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Abstract: The electroreduction of nitrate (NO3
-) into ammonia (NH3) presents a promising avenue for sustainable 

ammonia synthesis. In this study, we construct electrocatalyst with tandem sites that integrates highly dispersed Cu 

with Co3O4 by self-sacrifice strategy using MOF as a template, which significantly improves NH3 production. The 

resulting Cu-Co3O4 catalyst achieves a NH3 yield rate of 7.25 mg h-1 cm-2 and Faradaic efficiency (FE) of 95%. 

Mechanism research shows that Cu enhances NO3
- adsorption, the synergy between Cu and Co3O4 increases the 

electrochemical active area, reduces charge transfer resistance, inhibits hydrogen evolution reaction. The confinement 

effect of Co3O4 effectively ensures the stability of Cu2+ in the electrocatalytic reduction reaction process. This work 

offers valuable insights into the tandem NO3
− reduction pathway in heterostructures, providing a foundation for 

optimizing catalysts and advancing sustainable NH3 synthesis. 

Introduction 

Applications of ammonia (NH3) span numerous key industries including agriculture, energy and national defense. 

The industrial synthesis of ammonia of Haber-Bosch process utilizes nitrogen and hydrogen as feedstocks, 

consumes fossil fuels and emits carbon dioxide, the development of new sustainable synthetic ammonia 

technologies are of profound importance.1-4 As a cutting-edge technology, electrocatalytic nitrogen reduction 

can directly synthesize ammonia from water and nitrogen at room temperature and pressure, but faces 

bottlenecks such as the high binding energy of N ≡ N triple bond (941 kJ mol-1), low nitrogen solubility, severely 

limit activity and selectivity.5-8 Recently, the electrochemical ammonia synthesis using nitrate (NO3
-) as the 

nitrogen source has shown significant improvement in both yield and selectivity.9-12 Nitrate with high water 

solubility, can be obtained from industrial wastewater, domestic sewage and low-temperature plasma activated 

nitrogen. The conversion of nitrate to ammonia can bypass the bottleneck of high binding energy of N2 (N=O 

bond energy 204 kJ mol-1), overcome the high energy consumption and high pollution limitations of the Haber-

Bosch process, and address the environmental pollution issue of nitrate in water.13-17  

Electrocatalyst plays a key role in improving energy efficiency and performance. The NO3
- reduction faces the 

following challenges: (a) The competitive hydrogen evolution reaction (HER) reduces Faraday efficiency; (b) 

The complex process of multi electron/proton transformation; (c) The adsorption of key intermediates is difficult 

to optimize resulting in low selectivity of NH3. Copper (Cu)-based electrocatalysts can undergo resonance 

hybridization with the π orbitals of NO3
- due to the unique d-orbital configuration, have been extensively 

investigated for NO3
- reduction due to remarkable absorbing capacity towards NO3

-.18, 19 Pure copper catalysts 

have been proven to spontaneous oxidation dissolution and surface deactivation, the concentration of ammonia 

increases as the concentration of nitrate decreases in the solution, leading to the inevitable reaction between 

copper and ammonia to form copper ammonia complexes.20 Moreover, due to weak hydrogen adsorption ability 

of Cu, the intermediates (*NO2, *NO, *N, etc.) produced by NO3
- reduction cannot be hydrogenated in a timely 

manner, thereby limiting the efficiency of ammonia synthesis.21-25 One of strategies resolved the above 

bottlenecks involves altering the intrinsic activity of Cu by forming alloys and heterostructures such as Cu@C, 

Ru-Cu nanowires and Cu/Cu2O.26-28 Another one is the construction of tandem catalysts to facilitate the reaction 

through a cascade pathway to disrupt the scaling relationship of intermediates over a single active site. 

