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1. Experimental Section

1.1. Chemicals and materials

Carbon nanotube bundled multi-walled were purchased from Shanghai Macklin 

Biochemical Co., Ltd. Co(NO3)2·6H2O, CuSO4·5H2O were purchased from Sinopharm 

Chemical Reagent Co., Ltd. KNO3 (99.0%), sodium nitroferricyanide(III) dehydrate 

(C5FeN6Na2O·2H2O, 99.0%), sodium citrate (C6H5Na3O7·2H2O, 99.0%), KOH 

(96.0%), ethylene glycol ((CH2OH)2, 99.0%), glycolic acid (C2H4O3, 99.0%), salicylic 

acid (C7H6O3, 99.5%), NaClO (available chlorine ≥ 5.0%), NH4Cl (99.5%), 

thiosemicarbazide (CH5N3S, 99.0%), p-aminobenzenesuifonamide (NH2C6H4SO2NH2, 

95.0%), N-(1-naphthyl) ethylenediamine dihydrochloride (C10H7NHC2H4NH2·2HCl, 

95.0%), 15KNO3 (AR), 14NH4Cl (AR), 15NH4Cl (AR), were purchased from Shanghai 

Aladdin Biochemical Technology Co., Ltd. Shanghai. All solutions were prepared 

using deionized water (Millipore Corp., 18.2 MΩ cm). Commercial carbon paper (CP, 

HCP030N) was purchased from Shanghai Hesen Electric Co. Ltd.

1.2. Synthesis of Cu-CoO@CNT, Cu@CNT and Co@CNT

The synthesis procedure for Cu-CoO@CNT is illustrated in Fig. 1. Initially, 10 

mM Co(NO3)2·6H2O and 20 mM Cu(NO3)2·5H2O were dissolved in 100 mL of 

deionized water and stirred for 2 hours. Subsequently, 1 g of carbon nanotubes (CNT) 

was added to the solution and the mixture was stirred for an additional 30 minutes, 

followed by sedimentation. After decanting the supernatant, the precipitate was 

collected and dried in an oven at 60°C for 12 hours. The dried material was then ground 

into a fine powder and transferred to a tubular furnace. The powder was calcined under 



the N₂ atmosphere at a heating rate of 2°C/min. At 600°C, the temperature was 

maintained for 2 hours, after which the sample was annealed to room temperature, 

removed, and ground again. The final product yielded Cu-CoO@CNT.

The preparation methods for Cu@CNT and Co@CNT were similar to that of Cu-

CoO@CNT, with the only difference being that the precursor solution contained solely 

Cu2⁺ or Co2⁺, respectively, for the synthesis of Cu@CNT and Co@CNT.

1.3. Material characterization

The scanning electron microscopy (SEM) images were obtained using SU8020 

(Hitachi, Japan). The transmission electron microscopy (TEM) images were obtained 

using JEMARM 200F. The aberration-corrected high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) measurements andenergy-

dispersive X-ray (EDX) spectroscopy were performed using JEMARM200F. X-ray 

diffraction (XRD) patterns were acquired using Philips X’pert PRO with Cu Ka 

radiation (λ = 1.5418 Å) at 40 kV and 40 mA. Nitrogen adsorptiondesorption isotherms 

were measured using Autosorb-iQ-Cx. X-ray photoelectron spectroscopy (XPS) 

analysis was performed on an ESCALAB 250 X-ray photoelectron spectrometer 

(Thermo, America). Electrochemical measurements All the electrochemical 

measurements were performed on a CHI 660E electrochemical workstation (CH 

Instrumental Corporation, Shanghai, China) using an H-type cell, which was separated 

by a Nafion 211 proton exchange membrane. The Nafion 211 membrane was treated at 

80 ℃ in H2O2 (5 wt.%) and 0.5 M H2SO4 aqueous solution in turn to protonate and then 

rinsed with deionized water before use. The catalyst inks were prepared by dispersing 



