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Experimental Section

Material synthesis

In a 50 mL beaker, 10 mmol of indium chloride (InCl3), 2 mmol of ammonium molybdate 

((NH4)6Mo7O24·4H2O), 25 mmol of urea, and 10 mmol of ammonium fluoride (NH4F) were 

sequentially added. Subsequently, 35 mL of deionized water was introduced using a graduated 

cylinder, and the mixture was stirred magnetically at room temperature for 30 min to ensure 

complete dissolution and homogeneous dispersion of all components. A piece of commercial 

copper foam (CF) was cut to dimensions of 3 cm × 4 cm and cleaned by immersion in 0.1 mol L-1 

hydrochloric acid solution for 10 minutes to remove surface oxides and impurities. The etched CF 

was then thoroughly rinsed with deionized water until neutral pH was achieved, ensuring complete 

removal of residual acid. The cleaned CF substrate and the as-prepared precursor solution were 

subsequently transferred into a 50 mL Teflon-lined stainless-steel autoclave. The sealed autoclave 

was heated at 110 °C for 10 hours in an oven to carry out the hydrothermal reaction.

Following hydrothermal synthesis, the sample was retrieved and sequentially washed three 

times with deionized water and ethanol to remove residual reactants and byproducts. The cleaned 

product was then placed in a porcelain boat and loaded into a tube furnace. Prior to thermal 

treatment, the furnace chamber was purged with argon (Ar) for 30 minutes to establish an inert 

atmosphere. Under a continuous Ar flow, the sample was heated to 350 °C at a ramp rate of 5 °C 

per minute and held at this temperature for 2 hours to complete calcination. Afterward, the 

furnace was allowed to cool naturally to room temperature, yielding the final MoO2/In2O3/CF 

electrocatalyst. For comparative purposes, pristine In2O3/CF was synthesized using an identical 

procedure, omitting the molybdenum precursor.

Physical Characterizations

The microstructural morphology of the catalysts was meticulously characterized using a JEOL 

JSM-IT500 scanning electron microscopy (SEM). Detailed insights into their nanoscale structure 

were further obtained through transmission electron microscopy (TEM) and annular dark field 

scanning TEM (ADF-STEM), which were performed using an uncorrected FEI Titan with Schottky 

field emission S-FEG source operated at 300 kV. The microscope was equipped with Gatan 

Quantum electron energy-loss spectroscopy (EELS) detectors for elemental analysis. The EELS 

spectrometer was operated with an energy dispersion of 0.5 eV per channel. The crystalline phases 

of the catalysts were analyzed via Powder X-ray Diffraction (XRD) over a 2θ range of 10 - 80°, using 

a Bruker D8 ADVANCE diffractometer equipped with Cu Kα radiation (λ = 0.15418 nm). Surface 

chemical states and electronic structures were probed by X-ray Photoelectron Spectroscopy (XPS), 

conducted on a PHI-5000 VersaProbe III spectrometer (Thermo Scientific, USA) with an Al Kα X-ray 

source, and calibrated using the C 1s peak at 284.8 eV as a reference. UV-Vis absorption 



measurements were performed on a UV–Vis spectrophotometer (Shimadzu, UV-2600).

Determination of NH3

The indophenol blue colorimetric method was employed to determine the ammonia 

concentration in the electrolyte. First, a series of standard NH4Cl solutions with varying 

concentrations in 0.10 M Na2SO4 were prepared to establish the calibration curve. Subsequently, 

50 μL of sodium nitroferricyanide dihydrate (1 wt%), 250 μL of a solution containing 2 M NaOH, 

sodium citrate, and salicylic acid (5 wt%), and 50 μL of NaClO (0.05 M) in 2 M NaOH were added 

to a 5 mL aliquot of the sample solution (0.10 M Na2SO4). After standing for 1 h, the absorbance 

of the mixed solutions was measured at a wavelength of 695 nm. The calibration curve exhibited 

a good linear relationship, which was then used to calculate the ammonia concentration after the 

electrochemical tests.

Electrochemical measurements

The electrochemical performance was assessed using a CHI 660F electrochemical workstation 

(CH Instruments) with a standard three-electrode setup. The working electrode was cut into a 1 

cm × 1 cm size and clamped by an electrode holder. A platinum electrode and an Ag/AgCl electrode 

were used as the counter electrode and reference electrode, respectively. All electrochemical 

measurements were conducted in 0.1 M Na2SO4 electrolyte.