Electrocatalytic NO3
- reduction can be divided into two stages with NO3

- → NO2
- and NO2

- → NH3.29, 30 The 

crux of matter lies in the selection of two active sites to facilitate selective catalysis at various stages. Previous 

research has demonstrated that intrinsic Co-based catalysts can effectively convert NO2
- to NH3, but are not 

satisfactory for reduction of NO3
- to NH3, likely because of weak affinity for NO3

-. When a Co-based catalyst 

integrates with Cu, exhibits enhanced NO3
- reduction activity.31 In this study, we engineered a highly dispersed 

Cu-doped Co3O4 core-shell nanostructure using metal-organic framework (MOF) as template by pyrolysis in Air 



atmosphere, and utilizing the confinement effect of ZIF-67 to prevent Cu aggregation. The Air atmosphere 

calcination avoids excessive reduction or Cu aggregation that may be caused by reducing atmosphere, and 

accurately achieves the coexistence and synergy of Cu2+ and Co2+/Co3+. The strong metal carrier interaction of 

Co3O4 further anchors Cu2+, forming a stable Cu-O-Co interface structure. When utilized as NO3
- reduction 

electrocatalysts, obtained Cu-Co3O4 catalysts display a high NH3 yield rate of 7.25 mg h-1 cm-2 at -0.9 V vs. RHE 

and a commendable Faradaic efficiency (FE) of 95% at -0.7 V vs. RHE. Mechanistic studies suggest that Cu 

and Co3O4 could selectively catalyze the reduction of NO3
- to NO2

- and subsequently NO2
- to NH3. Cu2+ increases 

the electrochemical active area, the multi valent states of Cu+/Co2+/Co3+ construct electron transfer channels, 

reduce charge transfer resistance, Cu2+ inhibits competitive HER, enhances nitrate adsorption, significantly 

accelerating the reaction kinetics. The confinement effect of Co3O4 effectively ensures the stability of Cu2+ in the 

electrocatalytic reduction reaction process. 

Results and Discussion 

The Cu-Co3O4 electrocatalyst is constructed by MOF-derived template strategy (Figure 1): (1) Cobalt ions 

coordinate with 2-methylimidazole to form metal-organic framework of ZIF-67 at room temperature; (2) Copper 

precursors are introduced in ZIF-67 and subjected to pyrolysis at 450oC in the Air atmosphere to obtain Cu-

Co3O4. The phase composition of ZIF-67, Cu-ZIF-67, Cu-Co3O4 and Co3O4 are characterized by X-ray diffraction 

(XRD). As depicted in Figure S1, Cu-ZIF-67 exhibits identical diffraction peaks of ZIF-67, while all peaks of both 

Cu-Co3O4 and Co3O4 samples correspond to characteristic peaks of Co3O4 (PDF # 43-1003), and no 

characteristic peaks of copper containing species are observed.32 The scanning electron microscope (SEM) 

images reveal the dodecahedral morphology of ZIF-67 sample with diameters of approximately 1 μm (Figure 

S2). The Cu-ZIF-67 precursor samples, synthesized through the addition of copper salt, retain dodecahedral 

morphology with a rough and contracted surface, and energy-dispersive X-ray spectroscopy (EDS) mapping 

confirms the presence of copper (Figure S3). When the Cu-ZIF-67 precursor is used as a sacrificial template 

and subjected to pyrolysis under air at 450 °C, a temperature exceeding the decomposition temperatures 

determined by thermogravimetric analysis (Figure S4), the morphology undergo significant changes (Figure 1b 

and S5). It is speculated that the organic ligands of metal-organic framework decompose and the metal sites 

undergo a redox reaction during heat treatment, across which the gas generated by Cu-ZIF-67 precursor 

decomposition is continuously released to leave hollow interior behind, integrating into the Cu-doped Co3O4 

core-shell structure nanocages structure with internal cavity. Element mapping indicates the uniformed 

dispersion of Co, O and Cu element, with a 9 wt.% content of Cu confirmed by inductively coupled plasma 

spectrometer (ICP). The nanostructures are further verified by the transmission electron microscopy (TEM) 

