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Green foundation

1. This work demonstrates a sustainable electrochemical route for converting nitrate into ammonia using 
earth-abundant catalysts, enabling pollutant-to-value conversion while avoiding the chemical input and 
secondary waste associated with conventional biological and physicochemical treatments.

2. The system achieves up to 97% Faradaic efficiency for NH₃ production over a wide nitrate concentration 
range (10-250 mM) and maintains 86% Faradaic efficiency at environmentally relevant low concentration 
(1 mM) in neutral conditions, thereby reducing the reliance on strongly alkaline electrolytes and minimizing 
the need for downstream neutralization.

3. Further work will focus on coupling with renewable electricity and evaluating performance in complex 
wastewater to further assess practical environmental benefits, and exploring the simultaneous conversion 
of co-existing pollutants to enhance overall environmental impact.
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Electrochemical Nitrate-to-Ammonia Conversion over a Broad 
Concentration Range via a Hollow Co3O4/CuO Catalyst
Li Yao,a,b Shao Ye,a Zhe Li, c Mingjie Tuo,b Yibin Cui,c Zhenbin Wang,a Zhenhua Xie,d Wenlei Zhu*b and 
Bo Shen*a

Abstract: Widespread nitrate contamination in water challenges both aquatic ecosystems and drinking water safety, and 
the electrocatalytic nitrate reduction to ammonia (eNRA) presents a promising sustainable way to convert pollutants to 
value-added products. However, most existing eNRA systems operate efficiently only under highly alkaline and concentrated 
conditions that are incompatible with real wastewater. Here, we report a hollow heterostructured Co3O4/CuO catalyst which 
permits efficient eNRA in neutral aqueous media over a wide range of environmentally relevant nitrate concentrations (1-
250 mM). The catalyst achieves NH3 Faradaic efficiencies above 97% in the 10-250 mM nitrate range and maintains 86% 
even at 1 mM nitrate. Furthermore, the catalyst showed excellent stability over 100 hours of continuous operation. In situ 
Fourier transform infrared spectroscopy analysis suggests that the hollow architecture creates a spatially confined 
microenvironment that accelerates the hydrogenation of NOx intermediates toward NH3, and density functional theory 
calculations indicate the ensemble effect of Co3O4 and CuO in reducing the free-energy changes of key nitrate reduction 
steps. This work highlights a structure engineering strategy in electrocatalysts for efficient nitrate remediation and 
wastewater treatment. 

Introduction
Nitrate accumulation in aquatic environments has become 
increasingly widespread.1-4 In environmental monitoring, nitrate 
concentrations above 50 mg/L (~0.8 mM) are commonly considered 
beyond drinking-water standards set by the World Health 
Organization.5 Conventional nitrate remediation strategies, such as 
biological denitrification and physicochemical separation, mainly 
focus on nitrate removal through reduction to N2 or physical 
separation from water. While effective at controlling nitrate 
contamination, these approaches involve substantial energy 
consumption and provide limited capability for resource recovery.6-

10 For example, biological denitrification generates substantial CO2 
emissions due to the oxidation of organic carbon sources, 
accompanied by additional N2O emission and excess sludge 
production that require secondary treatment.11 In parallel, 
physicochemical separation methods, such as ion exchange and 
reverse osmosis, require chemical inputs for resin regeneration or 
membrane cleaning and generate concentrated brine streams that 
create additional disposal challenges.12-15 In contrast, electrocatalytic 
nitrate reduction to ammonia (eNRA) has recently emerged as a 
promising strategy that simultaneously removes nitrate while 
producing ammonia, which serves as a fundamental chemical 

