reached 430℃, the ratio of Ni0 rose, suggesting that surface oxygen-containing species decreased as the temperature increased.
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[bookmark: OLE_LINK4]Supplementary Fig. 9 | Analysis of the binding state of Ni and O in the catalysts from XPS results of Ni-O(H)-C-300℃, Ni-O(H)-C-365℃, Ni-O(H)-C-430℃, and Ni-O(H) catalysts.

[bookmark: _Toc112445387]
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Supplementary Fig. 10 | Microstructure characterzation of Ni-O(H)-C catalyst. EELS line-scanning results of a Ni-O(H)-C nanoparticle, which profiles that the O-containing species are distributed on the surface of the Ni crystals and the interface conneted with carbon layers.


[image: ]
Supplementary Fig. 11 | Microstructure characterzation of Ni-O(H)-C catalyst. a, ADF-STEM image of a Ni-O(H)-C nanoparticle. b, Corresponding ELNES spectra of the four region from the ADF-STEM image. c, ELNES spectra of C, Ni and O corresponding to the marked position in the ADF-STEM image.
[image: ]
Supplementary Fig. 12 | Coordination information from EXAFS fitting of Ni-O(H)-C catalyst. a, Relationship between Ni K-edge adsorption energy (E0) and valence states for Ni-O(H)-C and reference materials. b, Fourier-transformed (FT) k3-weighted χ(k)-function of the EXAFS spectra for the Ni K-edge. c, k3-weighted FT-EXAFS fitting curves of Ni-O(H)-C and Ni foil at the Ni K-edge. d-e, EXAFS fitting of Ni-O(H)-C catalyst only with Ni-Ni shell. f, The corresponding wavelet transforms of the k3-weighted EXAFS spectra of the Ni K-edge for Ni-O(H)-C, Ni foil, Ni(OH)2, NiO.
Supplementary Note 4| When utilising a singular Ni-Ni coordination structure for EXAFS fitting, a significant contrast arises between said fitting curve and the experimental curve. Such occurrences strongly suggest the existence of additional coordination structures present within the catalyst beyond Ni-Ni. The Ni-K edge EXAFS oscillations were investigated using the wavelet transform (WT) (Supplementary Fig. 12f). Consistent with the FTs, the Ni-Ni contribution had the highest intensity in the WT contour plots for Ni-O(H)-C catalysts. This contribution was in the lower K-space compared to Ni foil, likely due to the surface Ni-O(H) coordination.
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Supplementary Fig. 13 | Electrochemical performance for HER. Bode plots of EIS for a, Ni-O(H)-C, b, Ni-O1.4(H)-C c, Ni-O1.9(H)-C d, Ni-O(H).
[bookmark: OLE_LINK60]Supplementary Note 5| The HER mechanism in alkaline conditions can be divided into the three fundamental steps: Volmer (M + H2O + e– → M-Had + OH–), Heyrovsky (M-Had + H2O + e– → M + H2 + OH–), or Tafel (2M-Had → M + H2).
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Supplementary Fig. 14 | Electrochemical performance for HER. a, The comparing polarization curves of Ni-O(H)-C, Ni-O1.4(H)-C, Ni-O1.9(H)-C and Ni-O(H) for HER. b, Nyquist plots of Ni-O(H)-C, Ni-O1.4(H)-C, Ni-O1.9(H)-C and Ni-O(H) for HER. 


[bookmark: OLE_LINK1][image: ]
Supplementary Fig. 15 | a, LSV curves of Ni-O(H)-C catalyst on GC electrode in 1 M KOH solution with and without 1 M ethanol, and RuO2 catalyst on GC electrode in 1 M KOH solution at a scan rate of 5 mV s–1. b, Tafel plots of Ni-O(H)-C catalyst for EOR and OER, and RuO2 catalyst for OER.
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[bookmark: OLE_LINK48]Supplementary Fig. 16 | Electrochemical performance. EOR polarization curves of Ni-Ox(H)-C and Ni-O(H) catalysts.