(Figure 1c), show that the interior and outer structure is constructed from interconnected nanosheets. The high-

resolution transmission electron microscopy (HRTEM) images (Figures 1d and e) show that the lattice fringes 

with spacings of 0.236 nm corresponded to the (222) plane of Co3O4, respectively, larger than that of pristine 

Co3O4 (0.233 nm), indicative of interplanar expansion due to Cu’s larger atomic radius (Figure S6). Figure 2f 

shows the EDS mapping image of Cu-Co3O4, Co and O element are distributed homogeneously throughout the 

region, the signal intensity of Cu is very uniform with enhancement in the outer locates.  

 



 

Figure 1. (a) Schematic illustration for the formation of Cu-Co3O4; (b) SEM images; (c) TEM images; (d, e) HR-TEM 

images; (f) EDS mapping of 0.1Cu-Co3O4 samples. 

 

The vibration peaks at 189.2, 468.3, 513, 609 and 683.5 cm-1 correspond to the characteristic Raman active 

modes of Co3O4 vibration mode of F2g
(3), E1g, F2g

(2), F2g
(1), and A1g, respectively. Among them, the A1g and F2g

(3) 

active modes represent octahedral sites (CoO6) and tetrahedral sites (CoO4) of Co3O4 (Figure 2a). In particular, 

the A1g peak of Cu-Co3O4 shows a blue shift due to the lattice distortion derived from Cu doping.33 The surface 

composition and valence states of Co3O4 and Cu-Co3O4 are further identified by X-ray photoelectron 

spectroscopy (XPS). The Cu 2p XPS spectrum (Figure 2b) features two distinct peaks at 934.1 eV and 953.9 

eV, correlating to Cu 2p3/2 and 2p1/2 states of Cu2+, along with satellite peaks.34 In parallel, the high-resolution 

Co 2p spectra shows peaks at approximately 796.59 eV, 794.8 eV, 781.58 eV and 779.80 eV, denoting 

Co2+/Co3+ oxidation states augmented by satellite peaks.35 Notably, the integration of Cu into Co3O4 induces a 

higher energy shift in Co 2p peaks compared with Co3O4, contributes to the optimal regulation of electronic 

structures and further improves reaction rate of interfacial catalytic process (Figure 2c).36 Additionally, the O 1s 

spectrum of Cu-Co3O4 could be split into six peaks, attributed to Co-O, Cu-O, surface hydroxyl (M-O-H), low 

oxygen-coordinated defect sites (VO), surface oxygen (Osurf) and adsorbed oxygen (Oadv), respectively. Together, 

these results further confirm the effective incorporation of Cu into the Co3O4 and formation of Cu-O-Co 

heterogeneous interface (Figure 2d).37, 38  

 

 



Figure 2. (a) Raman spectra and (b, c, d) XPS spectra in the Cu 2p, Co 2p and O 1s regions of Cu-Co3O4 and Co3O4. 

 

The electrocatalytic performance of NO3
- reduction reaction is evaluated in an H-type cell with 0.1 M KOH + 0.1 

M KNO3 electrolyte. As shown in Figure 3a, the linear sweep voltammetry (LSV) curves of Cu-Co3O4 samples 

show higher current density in the NO3
- containing electrolyte compared with that of electrolyte without NO3

-, 

indicating the occurrence of effective NO3
- reduction reaction. Moreover, the current density of Cu-Co3O4 catalyst 

is higher than that of Co3O4 catalyst in the presence of NO3
-, indicated that the introduction of copper is more 

conducive to promoting the conversion of NO3
-. When perform NO3

- reduction reaction at -0.6 V to −1 V vs. RHE 

for 0.5 h, the Faradaic efficiency (FE) of Cu-Co3O4 catalyst increases with potential up to −0.7 V vs. RHE, and 

decreased at more negative potential results from the enhanced competing hydrogen evolution reaction (HER). 

