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S1. Experimental Section 

S1.1. Materials

Raw chemicals including nickel chloride (NiCl2), pyrimidine (pm), pyrazine (pz), 4,4’-bipyridine (bpy), 
deuterium oxide (D2O), and sodium formate (HCOONa) were purchased from Thermo Fisher Scientific. 
Potassium hydroxide (KOH), N,N-dimethylformamide (DMF), acetone, urea, methanol, benzyl alcohol and 
Nafion (5 wt%) solution were obtained from Sigma-Aldrich, ethanol was obtained from VWR international 
S.A.S. All chemicals of analytical grade and used without further purification. 

Hydrochloric acid solution (HCl, 37 wt%) and nitric acid solution (HNO3, 65 wt%) were purchased 
from Superlco. 

The anion exchange membrane (Nafion 117, USA) was purchased from The Chemours Company, LLC, 
while carbon paper (MGL190, USA) was obtained from AvCarb Material Solutions.

S1.2. Carbon paper and carbon black cleaning

The cleaning of carbon paper (CP) was carried out in two steps. Initially, a small piece of CP measuring 
1 × 2 cm2 was ultrasonically cleaned in acetone for approximately 15 min to remove any organic species on 
the CP surface, followed by rinsing twice with ethanol. Subsequently, the CP was further ultrasonically 
cleaned in 1 M HCl for 15 min to eliminate some oxides present on the CP surface and then rinsed again 
with ethanol. After washing, the CP was dried in an oven at 60 ℃ for 30 min. The carbon black was also  
washed in ethanol and HCl solutions under the same conditions. 

S1.3. Materials Synthesis

NiClOH-L: The hybrid materials were prepared using methods similar to those previously reported.1 
Taking NiClOH-Pm as an example, NiCl2 (0.216 g, 1.67 mmol) was dissolved in 20 mL DMF (N,N- 
dimethylformamide), and then 1 mL of H2O was added to a vial. Pyrimidine (135 μL, 1.71 mmol) was 
subsequently added to the solution. The mixture was heated at 120 ℃ for 24 h, resulting in a green sample. 
This sample was washed three times with water and ethanol. After isolation by centrifugation and air drying, 
NiClOH-Pm was obtained.

NiClOH-PmxPz1-x: The ligand-substituted hybrid materials with varying ratios were synthesized via 
hydrothermal reactions. Specifically, a mixture of NiClOH-Pm and different proportions (the initial ratio 
ranged from 10% to 90 at%) of pyrazine were added in a vial with 20 mL of DMF and 1 mL of H2O as the 
solvent. The mixture was then heated at 120 ℃ for 24 h, yielding light green to light blue samples. These 
samples were subsequently washed three times with water and ethanol. Following isolation by centrifugation 
and air drying, a series of NiClOH-PmxPz1-x hybrid compounds were obtained (Figure S1).

Ni(OH)2: Ni(OH)2 was synthesized via hydrothermal reaction. Ni(NO3)2·6H2O (0.182 g, 1 mmol) was 

dissolved in 20 mL DMF in a vial.  Then 1 mol L-1 KOH was added dropwise to adjust the pH to 8.0. The 
mixture was heated at 120 ℃ for 24 h. Finally, the sample was washed by water and ethanol three times and 
dried in air overnight.

S1.4. Electrocatalyst ink preparation 
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For the catalysts ink preparation, 4 mg of catalysts, 0.8 mg carbon black and 20 μL of 5 wt% Nafion 
solution was dispersed in 980 μL of 1:3 v/v of water/ethanol mixture and then ultrasonicated for about half 
an hour to form homogeneous ink-like dispersion. Then a total of 100 μL of the ink (containing 0.4 mg of 
catalysts) was dropped cast on a 1 cm2 cleaned CP. Finally, the CP with catalyst ink was dried at room 
temperature. 

For the working electrode applied for in situ Raman spectroscopy measurements, 10 mg of hybrid 
materials, and 20 μL of 5 wt% Nafion solution was dispersed in 980 μL of 1:3 v/v of water/ethanol mixture 
and then ultrasonicated for about half hour to form a homogeneous ink-like dispersion. For enhanced Raman 
spectra, a total of 200 μL of the ink (containing 0.5 mg of catalysts) was drop cast on a 2 × 2 cm2 fluorine-
doped tin oxide (FTO) glass. Finally, the FTO glass with catalyst ink was dried at room temperature. 