[bookmark: OLE_LINK12][image: ]
Supplementary Fig. 17 | Structral evaluation of Ni-O(H)-C catalyst after EOR. TEM images of Ni-O(H)-C catalyst after chronoamperometry (CA) measurement for 10 h.


[image: ]
Supplementary Fig. 18 | XPS spectra of Ni-O(H)-C catalyst after OER. a, C1s b, Ni 2p c, O 1s XPS spectra of Ni-O(H)-C catalyst at different potentials for OER.
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Supplementary Fig. 19 | XPS spectra of Ni-O(H)-C catalyst after EOR. a, C 1s b, Ni 2p c, O 1s XPS spectra of Ni-O(H)-C catalyst at different potentials for EOR.
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Supplementary Fig. 20 | The ratio of the Ni and O species in Ni-O(H)-C catalyst at different potentials for OER and EOR from XPS analysis.
Supplementary Note 6| The XPS spectra of Ni 2p and O 1s indicating that the Ni3+-O species arise and amass on the surface of Ni-O(H)-C as the potential for OER increases. In contrast, no discernible increase of Ni3+-O species on the surface are observed after EOR.
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Supplementary Fig. 21 | Raman spectra of the Ni-O(H)-C catalyst in 1M KOH at 1.6 V for 60 s and after inject EtOH at the open circuit state.
Supplementary Note 7| Two potential-dependent Raman spectra signal peaks are observed at 478 and 552 cm–1 after 1.3 V. These peaks corresponded to the bending vibration and stretching vibration of Ni3+-O species in M2+δ Oδ(OH)2–δ, respectively
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Supplementary Fig. 22 | Verification experiment illustrating the proton-coupled electron transfer reaction between ethanol and Ni2+δOδ(OH)2–δ intermediate.
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Supplementary Fig. 23 | KIE study of OER and EOR process. a, LSV curves of Ni-O(H)-C recorded in 1M KOH in D2O and H2O, respectively. b, LSV curves of Ni-O(H)-C recorded in 1M KOH in C2D6O/D2O and C2H6O/H2O, respectively.
[bookmark: OLE_LINK54][bookmark: OLE_LINK22][bookmark: OLE_LINK24]Supplementary Note 8| The pre-catalytic oxidation process was examined through the polarization curve of Ni-O(H)-C in aqueous and deuterium media (H2O and D2O) for OER (Supplementary Fig. 23a). The oxidation peak of Ni2+/Ni3+ in D2O was observed to shift to a lower potential of 1.37 V (vs. RHE) in comparison with that in H2O. This implies that the oxidation reaction of Ni2+/Ni3+ is facilitated by deuterium media, potentially due to the enhanced adsorption of OD– with a more polar nature. Supplementary Fig. 23b displays the polarization curves of the Ni-O(H)-C catalyst for EOR in electrolyte of C2H6O/H2O and C2D6O/D2O. This is done to isolate the potential determining step (PDS) and the rate determining step (RDS), defining the onset potential and current beyond onset, respectively. In C2D6O/D2O, the onset potential shifts to a positive potential with a higher Tafel slope compared to that in C2H6O/H2O, showing the isotope effect on Ni-O(H)-C catalyst during EOR.

[image: ]
[bookmark: OLE_LINK11]Supplementary Fig. 24 | EOR electrochemical performance of Ni-O(H)-C electrodes. a, LSV curves in 0.2, 0.5, and 1.0 M KOH solution with 1.0 M ethanol b, LSV curves in 1.0 M KOH solution with variable ethanol concentrations from 0.2 to 1.0 M.