All potentials measured against the Ag/AgCl reference electrode were converted to the 

reversible hydrogen electrode (RHE) scale using the following equation:

       (1)𝐸RHE = 𝐸Ag/AgCl + 0.197 + 0.059 × pH

Linear sweep voltammetry (LSV) was performed at a scan rate of 5 mV s-1 with a potential 

range of 0.30 V to -1.0 V vs. RHE. Chronoamperometry (i-t) tests were conducted at various 

potentials for 1 hour to quantify NH3 production. The NH3 yield rates and Faradaic efficiencies (FE) 

were quantified using the indophenol blue method with UV-Vis spectrophotometry. The 

electrochemical active surface area (ECSA) was assessed by measuring the double-layer 

capacitance (Cdl) via cyclic voltammetry (CV) in the non-Faradaic region. CV measurements were 

performed in the potential range from -0.21 V to -0.11 V (vs. RHE) at various scan rates (20, 40, 60, 

80, and 100 mV s-1). The current density differences (Δj = jₐ - jc) at a fixed potential were plotted 

against the scan rates, and the slope corresponds to twice the Cdl value. Distribution of relaxation 

times (DRT) analysis was performed to gain deeper insights into the electrochemical processes. 

Electrochemical impedance spectroscopy (EIS) was conducted in the frequency range from 0.01 

Hz to 100 kHz with an AC amplitude of 5 mV and a quiet time of 2 seconds. The DRT plots were 

derived from the EIS data to analyze the charge transfer kinetics.

The stability of MoO2/In2O3/CF was evaluated by consecutive chronoamperometry tests over 

8 cycles at -0.60 V vs. RHE, with each cycle lasting 1 hour. The NH3 yield rates and FE were 



measured after each cycle.

The NH3 yield rate was calculated using the following equation:

              (2)
𝑁𝐻₃ 𝑦𝑖𝑒𝑙𝑑 𝑟𝑎𝑡𝑒 =

𝐶NH3
× 𝑉

𝑆 × 𝑡
 µ𝑔 ℎ⁻¹ 𝑐𝑚⁻²

 = measured NH3 concentration (µg mL-1)
𝐶NH3

 = volume of electrolyte in the cathode chamber (mL)𝑉

 = geometric area of the working electrode (cm2)𝑆

 = electrolysis time (hour)𝑡

The FE for NH3 production was calculated using the following equation:

              (3)
FENH3

(%) =
𝑛 × 𝐹 × 𝐶NH3

× 𝑉

𝑀NH3
× 𝑄

× 100%

 = number of electrons transferred for N2 to NH3 (n = 3 for N atom, or n = 6 for N2 molecule; here 𝑛

we use n = 3 for NH3 quantification)

F = Faraday constant (96485 C mol-1)

= measured NH3 concentration (mol L-1)
𝐶NH3

 

V = volume of electrolyte (L)

= molar mass of NH3 (17.03 g mol-1)
𝑀NH3

 

Q = total charge passed during electrolysis (C)

To evaluate the intrinsic activity of each active site, the current density was normalized by the 

double-layer capacitance:

jKnorm                     (4)
=

𝑗
𝐶𝑑𝑙

jKnorm = normalized current density (mA mF-1)

 = current density at a given potential (mA cm-2)𝑗

 = double-layer capacitance (mF cm-2)𝐶𝑑𝑙



Fig. S1 SAED pattern of In2O3/CF and MoO2/In2O3/CF. The white line corresponds to the 
In2O3/CF phase, while the pink line corresponds to the MoO2 phase.

Fig. S2 High-resolution Mo 3d XPS spectrum.



Fig. S3 LSV curves of pristine In2O3/CF in Ar- and N2- saturated electrolyte.

Fig. S4 Chronoamperometry curves of pristine In2O3/CF at different potentials in N2- saturated 
electrolyte.



Fig. S5 (a) UV-Vis absorption spectra of NH3 determination via an indophenol blue method; (b) 
corresponding calibration curve.

Fig. S6 UV-Vis absorption spectra of the electrolyte obtained using (a) In2O3/CF and (b) 
MoO2/In2O3/CF as catalysts at different potentials.



Fig. S7 UV-Vis absorption spectra of N2H4 determination via indophenol blue method, (b) 
corresponding calibration curve.

Fig. S8 UV-Vis absorption spectra of the electrolyte obtained using MoO2/In2O3/CF as catalysts at 
different potentials.



Fig. S9 UV-Vis absorption spectra after using CF as the work electrode in N2-saturated electrolyte, 
N2 fed directly into the electrolyte without electric charge, and MoO2/In2O3/CF as the working 
electrode in Ar- and N2-saturated electrolyte at -0.60 V (vs. RHE).

Fig. S10 (a) CV curves of pristine In2O3/CF at different scan rates; (b) corresponding charging 
current density differences vs. scan rates for Cdl calculation; (c) CV curves of MoO2/In2O3/CF at 
different scan rates, (d) corresponding charging current density differences vs. scan rates for Cdl 
calculation.



Fig. S11 (a) The relaxation time distribution vs. resistance diagram of In2O3/CF and (b) 
corresponding in situ relaxation time distribution vs. potential diagram.



Table S1. Comparison of NRR performance with typical oxide-based catalysts under similar 
electrochemical conditions.
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