S1.5. Electrochemical measurements

All electrochemical performance tests were conducted at room temperature utilizing a standard three-
electrode system within a typical H-type cell. The electrochemical workstation employed for these 
measurements was the Metrohm Autolab PGSTAT302N. However, for cyclic voltammograms (CV) 
measurements relating to electrochemical double layer capacitance (EDLC), scans were carried out at 
various rates ranging from 10 to 50 mV·s-1 using the same electrochemical workstation. Pt wire served as 
counter electrode (CE) and Ag/AgCl electrode with saturated KCl filling solution acted as reference 
electrode (RE). The CP with as-prepared sample was used as the working electrode (WE). The potentials 
were converted to the reversible hydrogen electrode (RHE) scale in terms of the calibration equation as 
follows,

𝐸 (𝑅𝐻𝐸) =  𝐸 (𝐴𝑔 𝐴𝑔𝐶𝑙) +  0.059 ×  𝑝𝐻 +  0.197

where pH = 14 in 1.0 M KOH and 0.5 M urea solution.

Linear scan voltammetry (LSV) was performed at a scan rate of 10 mV·s-1 in 1 M KOH and 0.5 M urea, 
and all data were modified without ohmic potential drop (iR) correction. Prior to the electrochemical 
experiment, the WE were first cycled several times in a potential window from 0.8 to 1.8 V (vs. RHE) at 
scan rate 100 mV·s-1 until a reproducible voltammogram was obtained. 

The 24 h stability test of the as-synthesized hybrid materials for UOR was performed in 1 M KOH and 
0.5 M urea at room temperature for 24 h at 10 mA cm-2. Stability tests on different biomass oxidation 
reactions were performed in 1 M KOH and 0.5 M corresponding biomass mixed solution. 

The selectivity of UOR versus with OER was calculated with O2 evolution rate measured by gas 
chromatography (GC). The gases produced during electrolysis were analyzed online using a GC-3000 ET 
Fusion (Inficon Instruments) GC fitted with 10 m packed molecular-sieve columns. O2 and N2 were 
quantified by a thermal conductivity detector (TCD), while H2 was measured with a flame ionization detector 
(FID). At three-minute intervals during galvanostatic UOR experiments, volatile products were swept from 
the headspace of cell into the 10 µL sampling loop of GC by an argon carrier flow (99.999%, Landt, 
Switzerland) of 10 mL min-1, regulated by a mass-flow controller. Continuous argon flow through the 
electrolysis cell ensured efficient transfer of reaction products into the chromatograph for real-time 
quantification.

The Faradaic efficiency (FE) of the UOR was quantitatively calculated by analyzing the NMR spectra 
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of the samples before and after the reaction, and then calculated using the following formula. 

𝐹𝐸 =  
𝑛𝐹Δ𝑚

𝐼𝑡
× 100%

where n is the number of the transferred electrons; F is Faraday constant (96485 C mol-1); Δm is the 
consumption of moles of urea; I is the current value; t is the reaction time. 

S1.6. Characterization methods

Powder X-ray diffraction (XRD) measurements were performed on a STOE STADI P diffractometer 
(transmission mode, Ge monochromator) with Cu Kα radiation (Kα1 = 1.15417 Å) operated at 50 kV and 40 
mA. The data were refined with the Rietica program using the Le Bail method. 

Field-emission scanning electron microscopy (SEM) images and corresponding energy-dispersive X-
ray spectroscopy (EDS) mapping of all samples were performed on a Zeiss SUPRA 50VP. Transmission 
electron microscope (TEM) images were obtained using an FEI Tecnai G2 Spirit instrument.

X-ray photoelectron spectroscopy (XPS) data were obtained from 0 to 1200 eV using an ESCALAB 
250 spectrometer (Thermo Fisher Scientific) equipped with an Al Kα (1486.6 eV) monochromatic source. 
The pass energy was set at 25 eV for the survey spectra, and overall resolution is 0.5 eV. The sensitivity 
factors are 2.88, 2.74, and 20.76 for O, Cl, and Ni, respectively. The charging shift was corrected using C 1s 
photoemission line at a binding energy of 284.8 eV. 

Fourier transform infrared (FT-IR) spectra of the samples were recorded on a Bruker Vertex 70 
spectrometer equipped with a Platinum ATR accessory containing a diamond crystal in the wavenumber 
range of 400 - 4000 cm-1. 

