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Experimental Section

Preparation of Cu3P nanowire array catalyst: A precursor solution was 

prepared by dissolving 0.6 g of NaOH and 0.15 g of (NH₄)₂S₂O₈ in 20 mL of 

deionized water. This solution was sealed within a Teflon-lined autoclave for 

hydrothermal treatment at 60–80 °C over a period of 2 h. The resulting 

intermediates were subsequently converted to phosphides via a vapor-phase 

reaction using NaH₂PO₂ as the phosphorus source. Specifically, the samples were 

annealed under an inert atmosphere, ramping from room temperature to 300–350 

°C at 2–5 °C min⁻¹ and holding for 2 hours to allow PH₃ generation and diffusion. 

Upon cooling, the final products underwent a brief rinse with deionized water to 

remove surface residues before being dried under vacuum.

Preparation of Cu3P@CoO core–shell heterostructure catalyst：1.09 g 

Co(NO3)2·6H2O and 1.04 g urea were mixed in 50 mL water with stirring. Then, 

the solution together with Cu3P/CF was transferred into a Teflon-lined autoclave 

for the hydrothermal reaction at 120 °C. After washing and drying, the samples 

were subjected to annealing at 300 °C under Ar atmosphere for 2 h.

Electrochemical measurements: N2 reduction experiments were carried out in 

atwo-compartment cell under ambient condition, which was separated by Nafion 

117 membrane. The membrane was protonated by first boiling in ultrapure water 

for 1 hand treating in H2O2 (5 wt%) aqueous solution at 80 °C for another 1 h, 

respectively. And then, the membrane was treaded in 0.5 M H2SO4 for 3 h at 80 °C 

and finally in water for 6 h. The electrochemical experiments were carried out 

with an electrochemical workstation (CHI 660E) using a three-electrode 

configuration with prepared electrodes, graphite rod and Ag/AgCl electrode 

(saturated KCl electrolyte) as working electrode, counter electrode and reference 

electrode, respectively. The potentials reported in this work were converted to 

reversible hydrogen electrode (RHE) scale via calibration with the following 

equation: E (vs. RHE) = E (vs.Ag/AgCl) + 0.059 × pH + 0.197 V and the 
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presented current density was normalized to the geometric surface area. For 

electrochemical N2 reduction, chrono-amperometry tests were conducted in N2-

saturated 1.0 M Na2SO4 solution.

Determination of NH3: All the electrochemical measurements were investigated 

in an H-shape reactor separated by a treated Nafion 117 membrane by using the 

CHI660E electrochemical workstation (Chenhua, Shanghai) with a standard three-

electrode setup (Cu3P@CoO (1 × 0.5 cm2) as the working electrode, a carbon rod 

as the counter electrode, and a Ag/AgCl as the reference electrode. All the 

potentials reported in our work were converted to reversible hydrogen electrode 

(RHE) scale via calibration with the following equation: E (RHE) = E (vs. 

Ag/AgCl) + 0.0591 × pH + 0.197 V and the current density was normalized by the 

geometric surface area. The concentration of produced NH3 was determined by 

spectrophotometry measurement with the indophenol blue method.1 The 

indophenol blue method is employed by Bethelot reaction queation.2,3 The 

ammonia reacts with phenol and hypochlorite in alkaline solution. The generated 

indophenol product is in blue color. The obtained electrolyte was firstly diluted 50 

times, for further test. In detail, 2 mL of the diluted catholyte was obtained from 

the cathodic chamber and mixed with 2 mL of the 1 M NaOH solution that 

contained 5% salicylic acid and 5% sodium citrate. Then, 1 mL of 0.05 M NaClO 

and 0.2 mL of 1 wt% C5FeN6Na2O were dropped into the collected electrolyte 

solution. After standing at room temperature for 2 h, the ultraviolet-visible 

absorption spectrum was measured. The concentration-absorbance curve was 

calibrated using the standard NH4Cl solution with NH3 concentrations in 0.1 M 

NaOH. The absorbance at 655 nm was measured to quantify the NH3 

concentration.

Determination of NO2
-: The NO2

- concentration was analyzed using the Griess 

test.4 The Griess reagent was prepared by dissolving 0.1 g N-(1-naphthyl) 

ethylenediamine dihydrochloride, 1.0 g sulfonamide, and 2.94 mL H3PO4 in 50 

mL deionized water. In a typical colorimetric assay, the 1.0 mL Griess reagent was 
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mixed with the 1.0 mL nitrite-containing solution and 2.0 mL H2O and allowed to 

react at room temperature for 10 mins, in which sulfonamide reacts with NO2
- to 

form a diazonium salt and then further reacts with the amine to form an azo dye 

(magenta). The absorbance at 540 nm was measured to quantify the NO2
- 

concentration.

Determination of N2H4: In this work, we used the method of Watt and Chrisp5 to 

determine the concentration of produced N2H4. The chromogenic reagent was a 

mixed solution of 5.99 g C9H11NO, 30 mL HCl and 300 mL C2H5OH. In detail, 1 

mL electrolyte was added into 1 mL prepared color reagent and stirred for 15 min 

in the dark. The absorbance at 455 nm was measured to quantify the N2H4 

concentration.

