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Physical Characterization of Materials

The phase composition and crystal structure of the samples were analyzed using an X-ray
diffraction (XRD) instrument (model DX-2700, Dandong Fangyuan Instrument Co., Ltd.) with a
scanning step size of 0.02°, a scan range of 20-80°, and a tube voltage range of 10-60 kV.
The chemical composition and valence states of elements in the samples were determined using
an X-ray photoelectron spectroscopy (XPS) instrument (model K-Alpha, Thermo Fisher Scientific,
USA). The binding energy values were calibrated using the C 1s peak at 284.8 eV as the reference.
The surface morphology of the samples was observed using a field emission scanning electron
microscope (FE-SEM, model Sigma 300, ZEISS, Germany) at magnifications ranging from 200
nm to 1 pm. An energy dispersive spectrometer (EDS) was used in conjunction with SEM to
analyze the elemental distribution. A transmission electron microscope (TEM, model Tecnai F30,
FEI, USA) with an accelerating voltage of 300 kV was employed to further investigate the lattice
structure of the samples at the nanoscale. The bulk elemental composition was quantified by
inductively coupled plasma optical emission spectrometry (ICP-OES, Agilent) to determine the
metal stoichiometry. Raman spectroscopy (model LabRAM HR Evolution, Horiba, Japan) was
used to analyze the composition of samples after the reaction, with a 532 nm laser as the excitation
source. An ion chromatograph (model ICS-5000+, Thermo Fisher Scientific, USA) was used to
quantify the concentrations of NO;  and NO3™ after 24 hours of the ammonia oxidation reaction
(AOR). N> adsorption-desorption isotherms were measured on a Micromeritics ASAP 2460
surface area and porosity analyzer (USA) to evaluate the specific surface area and pore structure
of the catalyst. In situ attenuated total reflectance surface-enhanced infrared absorption
spectroscopy (ATR-SEIRAS) was conducted using a Fourier-transform infrared spectrometer
(model Nicolet 6700, Thermo Fisher Scientific, USA) to investigate the AOR process. The spectral
resolution was set to 8 cm™!, and a 60° Si prism was used as the reflective element. The WCuNiMo

catalyst was affixed to a gold film on the working electrode, with a platinum wire as the counter



electrode and Ag/AgCl as the reference electrode. All experiments were conducted in a mixed
solution of KOH and ammonia. A UV-vis spectrophotometer (model Cary 5000, Agilent
Technologies, USA) was used to measure absorbance spectra. The absorbance intensity of
NH3-H20 was monitored at 655 nm to assess its concentration. The ammonia removal rate was

calculated using the following equation:

Rnns-n20 = Ci—Co \ CO x 100%
Where C; is the ammonia concentration after electrolysis, and Co is the initial concentration.
Electrochemical Characterization of Materials

Electrochemical measurements were conducted at room temperature using a Gamry Instruments
Interface 5000E electrochemical workstation. The configuration consisted of a Ni foam-supported
WCuNiMo catalyst as the working electrode, a carbon rod as the counter electrode, and a Hg/HgO
electrode as the reference electrode. The geometric area of the working electrode was fixed at 1 x
1 cm?. AOR and OER were measured in 1.0 M KOH containing 0.5 M ammonia and in pure 1.0
M KOH, respectively. All potentials were converted to the reversible hydrogen electrode (RHE)