Ex situ Raman spectra were recorded on an inVia Qontor with a 532 nm excitation laser operating at 
0.5% intensity.  In situ Raman spectra were also recorded on same equipment and laser, but the intensity 
was 5%. The laser power at the sample was ≤ 5 mW to prevent laser damage of samples. A grating of 1800 
grooves/mm was used. The resolution was 5 cm−1, with the wavenumber accuracy of 2 cm-1.

1H NMR spectra of the samples were recorded on a Bruker AV2-401 spectrometer (400 MHz 1H 
frequency), and the longitudinal relaxation times (T1) were determined using the inversion recovery method. 
0.1 mg samples were dissolved in 50 μL HNO3 and 450 μL D2O, ultrasonically dispersed for several seconds 
to obtain a light green solution for measurements. 1H NMR and 13C NMR spectra of the electrolyte before 
and after 24 h of testing were also recorded on a BRUKER AV2-401 spectrometer (400 MHz 1H frequency), 
and the longitudinal relaxation times (T1) were determined using the inversion recovery method. 200 μL 
electrolyte, 125 μL D2O and 200 μL 1 M HCOONa were added into the NMR tube and ultrasonically 
dispersed for several seconds to obtain transparent and colorless solutions for measurements.

Thermogravimetric analysis (TGA) was conducted using a Netzsch simultaneous thermal analyzer 
(STA 409 CD). Approximately 10 mg of powdered sample was placed in an alumina crucible, which was 
wrapped in aluminum oxide foil to ensure thermal stability and uniform heat distribution. All measurements 
were carried out under a N2 atmosphere to prevent oxidation and other atmospheric interactions. To correct 
for buoyancy and gas flow effects, a blank scan (conducted without the sample) was subtracted from the 
sample measurements. After analysis, the sample was cooled under N2 to maintain an inert environment 
throughout the process.
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The specific surface area was determined with the Brunauer–Emmett–Teller (BET) method. 
N2 adsorption and desorption isotherms were measured at 77 K on a KICT SPA-3000 Gas Adsorption 
Analyzer after around 200 mg sample was degassed at 423 K to 20 mTorr for 12 h. The specific surface 
areas were determined from nitrogen adsorption. 

X-ray absorption near-edge structure (XANES), and extended X-ray absorption fine structure (EXAFS) 
experiments were performed at the Ni K-edge on carbon paper substrates loaded with samples of NiClOH-
Pm, NiClOH-Pm0.8Pz0.2 and their corresponding samples after 24 h UOR and reference Ni(OH)2 in 
florescence mode at the BM31 beamline at the European Synchrotron Radiation Facility (ESRF), Grenoble, 
France. The energy was scanned with a double Si[111] crystal monochromator. The k3χ(k) spectra were 
extracted by data reduction, absorption edge energy calibration and background subtraction using 
ATHENA.2 All spectra were reduced into the range Δk=3-12 Å-1 and Fourier-Transform to FT|k3χ(k)| into 
the real-space interval ΔR=0-6 Å. Interatomic distances, coordination numbers (N), and Debye-Waller 
factors (σ2), were obtained by non-linear least-squares fitting of the FT|k3χ(k)| spectra by ARTEMIS.2 The 
amplitude and phase shift for single/multiple scattering paths was calculated using FEFF6.3 All EXAFS 
spectra FT|k3χ(k)| were fitted without phase correction.

The room-temperature electron paramagnetic resonance (EPR) spectra were determined using a Bruker 
Magnettech MS-5000 at X-band (9.4 GHz), and the value of g was calculated by the following formula:

𝑔 =
ℎ𝜈

𝜇𝐵𝐵

Where h is Planck’s constant, v is the microwave frequency (Hz), μB is the Bohr magneton, and B is the 
resonance magnetic field (T).

S1.7. Post-catalyst collection

In order to collect post-catalyst powder for characterization, the ink formula was adjusted as follows. 
Specifically, 0.8 mg NiClOH-Pm0.8Pz0.2 was dispersed in 950 μL anhydrous ethanol and 50 μL, 5% Nafion 
solution was added. In order to prevent the characterization from interference with other substances, carbon 
black was not added to the anhydrous ethanol. After ultrasonic dispersion for 30 min, these inks were 
dropped on 1×2 cm2 FTO every 50 μL, air-dried and used for 24 h, 10 mA cm-2 long-term test of current 
density. After 24 h, the powder on the FTO was carefully scraped off for subsequent testing (SEM, EDX, 
Raman, FT-IR and XRD). Besides, the post-catalyst on carbon paper was also used for SEM/EDX 
characterizations.