Computational Details: Spin-polarized density functional theory (DFT) method 

was employed in all computations.6,7 The structural model of the Cu3P@CoO 

heterojunction was designed to match our HRTEM observations, specifically 

aligning the Cu3P (112) and CoO (200) planes. Our slab models included atomic 

layers with Å vacuum gap. We fixed the bottom layers to simulate bulk constraints 

and relaxed the remaining atoms and adsorbates until the force threshold reached 

0.02 eV/Å. A comprehensive search involving top, bridge, and hollow sites on 

both single components and the interface revealed that NO3
− adsorption is 

energetically most favorable at the heterojunction. Here, the Co sites become 

highly active due to the synergistic electron flow originating from the Cu3P 

support. The core electrons were described using the projector- augmented-wave 

(PAW) method, while the Perdew–Burke–Ernzehof (PBE) functional with in the 

generalized gradient approximation (GGA) was utilized to treat the electronic 

exchange-correlation energy.8 The spin polarization was adopted and its influence 

on the energy minima were also considered for all calculations.9 All atomic 

structures were optimized until the energy and force reached the convergence 

thresholds of 10-4 eV and -0.02 eV/ Å, respectively. The energy cutoff was set to 

450 eV. A Monkhorst-Pack k-mesh with a 4 × 4 × 1 k-point grid was used for 



S6

structural optimization and frequency calculations, while 6 × 6 × 1 k-point grid 

was utilized for electronic structure calculations. The Gibbs free energy change 

(ΔG) involved in each elementary reaction calculation was calculated based on 

terms of the computational hydrogen electrode model proposed by Nørskov et 

al.10,11 The calculation formula is: ∆G=∆E + ∆ZPE - T∆S + eU + ∆GpH. Here, ∆E 

is the DFT-calculated total energy, T is set to 298.15 K and the entropy S is 

computed by fixing the catalyst base as the premise. U is the electrode potential 

versus reversible hydrogen electrode (RHE). ∆GpH represents the correction of 

the free energy because of the variations in pH conditions. ∆Gmax represents the 

maximum ∆G among each elementary reaction.
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Fig. S1. UV-Vis absorption spectra of a) indophenol assays kept with different 

concentrations of NH4
+ after incubated for 2 h at room temperature. Calibration curve 

used for estimation of b) NH4
+ concentration.
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Fig. S2. UV-Vis absorption spectra of a) various NO2
- concentrations after incubated 

for 10 mins at room temperature. Calibration curve used for quantification of b) NO2
- 

concentration.
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Fig. S3. UV-vis absorption spectra of a) indophenol assays with NH3 concentrations 

after incubated for 1 h at room temperature. Calibration curve used for estimation of 

b) NH3 concentration.
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Fig. S4. Chronoamperometry curves of a) Cu3P@CoO at different given potentials. b) 

UV-Vis absorption spectra.
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Fig. S5. Product distribution of a) Cu3P@CoO. NO3
−RR performance of b) 

Cu3P@CoO under different test conditions.
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Fig. S6. UV-Vis absorption spectra of the electrolytes estimated by the method of 

Watt and Chrisp before and after 3-h electrolysis at room temperature.
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Fig. S7. 1H NMR spectra of standard samples.
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Fig. S8. (a) XRD and (b) TEM images of Cu3P@CoO after long time test.
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Fig. S9. Charge density difference of CoO with adsorbed NO3
-.
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Table S1. Comparison of the electrocatalytic NO3RR performances of Cu3P@CoO 

catalysts with other extensively reported electrocatalysts.

Electrocatalyst Electrolyte FE(%) NH3 Yield rate

(mg h−1mgcat
−1)

Ref.

TiO2-X 0.1 M K2SO4 
+ 0.5 M KNO3

85 0.765 [10]

Cu/Cu2O 0.5 M Na2SO4 
+ 200 ppm NO3

−-N
95.8 4.16 [11]

Ir&Cu/Cu2O 1M KOH 
+ 0.1M KNO3

92 8.228 [12]

vCo-Co3O4/CC 0.1 M NaOH 
+ 0.1M KNO3

97.2 8.7975 [13]

xRu/Co3O4 0.1 M KOH 
+ 0.1 M KNO3

75.7 0.01598 [14]

Co/CoO 0.1 M Na2SO4 
+ 200 ppm NO3

−-N
93.8 3.31 [15]

Fe single atom 0.1 M K2SO4 
+ 0.5 M KNO3

75 5.2 [16]

Cu49Fe1 0.1 M K2SO4 
+ 200 ppm KNO3

94.5 0.046 [17]
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Cu–WO3 0.1 M KOH 

+ 0.1 M KNO3

94% 2.13 [18]

CoMoO4 0.5 M Na2SO4 

+ 0.1 M KNO3

91.17% 1.48 [19]

Bi/Cu2O 0.5 M Na2SO4 

+ 0.1 M NaNO3

99.2% 2.56 [20]

Cu1Co1-BCN 0.1 M KOH 

+ 0.1 M KNO3

92.44% 6.41 [21]

Co3O4/Cu 0.05 M Na2SO4 

+ 0.1 M NaNO3

94.6% 0.684 [22]

Fe-Co3O4 0.5 M Na2SO4 

+ 0.1 M KNO3

95.5% 0.624 [23]
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