scale using the equation:
Erue =Eng/ngo + 0.059 x pH + 0.098 V

All electrochemical potentials were referenced to the reversible hydrogen electrode (RHE) with
90% iR compensation applied to correct for ohmic potential drop. Cyclic voltammetry (CV) was
conducted to activate the catalyst within a potential window of 0-0.8 V vs. Hg/HgO at a scan rate
of 100 mV s™!. Linear sweep voltammetry (LSV) was performed from 0-1 V vs. Hg/HgO at a scan
rate of 10 mV s! to evaluate electrocatalytic activity. Tafel slopes were derived by plotting the
logarithm of the absolute current density (log|j|) against the corresponding overpotentials, with
linear fitting of the relevant region to assess reaction kinetics. Electrochemical impedance
spectroscopy (EIS) was carried out at fixed potentials of 0.5 V (AOR) and -1.14 V (HER) vs.
Hg/HgO, using a sinusoidal perturbation of 5 mV over a frequency range of 10°-0.1 Hz to analyze
charge-transfer resistance. The double-layer capacitance (Ca and electrochemically active surface
area (ECSA) were estimated via CV measurements in the non-faradaic region at scan rates ranging

from 20-100 mV s7!; Cq was determined from the slope of the linear fit of scan rate versus the



average current density. Chronoamperometry (i-t) at a fixed potential of 1.37 V was employed to
evaluate the long-term stability of the catalyst for AOR, while chronopotentiometry (V-t) at a
current density of 10 mA cm ™ was used to assess HER stability. Two electrode measurements were
conducted by LSV in the range of 1-2 V at a scan rate of 10 mV s°!, using the self-supported

catalyst as both anode and cathode under ambient conditions.
Simulated Industrial Alkaline Electrolyzer Assembly

A simulated industrial-scale alkaline flow-type electrolyzer system was constructed to evaluate the
bifunctional performance of the WCuNiMo catalyst and assess its practical application potential.
Both the anode and cathode were loaded with 1 x 1 cm? of the alloy catalyst. A commercial
polyphenylene sulfide (PPS) membrane with high ionic conductivity, gas barrier properties, and
hydrophilicity was used to separate the electrodes. The current collector and endplates were
fabricated from 1 mm and 5 mm thick high-purity titanium plates, respectively, with uniform
dimensions of 5 x 5 cm?, forming a symmetric cell structure with excellent strength and corrosion
resistance. The electrolyte consisted of a mixed solution of 1 M KOH and 0.5 M ammonia, which
was circulated through the anode and cathode chambers at identical flow rates using a pump to

enhance mass transfer and facilitate the electrolysis process.
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Figure S1. Photographic images of the synthesized alloy electrocatalysts: (a) WCuNiMo, (b) WNiMo,
and (c) CuNiMo.
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Figure S2. XRD patterns of the WCuNiMo alloy and WCuNiMoOy multimetallic oxide catalysts: (a)
WCuNiMo, (b) WCuNiMoOx.



Figure S3. SEM image of pristine commercial Ni foam.
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Figure S4. Quantitative EDS analysis of WCuNiMo alloy.
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Figure SS5. (a) Low- and (b) High-magnification SEM micrographs of WCuNiMoO multimetallic oxide

catalysts
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Figure S6. N> adsorption—desorption isotherms and corresponding BJH pore size distribution of

the WCuNiMo and WCuNiMoOx catalysts.
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Figure S7. Comparison of overpotentials at 10, 100, and 300 mA-cm~2 for WCuNiMo alloy in KOH and
KOH/NHj; electrolytes.
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Figure S8. Polarization curves of WCuNiMo alloy catalyst in electrolytes with varying ammonia

concentrations.
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Figure S9. LSV curves of WCuNiMo in 0.5 M NH; with different KOH concentrations (0.25-2.0 M).
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Figure S10. Nyquist plots and corresponding equivalent circuit used for fitting the EIS data.
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Figure S11. Cyclic voltammetry curves of synthesized catalysts in the non-Faradaic region at various
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Figure S12. Raman spectrum of the WCuNiMo catalyst after AOR
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Figure S13. XPS spectra of WCuNiMo before and after stability testing
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Figure S14. (a) Schematic diagram of the electrolyzer components used in this study, (b) Simulated test

of the electrolyzer, (c) Electrolyzer performance at different operating temperatures.
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Figure S15. Schematic of the H-type electrolyzer setup for gas production monitoring using WCuNiMo
catalyst.
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Figure S16. Ion chromatography analysis of NO, and NO;~ generation after 12 and 24 hours of
electrolysis using WCuNiMo catalyst

Table S1. ICP-OES analysis of the elemental composition of the WCuNiMo catalyst, showing the
weight percentages of W, Mo, Cu, and Ni

S/No. Elements Wt.%
1 W 0.86
2 Mo 0.09
3 Cu 4.32

4 Ni 94.44




Table S2. Comparison performance of PGM-based AOR electrocatalysts.