S1.8. Density functional theory calculations

Density functional theory (DFT) calculations were carried out using the Vienna Ab-initio Simulation 
Package (VASP). The crystal structures of the NiOOH-PmPz supercells as the corresponding intermediate 
of NiClOH-Pm0.8Pz0.2 used in this study consist of 24 NiClOH + 24 C4H4N2 (pyrimidine) and 24 NiOOH + 
24 C4H4N2 (pyrazine), with dimensions of 21.14 Å × 23.24 Å × 9.58 Å. NiOOH-SL, and NiOOH-Pm were 
also calculated as reference sample, referring to the corresponding intermediates of Ni(OH)2 and NiClOH-
Pm, respectively. The models with oxygen-vacancy (Vo) were constructed by removing one lattice oxygen 
atom from the NiOOH layers.  The projector augmented wave (PAW) method was used to describe the ionic 
cores.4 The electron exchange-correlation was modeled by the Perdew-Burke-Ernzerhof (PBE) function 
within the generalized gradient approximation (GGA).5 Hubbard-U (DFT+U) calculations were included 
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with an effective U–J value of 5.5 eV for Ni.6, 7 A plane-wave basis set with a cutoff energy of 450 eV was 
used to describe the valence electrons.8 Γ-point sampling was adopted for k-space integration due to the large 
surface unit cell size.

The UOR steps include to the following schemes (1-8) ：

CO(NH2)2 (aq) → CO(NH2)2* (1)

CO(NH2)2* + OH- → CO(NH2NH)* + H2O + e- (2)

CO(NH2NH)* + OH- → CO(NH2N)* + H2O + e- (3)

CO(NH2N)* + OH- → CO(NHN)* + H2O + e- (4)

CO(NHN)* + OH- → CON2* + H2O + e- (5)

CON2* → CO* + N2 (g) (6)

CO* + OH- → *CO-OH + e- (7)

*CO-OH + OH- → CO2(g) + H2O + e- (8)

where * represents the active site and CO(NH2)2*, CO(NH2NH)*, CO(NH2N)*, CO(NHN)*, CON2*, CO*, 
*CO-OH, are intermediates during the UOR process. The Gibbs free energy G for each species was 
calculated as follows:

G = E + ZPE –TS (9)

where G, E, ZPE and TS are the free energy, total energy from DFT calculations, zero point energy and 
entropic contributions (T was set to be 300K), respectively. ZPE and TS could be derived after frequency 
calculation. Besides, the adsorption energies (ΔEads) of intermediates were calculated according to:

ΔEad = E ads+sur -Eads -Esur (10)

E ads+sur , Eads , Esur are the energies of surface with adsorbate, single adsorbate, and surface, respectively.
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S2. Supporting Figures (Figures S1 – S37)

S2.1 Synthesis and characterization of NiClOH-PmPz electrocatalysts (Figures S1 – S6)

Figure S1. Powder samples of the NiClOH-PmxPz1-x series (the numbers on the Eppendorf tubes refer to the 
percentage of pyrazine added during ligand replacement).
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Figure S2. (a) High-resolution Cl 2p XPS and (b) O 1s XPS of NiClOH-Pm (top) and NiClOH-Pm0.8Pz0.2 
(bottom). 

Figure S3. TGA profiles of NiClOH-Pm0.8Pz0.2, NiClOH-Pm and NiClOH-Pz.
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Figure S4. (a) TEM image of NiClOH-Pm; (b) TEM image of NiClOH-Pm0.8Pz0.2; (c) SEM and EDX 
mapping images of NiClOH- Pm0.8Pz0.2 on carbon paper; (d, e) SEM images of NiClOH-Pm0.8Pz0.2 on carbon 
paper.
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Figure S5. BET surface area analyses: N2-adsorption-desorption isotherm plots of (a) NiClOH-Pm, (b) 
NiClOH-Pz, and (c) NiClOH-Pm0.8Pz0.2.