5 mg sample into 500 µL of ethanol, 450 µL of water and 50 µL of Nafion (5 wt.%) 

under ultrasonic for 30 min, and then were loaded on a carbon paper (1.0×1.0 cm2) as 

the working electrode with 0.25 mg cm−2 catalyst. The saturated Ag/AgCl electrode 

was used as the reference electrode and a platinum mesh was used as the counter 

electrode. Before use, the working electrode was activated in 0.1 M KOH + 0.25 M 

KNO3 solution. Unless otherwise stated, all experiments were performed in 0.1 M KOH 

+ 0.25 M KNO3 solution. All measured potentials versus Ag/AgCl were transformed 

into the potentials versus reversible hydrogen electrode (RHE) according to the 

following equation:

                                      AgClAAgClARHE EpHEE /g
0

/g 059.0 

where the EAg/AgCl is the equilibrium potential under standard conditions and 

E0
Ag/AgCl = 0.197 V versus RHE at 25℃.

1.4. Determination of ammonia. 

The concentration of the produced ammonia was detected by the indophenol blue 

method.1 In detail, taken 100 μL of electrolyte in a cathode cell after 2 h electrocatalysis, 

and then added 9900 μL of deionized water in a 15 ml colorimetric tube. Subsequently, 

500 μL of coloring agent (composed of 10 g salicylic acid, 10g sodium citrate, 55 ml 

2.0 M sodium hydroxide with deionized water in 200 ml solution), 100 μL of oxidizing 

solution (containing 5ml sodium hypochlorite and 45ml 2.0 M sodium hydroxide in 50 

ml solution), and 100 μL of catalyst solution (1.0 g Na2[Fe(CN)5NO]·2H2O diluted to 

100 mL with deionized water) were added to the measured sample solution in turn. 

After the color development for 1h at room temperature, the absorbance measurements 

were performed by UV-Vis spectrophotometer at a wavelength of 697.5 nm. The 



obtained calibration curve was used to calculate the ammonia concentration. 

1.5. Determination of nitrite. 

The produced nitrite in the electrolyte was detected by the Griess method.2 In 

detail, the N-(1-naphthyl) ethylenediamine dihydrochloride (1 g), sulfonamide (20 g) 

and H3PO4 (50 mL, 85%) were dissolved in 250 ml of deionized water and then set the 

mixture to 500 ml volumetric flask to form the Griess reagent. Added 1 ml of reacted 

electrolyte with 9 ml of deionized water into a 15 ml colorimetric tube then mixed with 

200 μL of Griess reagent and placed for 20 min at room temperature. UV-vis 

spectrophotometer was used to measure the absorbance of the generated nitrite at the 

wavelength of 540 nm. Then the concentration of NO2
− was obtained by the calibration 

curve.

1.6. Calculation of NtrRR Performance

,  and  are calculated by the following formulas:
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is the concentration of produced NH3 and V is the volume of electrolyte. t is 
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constant (96485 C mol-1) and  is the total charge transferred during electrolysis. Q
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where,  and V are the measured NO2
− concentration and the electrolyte 

2NO
C

solution volume, respectively, t is the electrolysis period and mcat. is the amount of the 

loaded electrocatalyst, is the faradaic constant (96485 C mol−1) and  is the total F Q

charge transferred during electrolysis period.

1.7. 15N Isotope Labelling Experiments

For quality assurance required, 15N isotopic labelling experiments were conducted 

using 0.1 M KOH + 0.25 M K15NO3 as the electrolyte with identical experimental 

procedure as that of Ar-saturated 0.1 M KOH + 0.25 M K14NO3 experiments. For 1H 

NMR method, D2O (99.9 atom% D, Aladdin Biochemical Technology Co., Ltd. 

Shanghai) used as internal standard. The yielded 15NH3 were analyzed by the 1H NMR 

methods using Bruker Avance-400 MHZ.



Fig. S1 SEM image of Cu-CoO@CNT.



Fig. S2 (a) EDS images of Cu-CoO@CNT. (b) EDS elemental line-scanning profile of 

Cu, Co and O.



Fig. S3 corresponding pore size distribution curve of Cu-CoO@CNT.