feedstock.16-19 When driven by renewable electricity, eNRA provides 
a sustainable opportunity to couple water purification with green 
chemical synthesis.20-23 Compared with conventional treatment 
methods, eNRA can potentially reduce the environmental footprint 
of nitrate remediation. For example, recent studies have 
demonstrated that electrochemical denitrification systems can 
reduce CO2 emissions up to 79.5% compared to biological 
denitrification, with energy consumption as low as 9.97 kWh kg-1 N 
under optimized conditions.17,24 Moreover, theoretical analyses 
indicate that the minimum energy requirement for nitrate-to-
ammonia conversion is approximately 6.5 kWh kg-1 NH3, which is 
lower than that of the Haber-Bosch method (10-13 kWh kg-1) from 
N2,25,26 suggesting its potential as a low-energy pathway for ammonia 
production. However, most existing eNRA systems are operated 
under highly alkaline and concentrated nitrate conditions (e.g., 
pH≥13, nitrate concentration ≥ 0.1 M) that are very different from 
those in real wastewater matrices.27-31 First, nitrate concentrations 
can span a wide range and fluctuate over orders of magnitude from 
agricultural to industrial wastewater, while many catalysts used in 
eNRA are often optimized for a narrow concentration regime. At low 
nitrate concentrations, eNRA can lead to accumulation of nitrite 
intermediates, which lowers ammonia selectivity and introduces 
additional toxicity concerns.32,33 Second, the pH of most municipal 
wastewater is close to neutral (typically pH 6-8).34,35 Maintaining 
strongly alkaline electrolytes requires the continuous addition of 
base (e.g., KOH or NaOH). As a result, subsequent pH neutralization 
prior to discharge or reuse is needed to convert these chemicals into 
dissolved salts (e.g., K2SO4 or NaCl), which increases chemical 
consumption and generates salt-containing secondary waste 
streams. To address these challenges, an ideal eNRA catalyst should 
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b School of Environment, Nanjing University, Nanjing, China.
c Nanjing Institute of Environmental Sciences, Ministry of Ecology and Environment, 
Nanjing, China.
d Department of Chemistry, University of Science and Technology of China, Hefei, 
China.

Page 2 of 10Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 1
0:

51
:3

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6GC00484A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6gc00484a


ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

satisfy several key requirements: maintaining high selectivity across 
a wide nitrate concentration range, rapidly consuming reaction 
intermediates to avoid toxic by-products, and remaining structurally 
stable during long-term operation under neutral electrolyte 
conditions.36-40 However, despite recent progress, achieving all these 
requirements within a single catalytic system remains difficult.41-43

 

Fig. 1 Schematic diagram of hollow heterostructured Co3O4/CuO catalysts for eNRA 

(yellow and blue colours stand for Co3O4 and CuO nanosized domains, respectively).

Herein, we report a hollow heterostructured Co3O4/CuO 
catalyst that meets these requirements (Fig. 1). The hollow 
architecture creates a confined reaction environment for 
nitrate species within the catalyst interior, which mitigates 
performance loss under dilute conditions. Meanwhile, atomic 
ensemble effects at the Co3O4/CuO interface facilitate nitrate 
reduction and subsequent hydrogenation, promoting rapid 
consumption of reactive nitrogen intermediates. As a result, the 
catalyst maintains high NH3 selectivity over a wide nitrate 
concentration range above commonly accepted pollution 
thresholds, spanning 1-250 mM in neutral electrolyte, with 
stable performance over 100 h of continuous operation.