12



13

Figure S6. 1H NMR spectra of NiClOH-PmxPz1-x samples with different ligand ratios.
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Figure S7. Ligand ratios of different NiClOH-PmxPz1-x samples as obtained from the integration of the peak 
areas of the two groups of peaks of the 1H NMR spectra shown in Figure S6.
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S2.2 Inorganic-organic hybrids for urea electrochemical oxidation (Figure S7 – S21)

Figure S8. Polarization curves for UOR with NiClOH-PmxPz1-x samples with different ligand ratios 
compared to reference NiClOH-Pm and NiClOH-Pz.
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Figure S9. Tafel plots for different Pm/Pz ratios of ligand substituted samples of NiClOH-PmxPz1-x.
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Figure S10. Tafel plot of NiClOH-Pm0.8Pz0.2 in 1 M KOH electrolyte without urea.
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Figure S11. (a, c, d) Electrochemical double layer capacitance curves of NiClOH-Pm0.8Pz0.2, NiClOH-Pm, 
and NiClOH-Pz; (b, d, f) Current densities at 0.05 V vs. scan rates for the different samples.
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Figure S12. (a) Electrochemical double layer capacitance curves of Ni(OH)2; (b) Current densities at 0.05 
V vs. scan rates.
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Figure S13. LSV curves of NiClOH-Pm0.8Pz0.2 hybrid materials under different urea concentrations.
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Figure S14. LSV curves of (a) NiClOH-Pm0.8Pz0.2 and (b) NiClOH-Pm (red line), potassium acetate (blue 
line) and potassium sulfide (yellow line) poisoned NiClOH-Pm0.8Pz0.2 in 1 M KOH + 0.5 M urea.
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Figure S15. EPR spectra of NiClOH-Pm0.8Pz0.2 before and after long-term UOR testing vs. Ni(OH)2 as a 
reference. 
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Figure S16. (a) Chronopotentiometry test of Ni(OH)2 and NiClOH-Pm0.8Pz0.2 at current densities from 10 
to 110 mA cm-2 for 11 h; (b) chronoamperometry test of NiClOH-Pm0.8Pz0.2 at 1.53 V (vs. RHE) for 100 h.
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Figure S17. H2 and N2 evolution speed calculated from GC data and UOR selectivity for NiClOH-Pm0.8Pz0.2.
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Figure S18. 13C NMR spectrum of 1 M KOH and 0.5 M urea electrolyte (a) before and (b) after 24 h of 
testing.
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Figure S19. LSV curves of NiClOH-Pm0.8Pz0.2 hybrid materials evaluated with 1 M KOH and 0.5 M 
biomass for different oxidation reactions: (a) methanol, (b) ethanol, (c) benzyl alcohol, (d) glycerin.
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Figure S20. LSV curves of Ni(OH)2 tested with 1 M KOH and 0.5 M biomass for different oxidation 
reactions (methanol, ethanol, benzyl alcohol, and glycerin).
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Figure S21. Long-term electrocatalysis tests in 1 M KOH and 0.5 M biomass at a current density of 
10 mA cm−2 (green, methanol; blue, ethanol; red, benzyl alcohol; yellow, glycerin).
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Figure S22. Long-term electrocatalysis tests in 1 M KOH and 0.5 M biomass of Ni(OH)2 electrocatalyst at 
a current density of 10 mA cm-2 (green, methanol; blue, ethanol; red, benzyl alcohol; yellow, glycerin).
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S2.3 Post-catalytic characterizations (Figures S22 – S31)

Figure S23. XRD pattern of NiClOH-Pm0.8Pz0.2 after 24 h of UOR testing.
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Figure S24. (a) XANES spectra of metal Ni(OH)2, NiClOH-Pm (before and after UOR) and NiClOH-
Pm0.8Pz0.2 (before and after UOR). (b, c) EXAFS spectra of NiClOH-Pm and NiClOH-Pm0.8Pz0.2 after 24 h 
of UOR testing.
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Figure S25. SEM images of NiClOH-Pm0.8Pz0.2 on CP after 24 h of UOR testing.
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Figure S26. SEM images of NiClOH-Pm0.8Pz0.2 powder after 24 h of UOR testing.
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Figure S27. (a) SEM image of NiClOH-Pm0.8Pz0.2 on CP after 24 h of UOR testing (b) EDX mapping with 
(b) C, (c) N, (d) O, (e) Cl, and (f) Ni.
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Figure S28. Raman spectra of NiClOH-Pm0.8Pz0.2 powder after 24 h of UOR testing.
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Figure S29. FT-IR spectra of NiClOH-Pm0.8Pz0.2 after 24 h of UOR testing. 