Cu-Co3O4 catalyst offers the highest NH3 yield rate of 7.25 mg h-1 cm-2 at -0.9 V vs. RHE and FE of 95% at -0.7 

V vs. RHE (Figures 3b and 3c), higher than those of Co3O4 catalyst (5.98 mg h-1 cm-2 and 88%), exceeding 

many of reported Cu- or Co-based NO3
− reduction electrocatalysts (Figure 3d), indicating the high 

electrocatalytic NO3
- reduction activity of obtained Cu-Co3O4 catalyst.39-47 

 

Figure 3. (a) LSV curves of Cu-Co3O4, Co3O4 in 0.1 M KOH aqueous solution with and without 0.1 M KNO3; (b) NH3 

yield rates and (c) FEs for NH3 over Cu-Co3O4, Co3O4 in 0.1 M KOH aqueous solution with 0.1 M KNO3 at each given 

potential; (d) Comparison of NH3 yield rates and FEs at different potentials for recently reported state-of-the-art 

electrocatalysts. 

 

Additionally, long-term electrocatalytic tests over Cu-Co3O4 samples are performed at potential of −0.7 V vs. 

RHE. As observed in Figure 4a and 4b, Cu-Co3O4 samples display a relatively stable FEs exceeding 90% for 

10 cycles and could running for 72 h, indicating good electrocatalytic stability. The XPS test results of Cu-Co3O4 

samples after 72 h stability measurement indicate that copper mainly exists in the form of Cu2+, which verifies 

stabilizing effect of Co3O4 towards Cu2+ (Figure 4c and 4d).  

 



 

Figure 4. (a) The consecutive cycling stability test and (b) chronoamperometry measurement for 72 h -0.7 V vs. RHE; 

(c) Cu LMM and Cu 2p spectra after 72 h long-time stability measurement of Cu-Co3O4 at -0.7 V vs. RHE. 

 

To further clarify the synergy effect between Cu and Co3O4 for Cu-Co3O4, a series of control experiments are 

conducted. Figure 6a shows the adsorption capacities (qe) of Cu-Co3O4 and Co3O4 for NO3
-. Larger qe for NO3

- 

of Cu-Co3O4 indicates that the introduction of copper can effectively enhance the adsorption capacity of NO3
- 

(Figure 5a).31 Because NO2
− → NH3 is a second stage of NO3

− → NH3, the content of NO2
- over Cu-Co3O4 

and Co3O4 catalysts after NO3
- reduction reaction and performance of electrocatalytic NO2

- reduction to 

ammonia are also performed. At potentials of −0.7 V vs. RHE, the Cu-Co3O4 samples show more less NO2
- and 

higher NH3 yield rate for NO2
- reduction than that of Co3O4, suggest that the Cu-Co3O4 is more active for NO2

- 

→ NH3 (Figure 5b and 5c). Therefore, the NO3
− reduction could probably proceed in a tandem catalysis pathway 

over Cu-Co3O4: the NO3
− →  NO2

− conversion over Cu then NO2
− →  NH3 conversion over Co3O4. An 

appropriate amount of Cu is required to achieve the highest NH3 selectivity by cooperating with Co3O4 based on 

the study for regulating the amount of copper added (Figure S8). The possible ammonia contamination is also 

excluded from the bare glass carbon electrode, 0.1 M KOH electrolyte and open circuit potential controlled 

variable experiment, respectively (Figure S9). 

 

 

Figure 5. (a) Adsorption capacities of Cu-Co3O4 and Co3O4 for NO3
-; (b) Concentration of NO2

- of Cu-Co3O4 after testing 

0.5 h; (c) Yield rates of NO2
- to NH3 of Cu-Co3O4 after testing 0.5 h at -0.7 V vs. RHE. 