[image: ]
Supplementary Fig. 25 | a, Bode plots of Ni-O(H)-C electrode for OER at different potentials. b, Equivalent circuit models for OER. c, The correlation of the resistance (R1 and R2) of the potential for Ni-O(H)-C during OER.
Supplementary Note 9| For OER, it is discovered that solely the high-frequency interface between Ni-O(OH) and diffuse double layer (DDL) is present before 1.35 V (Supplementary Fig. 25-26a). This interface displays the huge R1 value, thereby having an exceeding weak charge transfer. Afterwards, the response witnessed in the high-frequency region above 1.35 V is attributed to the surface oxidation of Ni-(OH) to Ni-O*, which has been based on the LSVs, XPS and Raman findings. The signal in the low-frequency region correlates with surface-adsorbed hydroxyl and nonhomogeneous charge distribution. As the electrooxidation happened, R1 swiftly decreased while the oxidation rate increased and R2 of the low-frequency interface occurred immediately. After reaching 1.45 V, the phase angle peak at low-frequency decreased and shifted to a higher frequency as the potential increased. Moreover, the interfacial charge transfer (R2) reduced as the potential increasing. This indicates that the absorbed OH species were oxidized to O2 between the oxidation layer and DDL.
[image: ]
[bookmark: OLE_LINK10]Supplementary Fig. 26 | Electrochemical performance. Nyquist plots of Ni-O(H)-C for a OER and b EOR at different potentials. 
[bookmark: OLE_LINK58]
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Supplementary Fig. 27 | Structral evaluation of Ni-O(H)-C catalyst. TEM images of Ni-O(H)-C catalyst for cathode after chronoamperometry (CA) measurement for 40 h.
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Supplementary Fig. 28 | Electrochemical performance of Ni-O(H)-C electrodes for different alcohol oxidation. a, LSV curves of Ni-O(H)-C catalyst in 1 M KOH + 1 M alcohol including methanol, ethanol, ethylene glycol. b, LSV curves of Ni-O(H)-C-CP catalyst in 1 M KOH + 1 M alcohol including methanol, ethanol, ethylene glycol. c-d, 1H NMR measurements of the products c, methol and d, ethylene glycol oxidation on the Ni-O(H)-C electrode.
[image: ]
Supplementary Fig. 29 | Electrochemical performance for MOR and EGOR. Nyquist plots and Bode plots of Ni-O(H)-C for a-b, MOR and c-d, EGOR at different potentials. 
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Supplementary Fig. 30 | a, Schematic diagram of the zinc-ethanol-air battery. b, Charging and discharging curves of the zinc-air-battery on Pt/C-RuO2 and zinc-ethanol-air battery on Ni-O(H)-C.
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Supplementary Fig. 31| Cycling measurements at the current density of 5 mA cm–2 for a, zinc-methanol-air battery and b, zinc-ethylene glycol-battery.
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Supplementary Fig. 32 |The thoretical model for DFT calculations. The top view and front view of a-b Ni-C, c-d Ni-O(H), e-f Ni-O(H)-C model.


[image: ] Supplementary Fig. 33 |The adsorption configurations on Ni-C model during HER. The top view and front view of a-b *H2O adsorption, c-d transition state of water dissociation, e-f *H+*OH adsorption, g-h *OH adsorption on Ni-C surface.
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Supplementary Fig. 34 |The adsorption configurations on Ni-O(H) model during HER. The top view and front view of a-b *H2O adsorption, c-d transition state of water dissociation, e-f *H+*OH adsorption, g-h *OH adsorption on Ni-O(H) surface.
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Supplementary Fig. 35 |The adsorption configurations on Ni-O(H)-C model during HER. The top view and front view of a-b *H2O adsorption, c-d transition state of water dissociation, e-f *H+*OH adsorption, g-h *OH adsorption on Ni-O(H)-C surface.
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Supplementary Fig. 36 | a, Density of states of Ni-C and Ni-O(H)-C bonding with H atom. b, Simulative OH adsorption model and corresponding adsorption energy on Ni-O(H)-C, Ni-O(H) and Ni-C models.
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Supplementary Fig. 37 |The adsorption configurations of *OH intermediate on thoretical model. The top view and front view of *OH adsorption on a-b Ni-C,  c-d Ni-O(H), e-f Ni-O(H)-C surface.
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Supplementary Fig. 38 | Gibbs free energy for the pre-dehydrogenation process on Ni-O(H)-C and Ni-O(H) surface.


[image: ]Supplementary Fig. 39 |The optimized structure of the intermediates in EOR process on Ni-O*-C model. The purple circles indicate the ideal reaction path for EOR.