37

Figure S30. (a) C 1s, (b) N 1s, (c) O 1s, (d) Cl 2p, and (e) Ni 2p XP spectra of NiClOH-Pm0.8Pz0.2 after a 
long-term 24 h UOR test.
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Figure S31. 1H NMR spectrum of 1 M KOH and 0.5 M urea electrolyte (a) before and (b) after 24 h testing.
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Figure S32. Raman spectra of NiClOH-Pm0.8Pz0.2 powder after 24 h testing of biomass methanol, ethanol, 
glycerol and benzyl alcohol oxidation reactions.
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Figure S33. SEM images of NiClOH-Pm0.8Pz0.2 on CP after 24 h of testing in 1 M KOH and 0.5 M (a, b, 
and c) methanol, (d, e, f) ethanol, (g, h, i) glycerin, and (j, k, l) benzyl alcohol electrolyte. 
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S2.4 DFT calculations (Figures S32 – S41)

 Figure S34. Free energy diagram of UOR with NiOOH-Pm-Pz without vacancies; N and O refer to nitrogen 
and oxygen atoms of urea absorbed on the surface of the hybrid catalyst, respectively.
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Figure S35. Free energy diagram of UOR with NiOOH single layer (SL) and NiOOH-Pm with and without 
vacancies, N and O refer to nitrogen and oxygen atoms of urea absorbed on the surface of hybrid catalysts, 
respectively.
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Figure S36. (a) Contribution of the Ni and O atoms to the electronic density on the surface layer, (b) 
contribution of the different Ni 3d dz2 orbital to the DOS of the NiOOH single layer, NiOOH-Pm and 
NiOOH-PmPz without VO (from left to right).
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Figure S37. DOS of the Ni 3dz2 orbital calculated for the NiOOH surface that represents the active 
intermediate derived from post-catalytic Ni(OH)2. From top to bottom: NiOOH without and with oxygen 
vacancies, NiOOH-Pm without and with vacancies, and NiOOH-PmPz without and with vacancies. 
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Figure S38. Contribution of different Ni 3d orbital directions on dxy, dxz, dyz, and dz
2 orbitals to the DOS of 

a NiOOH single layer without vacancies.



46

Figure S39. Contribution of different Ni 3d orbital directions on dxy, dxz, dyz, and dz
2 orbitals to the DOS of 

NiOOH-SL-Vo.
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Figure S40. Contribution of different Ni 3d orbital directions on dxy, dxz, dyz, and dz
2 orbitals to the DOS of 

NiOOH-Pm.
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Figure S41. Contribution of different Ni 3d orbital directions on dxy, dxz, dyz, and dz
2 orbitals to the DOS of 

NiOOH-Pm-Vo.
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Figure S42. Contribution of different Ni 3d orbital directions on dxy, dxz, dyz, and dz2 orbitals to the DOS 
of NiOOH-PmPz.
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Figure S43. Contribution of different Ni 3d orbital directions on dxy, dxz, dyz, and dz
2 orbitals to the DOS of 

NiOOH-PmPz-Vo.
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S3. Supporting Tables (Tables S1 – S5)

Table S1. Coordination number (N), amplitude reduction factor (S0
2), energy shift (E0), and calculated 

interatomic distances (R) of NiClOH-Pm and NiClOH-Pm0.8Pz0.2 before and after UOR.

Atom pair N S0
2 E0 R

Ni-N 2 1.00 -1.453 2.058
NiClOH-Pm

Ni-Cl 4 1.00 -1.453 2.397

Ni-O 6 0.83 -3.175 2.059NiClOH-Pm after 
UOR Ni-Ni 6 0.83 -3.175 3.106

Ni-N 2 1.00 -2.177 2.039
NiClOH-Pm0.8Pz0.2

Ni-Cl 4 1.00 -2.177 2.393

Ni-O 6 0.78 -3.491 2.061NiClOH-Pm0.8Pz0.2 
after UOR Ni-Ni 6 0.78 -3.491 3.109
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Table S2. EDX spot analysis results (at%) of NiClOH-Pm0.8Pz0.2 before UOR.