Peak current

Catalyst Electrolyte Peak density Reference

Potential

(mA cm?)

Pt-M nanocube (M 0.1 M KOH +0.1 M NH3 ~0.7V 1.685 mA cm 2 [1]
= (Fe, Co, Ni, Zn))
Pt NPs 1 M NH3 +1M KOH -0.13V ~58 mA cm 2 [2]
Pt/IYMWCNT NPs 0.1 M NH3+0.1 M KOH ~0.74V ~0.23 mA cm [3]
Pt NPs Nickel 1 M KOH + 0.2 M NH40H -0.23V ~0.93 mA cm [4]
oxide carrier
IrRh/C 1 M KOH +2 M NH40H ~~0.32V Not reported [5]
Au@Pt NPs 0.5 M NaOH + 0.055 M NH4Cl ~0.68 V Not reported [6]
Pt NPs 1 M KOH+0.1 M NH3 ~0.36V Not reported [7]
WCuNiMo IM KOH +0.5 M NH; 0.79V 49.03mAcm™  This work




Table S3. Comparison performance of non PGM-based AOR electrocatalysts.

Catalyst Electrolyte Onset potential Current density (mA cm?) Reference

NiCu/CP 0.5 M NaOH + 55 mM 0.47 V vs. Ag/AgCl 52 @0.70 V vs. Ag/AgCl [8]
NH4Cl

NiCuC 0.5 M KOH + 0.5 M 0.47 Vvs.HgHgO  38.2 @0.70 V vs. Hg/HgO [9]
NH;

Ni-Cu- IMKOH+0.5MNH;s 0.3Vvs.Ag/AgCl 96 @0.80 V vs. Ag/AgCl [10]

Co/CNT

NilCus@Ni- 1MKOH+0.5MNH; 1.3 Vvs.RHE 120 @1.90 V vs. RHE [11]

NDC

NiCuw/BDD 0.5 M NaOH + 0.5 M 0.345 Vvs. Ag/AgCl 38.94 @0.54 V vs. Ag/AgCl [12]
NH;-N

NiSe»/Se- 1 M NaOH + 0.5 M 1.16 Vvs. RHE 225 @1.80 V vs. RHE [13]

NiCuOx/NF  NH4CI

NiCu/MnO, 0.5 M KOH + 55 mM 0.45V vs. Hg/HgO 31 @0.80 V vs. Hg/HgO [14]
NH4CI

a-NiCuFe 0.5 M NaOH + 55 mM 0.35Vvs. SCE 60 @0.70 V vs. SCE [15]
NH4CI

NiCu DHTs  0.05 M NH40H + 0.1 1.31 Vvs. RHE 7.52 @1.50 V vs. RHE [16]
M NaOH

Nio.sCuo. 0.5 M NaOH + 55 mM 0.43 Vvs. Ag/AgCl 35 @0.55V vs. Ag/AgCl [17]

LHs NH.CI

Ag/Ni 1.5 M NaOH + 0.5 M 0.46 Vvs. Hg/HgO  46.7 @0.70 V vs. Hg/HgO [18]
NH3

Cu8Ni2 0.5 M KOH + 55 mM 1.4V vs.RHE 53 @1.70 V vs. RHE [19]
NH4CI1

WCuNiMo 1.0 M KOH + 0.5 M 1.34Vvs. RHE 100 @ 1.37 V vs. RHE This work

NH;
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