 

In addition, the larger double-layer capacitance (Cdl) for Cu-Co3O4 indicates the more exposed electrochemical 

activity sites than that of Co3O4 (Figure 6a).48 The electrochemical impedance spectroscopy (EIS) test results 

show the smaller semi-circular arc of Cu-Co3O4, unveils the better conductivity and faster electron transfer 

kinetics for reduction of NO3
- (Figure 6b).49 To further investigate the NO3

- reduction reaction pathway of the Cu-

Co3O4 



 

Figure 6. (a) Plots of current density versus scan rates for Cu-Co3O4 and Co3O4; (b) Nyquist curves of Cu-Co3O4 and 

Co3O4; (c) DEMS measurements of NO3
- reduction reaction over Cu-Co3O4; (d) NO3

- reduction pathway over Cu-Co3O4. 

catalyst, reaction intermediates and products are monitored by Online differential electrochemical mass 

spectrometry (DEMS).50 The m/z signals 30, 31, 32 and 33 corresponding to *NO, *NOH, *NHOH and *NH2OH 

could be detected. Based on the above, the possible reaction pathways for conversion of NO3
- to NH3 could be 

speculated (Figure 6d). The *NO3 intermediate undergoes a series of reactions resulting in the generation of 

*NO2 on Cu sites, and further leading to the formation of *NO, *NOH, *NHOH, *NH2OH intermediate, and finally 

obtain NH3 product on Co sites. 

In situ electrochemical impedance spectroscopy (EIS) is employed to investigate the reaction kinetics of water 

dissociation and NO3
- reduction reaction. For the electrolyte without NO3

-, Cu-Co3O4 exhibits a characteristic 

peak centered in the high-frequency region (102-103 Hz) (Figure 7a). As the potential increases, the peak shifts 

towards the high-frequency region and peak intensity decrease obviously, related to the non-uniform charge 

distribution caused by HER. For the electrolyte with NO3
-, a new kinetic process appears in the intermediate 

frequency range, originates from the reduction reaction of NO3
- on the Cu-Co3O4 catalyst surface (Figure 7b). 

Compared with Co3O4, the phase angle intensity of Cu-Co3O4 significantly decreases, indicating a faster electron 

transfer rate and more charges involved in the Faraday process, which promotes the hydrolysis dissociation 

process and enables NO3
- to easily capture *H to form ammonia, thereby accelerating the nitrate reduction 

reaction rate. In addition, the peak position of the phase angle shifts towards lower frequencies, further 

confirming that the copper load can effectively suppress Heyrovsky step and prevent hydrogen evolution (Figure 

7c and 7d).51-55 

 



 

Figure 7. Bode phase plots of Cu-Co3O4 at different potentials (a) 0.1 M KOH; (b) 0.1 M KOH with 0.1 M NO3
-; (c) Bode 

phase plots of Co3O4 at varied potentials in 0.1 M KOH + 0.1 M NO3
-; (d) Bode phase plots of Cu-Co3O4 and Co3O4 in 

0.1 M KOH with or without NO3
− -0.7 V vs. RHE.  

 

Conclusion 

In summary, we prepare a highly efficient Cu-Co3O4 as a tandem electrocatalyst for NO3
− reduction to NH3. The 

catalyst displays an outstanding electrocatalytic activity with a maximum NH3 yield rate of 7.25 mg h-1 cm-2 and 

the highest Faradaic efficiency of 95% in alkaline electrolyte. It can be speculated that NO3
− could be reduced 

to NO2
− over Cu sites, NO2

− reduction to NH3 over Co3O4. Cu doping is beneficial for adsorption and subsequent 

conversion of NO3
-, while preventing H* coupling to form H2. Co3O4 plays an important role in stabilizing Cu2+ 

active sites. This work goes beyond simple "doping enhances activity" and reveals the profound mechanism of 

multi metal site synergistic regulation of electronic structure and reaction pathways, providing important 

reference for designing next-generation energy and environmental catalytic materials. 
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