C N O Cl Ni SUM

25.61 20.73 3.10 27.40 23.16 100.00

24.54 17.20 2.07 29.50 26.69 100.00

24.76 16.82 1.66 30.37 26.39 100.00

22.73 15.97 1.55 31.37 28.37 100.00

28.99 17.15 2.32 26.42 25.12 100.00

27.58 18.36 2.64 26.59 24.83 100.00

AVERAGE

25.70 17.71 2.22 28.61 25.76

Table S3. EDX spot analysis results (at%) of NiClOH-Pm0.8Pz0.2 after UOR.

C N O Cl Ni SUM

27.44 11.33 40.78 1.46 18.99 100.00

25.97 6.73 44.95 1.28 21.07 100.00

25.42 7.87 46.18 0.46 20.07 100.00

26.65 6.70 42.03 0.26 24.36 100.00

26.88 6.44 44.02 0.17 22.49 100.00

AVERAGE

26.47 7.81 43.59 0.73 21.40 100.00

Table S4. ICP-MS (at%) results of NiClOH-Pm0.8Pz0.2 before and after electrochemical UOR tests.

Cl (at%) Ni (at%)

NiClOH-Pm0.8Pz0.2 31.95 27.75

NiClOH-Pm0.8Pz0.2 after UOR 11.40 26.25
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Table S5. Electrocatalytic UOR performance of NiClOH-Pm0.8Pz0.2 compared with recently reported Ni-
based catalysts.

CP: carbon paper; NF: nickel foam; GCE: glassy carbon electrode; CC: carbon cloth

Sample
Performance 
(vs. RHE)

Loading 
mass
(mg cm−2)

Type of
 WE

Electrolyte Ref.

E- LDH/α-FeOOH 1.32 V at 50 mA cm-2 - 1 × 2 cm2 NF
1 M KOH and 
0.33 M Urea

9

Ni-SOX 1.65 V at 323.4 mA cm−2 ~0.5
1 × 0.5 cm2 
CP

1 M KOH and 
0.33 M Urea

10

Ni1.6Co0.4P/C 1.60 V at 140 mA cm−2 0.5
0.0314 cm2 

GCE
1 M KOH and 
0.33 M Urea

11

LixNiO2 1.36 V at 5 mA cm-2 - 1 × 1 cm2 NF
1 M KOH and 
0.50 M Urea

12

Pt–Ni(OH)2@Ni-
CNFs-2

1.363 V at 10 mA cm-2 1
1 × 1 cm2 
CNF

1 M KOH and 
0.33 M Urea

13

NiWO4-TA950@Pt/C 1.49 V at 100 mA cm-2 - 1 × 1 cm2 NF
1 M KOH and 
0.50 M Urea

14

CoMn/CoMn2O4@Co
Mn/CoMn2O4

1.68 V at 100 mA cm-2 - 1 × 1 cm2 NF
1 M KOH and 
0.50 M Urea

15

NiF3/Ni2P@CC-2 1.57 V at 100 mA cm-2 ~3.53
1 × 1.5 cm2 
CC

1 M KOH and 
0.33 M Urea

16

Fe3O4@NiCo2O4/NiCo
P

1.47 V at 50 mA cm-2 -
2.5 × 3 cm2 
CC

1 M KOH and 
0.50 M Urea

17

Rh-LaNiO3 1.492 V at 10 mA cm-2 1.5 1 × 1 cm2 CP
1 M KOH and 
0.33 M Urea

18

NiClOH-Pm0.8Pz0.2

1.37 V at 10 mA cm-2

1.53 V at 100 mA cm-2

without iR correction
0.4 1 × 1 cm2 CP

1 M KOH and 
0.50 M Urea

this 
work
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Table S6. Electrocatalytic biomass (methanol, ethanol, benzyl alcohol and glycerin) oxidation reaction 
performance of NiClOH-Pm0.8Pz0.2 compared with recently reported Ni-based catalysts.

Sample Performance
Loading 
mass

(mg cm−2)

Type of
 WE

Electrolyte Ref.