Fig. S4 Surface survey XPS spectra of the Cu-CoO@CNT sample. 



Fig. S5 (a) UV-Vis absorption spectra obtained from the solutions with different NH4
+-

N concentrations (0, 0.05, 0.1, 0.25, 0.5, 1.0 and 2.0 ppm). (b) Calibration curve used 

to determine NH4
+-N concentration.



Fig. S6 (a) UV-Vis absorption spectra of various NO2
−-N concentrations (0, 0.05, 0.1, 

0.25, 0.5, 1.0 and 1.4 ppm). (b) The calibration curve used for calculation of NO2
−-N 

concentrations.



Fig. S7 NH3 Yield rate and FE in the electrolyte of KOH (0.1 M) and KNO3 (0.15 M, 

0.25 M and 0.5 M) at a current of 100 mA.



Fig. S8 (a) The j-t curves at different potentials in 0.1 M KOH + 0.25 M KNO3 

electrolyte over a 2 h period. (b) UV-Vis absorption spectra of the corresponding 

samples.



Fig. S9 Comparison of NH3 yield rate of Cu-CoO@CNT, Cu@CNT and Co@CNT.



Fig. S10 (a) UV-Vis absorption spectra of the corresponding samples. (b) The yield 

NO2
−-N of NO2

− in different potentials between -0.2 to -0.9 V (vs. RHE).



Fig. S11 Comparison of NH3 yield rate from Cu-CoO@CNT using 14NO3
− and 15NO3

− 

as nitrogen source, respectively.



Fig. S12 NH3 yield rate contrast experiments with different conditions 0.1 M KOH, 

OCP, CP and Cu-CoO@CNT at −0.6 V (vs. RHE) for 2 h.

   

 



Fig. S13 Long-time stability test of Cu-CoO@CNT at −0.6 V (vs. RHE).



Fig. S14 Cycling stability test of Cu-CoO@CNT at −0.6 V (vs. RHE) for 15 cycles with 

2.0 h NtrRR period per cycle.



Fig. S15 High-resolution XPS spectra of (a-b) Co 2p and (c-d) Cu 2p of Cu-CoO@CNT 

before and after NtrRR.



Fig. S16 XRD patterns of Cu-CoO@CNT before and after NtrRR.



Fig. S17 SEM image of Cu-CoO@CNT after 15 NtrRR recycles.



Table S1. Surface content of different valence states of Cu and Co.

Class Area 
(CPS.eV)

Content（%
）

Cu2+ 37784.73 53.11

Cu0/Cu+ 33351.12 46.89

Co3+ 18684.35 49.10

Co2+ 19365.03 50.90



Table S2. Comparison of NtrRR performance between Cu-CoO@CNT catalyst 
and others electrocatalysts recently-reported.

Catalyst NO3
− concentration Electrolyte

NH3 yield rate
（mg h−1mgcat.

-1）
FE(%)

NbC@CNFs1 0.1 M PBS 16.7
81.7

（-1.1 V vs.RHE）

NiTP−CoTAPP
2 0.5 M - 2.723

85.6
（-0.8 V vs.RHE）

Ce-
Cu/MoO2@C3 0.1 M 1 M KOH 20.3

92.0
（-0.4 V vs.RHE）

Cu/CoOOH4 1400 ppm 1 M KOH 35.654
91.5

（-0.23 V vs.RHE）

RhNiAu-
TML/Au-NC5 50 mM 0.1 M HClO4 21.6

97.9
（+0.05 V vs.RHE）

Cu/Fe3O4@CN
6 0.1 M 0.1 M KOH 22.1

96.57
（-0.9 V vs.RHE）

BDCu7 0.1 M - 25.74
96.58

（-1.8 V vs.SCE）

Fe-rGO8 0.1 M 0.1 M KOH 47.815
96.51

（-0.5 V vs.RHE）

hcp/fcc 
Cu10Ni90

9 100 mM 0.5 M K2SO4 57.4
98.1

（-0.7 V vs.RHE）

This work 0.25 M 0.1 M KOH 83.2
98.1

（-0.6 V vs.RHE）
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