Supplementary Table S1. Structural parameters obtained from the EXAFS fitting of Ni-O(H)-C and Ni foil.
	Sample
	Scattering pair
	CN
	R(Å)
	σ2(10–3 Å)
	ΔE0
	R factor

	Ni-O(H)-C
	Ni–Ni
	4.5
	2.49
	7.69
	7.8
	0.075

	Ni-O(H)-C
	Ni–Ni
	5.2
	2.47
	8.77
	–5.49
	0.016

	
	Ni–O Ni(OH)2
	1.4
	2.01
	9.78
	–5.49
	0.016

	Ni-O(H)-C
	Ni–Ni
	5.2
	2.47
	8.81
	–5.75
	0.017

	
	Ni–O (NiO)
	1.3
	2.02
	9.69
	–5.75
	0.017

	Ni foil
	Ni–Ni
	9.20
	2.48
	2.95
	–4.54
	0.011

	Ni(OH)2
	Ni–O
	5.3
	2.06
	4.42
	–1.18
	0.011




Supplementary Table S2. Performance comparison of the reported Ni-based catalysts for HER. 
	No.
	Catalysts
	Electrolyte
	Current density (mA cm–2)
	Overpotential (mV)
	Ref.

	1
	Ni(OH)2@Ni-N/Ni-C
	1 M KOH
	10
	102
	[6]

	
	
	
	100
	113
	

	2
	Cr-Ni NHs
	1 M KOH
	10
	75
	[7]

	
	
	
	100
	234
	

	3
	F-NiO/Ni@C
	1 M KOH
	10
	46
	[8]

	
	
	
	1000
	412
	

	4
	HO-Ni/Ni3C
	1 M KOH
	10
	72
	[9]

	
	
	
	500
	276
	

	5
	W-NT@NF
	1 M KOH
	10
	88
	[10]

	
	
	
	500
	580
	

	6
	Ni-O(H)-C
	1 M KOH
	10
	58
	This work

	
	
	
	50
	124
	

	
	
	
	100
	162
	

	
	
	
	500
	257
	

	
	
	
	1000
	306
	


[bookmark: _Hlk159005632]


Supplementary Table S3. Performance comparison of the reported catalyst for organic alcohol oxidations in Fig. 3e.
	No.
	Catalysts
	Electrolyte
	Current density (mA cm–2)
	Potential (V)
	Ref.

	1
	NiMn-LDH
	1 M MeOH
	100
	1.42
	[11]

	2
	Ni3Fe LDH-Pt NS/CP
	0.05 M EtOH
	100
	1.4
	[12]

	3
	Ru-NiO
	0.05 M HMF
	50
	1.7
	[13]

	4
	CuCoSe-HNCs
	1 M MeOH
	50
	1.41
	[14]

	
	
	
	100
	1.47
	

	
	
	
	200
	1.55
	

	5
	MoO2-FeP@C
	0.01 M HMF
	50
	1.38
	[15]

	
	
	
	100
	1.47
	

	
	
	
	200
	1.44
	

	6
	Ni-Mo-N/CFC
	0.1 M Gly
	50
	1.41
	[16]

	
	
	
	100
	1.51
	

	
	
	
	200
	1.71
	

	7
	Ir-Co3O4
	0.05 M HMF
	10
	1.38
	[17]

	8
	Co(OH)2@Ni(OH)2
	1 M EtOH
	100
	1.39
	[18]

	
	
	
	500
	1.58
	

	9
	Vo-Co3O4
	0.05 M HMF
	50
	1.45
	[19]

	
	
	
	100
	1.49
	

	10
	Mn-NiS
	0.1 M HMF
	500
	1.48
	[20]

	11
	Cr-Ni(OH)F
	0.1 M ACT
	100
	1.39
	[21]

	12
	Ni3B/Ni
	1 M MeOH
	50
	1.45
	[22]

	
	
	
	100
	1.52
	

	
	
	
	200
	1.62
	

	13
	Ni-O(H)-C
	1 M EtOH
	50
	1.36
	This work

	
	
	
	100
	1.37
	

	
	
	
	200
	1.38
	

	
	

	
	500
	1.41
	

	
	
	
	1000
	1.5
	

	
	
	
	2000
	1.55
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