Methanol

O-vacant NiOOH
1.32 V (onset potential)
1.39 V at 1.0 mA cm-2 - ITO

1 M KOH,
 0.5 M 
Methanol

19

NR–Ni(OH)2 1.37 V (onset potential) - CC 1 M KOH, 0.5 
M Methanol

20

Ni─MoN/NF-6
1.41 V (onset potential)
1.48 V at 100 mA cm-2 - 1 × 1 cm2 NF 1 M KOH, 

0.5 M Methanol
21

Cr-doped α-Ni(OH)2
1.302 V (onset potential)
1.424 V at 141 mA cm-2 0.277 7.07 mm2 

GCE
1 M KOH, 
0.5 M Methanol

22

Cr0.02-Ni(OH)2
1.34 V (onset potential)
1.45 V at 50 mA cm-2 - 3 × 4 cm2 NF 1 M KOH,

 1 M Methanol
23

NiClOH-Pm0.8Pz0.2

1.35 V at 10 mA cm-2

1.62 V at 100 mA cm-2

without iR correction
0.4 1 × 1 cm2 CP 1 M KOH, 

0.5 M Methanol
this 
Work

Ethanol

B-Ni2P/CoP/NF
1.38 V at 10 mA cm-2

1.45 V at 50 mA cm-2 - 1 × 1 cm2 1 M KOH and 
1 M Ethanol

24

Discrete Ni(OH)2
1.40 V (onset potential)
1.78 V at 107.7 mA cm-2 -

0.204 cm2 
(ECSA) 
FTO

1 M KOH and 
1 M Ethanol

25

Co(OH)2@Ni(OH)2
1.30 V at 10 mA cm-2

1.39 V at 100 mA cm-2 - FTO 1 M KOH and 
1 M Ethanol

26

o-c-CoSe₂-Ni 1.31 V at 10 mA cm-2 20 0.25 cm-2 CC 1 M KOH and 
1 M Ethanol

27

VR-β-Ni(OH)2 1.35 V (onset potential) 0.2 0.196 cm2 
GCE

1 M KOH and 
50 mM Ethanol

28

NiClOH-Pm0.8Pz0.2

1.37 V at 10 mA cm-2

1.57 V at 100 mA cm-2

without iR correction
0.4 1 × 1 cm2 CP 1 M KOH, 0.5 M 

Ethanol
this 
work

Benzyl alcohol (BA)

Ni2P-O-300 1.33 V at 10 mA cm-2 - 1 × 1 cm2 NF 1 M KOH and 
50 mM BA

29

PA-NF 1.31 V at 10 mA cm-2 - 1 × 1 cm2 NF 1 M KOH and 
50 mM BA

30

FeCoNiAlMo/CNT 1.53 V at 100 mA cm-2 5 CP 1 M KOH + 31
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0.2 M BA

Ni–FeOOH thin films 1.35 V at 1 mA cm-2 - 0.196 cm2 Pt 1 M KOH and 
50 mM BA

32

hp-Ni ~1.35 V (onset potential) 75 0.5 × 0.5 cm2 
NF

1 M KOH and 
50 mM BA

33

NiClOH-Pm0.8Pz0.2

1.37 V at 10 mA cm-2

1.75 V at 100 mA cm-2

without iR correction
0.4 1 × 1 cm2 CP 1 M KOH, 

0.5 M BA
this 
work

Glycerol

Cu–NiCo/NF
1.23 V (10 mA cm-2)
1.29 V (50 mA cm-2)
1.33 V (100 mA cm-2)

- 1 × 1 cm2 NF 1.0 M KOH and 
0.1 M Glycerol

34

CuxNi2-xP 1.41 (onset potential) - 2 × 1 cm2 NF
1 M KOH + 
10 mM  
Glycerol

35

Ni0.1Co0.9@NiSACoS
A-NCNTs 1.15 (onset potential) - 2 × 3 cm2 CC 1.0 M KOH and 

0.1 M Glycerol
36

NiSex/Ni NRAs
1.31 V at 10 mA cm-2

1.43 V at 50 mA cm-2

1.52 V at 100 mA cm-2

- 1 × 1 cm2 
Nickel foil

1.0 M KOH and 
0.1 M Glycerol

37

CoNiCuMnMo-
NPs/CC 1.25 V at 10 mA cm-2 ~1.1 1 × 1 cm2 CC 1.0 M KOH and 

0.1 M Glycerol
38

NiClOH-Pm0.8Pz0.2

1.47 V at 10 mA cm-2

1.82 V at 100 mA cm-2

without iR correction
0.4 1 × 1 cm2 CP 1 M KOH, 

0.5 M Glycerol
this 
work
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