Experimental
Chemicals 

All the reagents used were of analytical grade without further 
purification. Cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O, 
99%), glycerol (C3H8O3, 99%), isopropanol (C3H8O, ≥99.5%), 
anhydrous ethanol (C2H6O), Sulfanilamide (C6H8N2O2S, 99%), 
ethylene glycol (C2H6O2, ≥99.5%) and hydrochloric acid (HCl, AR) 
were purchased from Macklin. Copper(II) nitrate 
hemipentahydrate (Cu(NO3)2·2.5H2O, 98%) and potassium 
sulfate (K2SO4, 99%) were obtained from Jiuding Chemical. 
Copper foam was supplied by Suzhou Keshenghe Metal 
Materials. Sodium citrate (C6H5Na3O7, 99%), salicylic acid 
(C7H6O3, 99%), sodium hydroxide (NaOH, 98%), sodium 
hypochlorite (NaClO, 4%), Naphthyldiethylenediamine 
hydrochloride (C12H14N2·2HCl, 99%), Nitric acid (HNO3, 65.0-
68.0%), sodium nitroferricyanide dihydrate 
(Na2[Fe(CN)5NO]·2H2O, 99%), dimethyl sulfoxide (DMSO, 99%), 
Phosphoric acid (H3PO4, ≥85.0%), deuteroxide (D2O) and 
potassium nitrate (KNO3, 99%) were bought from Aladdin 
Biochemical Technology. Potassium nitrate-15N (K15NO3, 99 
atom% 15N) was purchased from Meryer Biochemical 

Technology Co., Ltd. (Shanghai, China). Aqueous solutions were 
prepared with Millipore water (18.2 MΩ·cm-1).
Material Synthesis

Hollow Co3O4/CuO nanoparticles were synthesized by a 
hydrothermal method followed by annealing. Typically, 0.4 
mmol Co(NO3)2·6H2O and 0.2 mmol Cu(NO3)2·2.5H2O were 
dissolved in a mixed solvent of 16 mL C3H8O3 and 60 mL C3H8O 
under continuous stirring. The solution was then transferred to 
a 100 mL Teflon-lined stainless-steel autoclave and heated at 
180 °C for 6 h. After cooling to room temperature, the Co/Cu-
glycerate was collected by centrifugation, washed thoroughly 
with anhydrous ethanol, and freeze-dried. Finally, the precursor 
was annealed in air at 400 °C for 2 h with a ramp rate of 5 °C 
min-1 to obtain the hollow Co3O4/CuO nanoparticles. Co3O4/CuO 
nanoparticles with different Co/Cu molar ratios (total metal 
amount fixed at 0.6 mmol) and single-component CuO were 
synthesized under the same conditions. For the synthesis of 
solid Co3O4/CuO nanoparticles, 4 mmol Cu(NO3)2·2.5H2O and 4 
mmol Co(NO3)2·6H2O were co-precipitated in aqueous solution 
using NaOH. After washed several times until pH=7, the 
suspension was transferred to a 100 mL PTFE-lined stainless-
steel autoclave, where a hydrothermal reaction was performed 
at 200 °C for 12 h. The resulting precipitate was washed, 
collected, and annealed in air at 400 °C for 2 h, resulting in the 
formation of solid CoCu nanoparticles. Cu foam supported 
Co3O4/CuO was synthesized using the same procedure, except 
a pre-cleaned copper foam was immersed in the precursor 
solution prior to the reaction.
Characterization and electrochemical measurements

Scanning electron microscopy (SEM) images were acquired 
using a JSM-7800F microscope. X-ray diffraction (XRD) patterns 
were collected on a Shimadzu XRD-6000 diffractometer. 
Transmission electron microscopy (TEM), high-resolution TEM 
(HRTEM), and energy-dispersive X-ray spectroscopy (EDS) 
analyses were performed on a JEM-2800 microscope. X-ray 
photoelectron spectroscopy (XPS) measurements were 
conducted on a PHI 5000 VersaProbe system. UV-visible 
absorption spectra were recorded using a Shimadzu UV-3600 
spectrophotometer and an Agilent BioTek Synergy H1 
microplate reader. Fourier transform infrared (FTIR) spectra 
were acquired using a Thermo Fisher Nicolet iS50 spectrometer. 
The elemental compositions of the catalysts were determined 
by inductively coupled plasma optical emission spectroscopy 
(ICP-OES, PerkinElmer 8300). Approximately 5 mg of each 
sample was dissolved in aqua regia in a Teflon-lined vessel and 
heated at 120 °C for 4 h to ensure complete dissolution. After 
cooling, the solution was diluted to 50 mL with deionized water. 
The resulting solution was further diluted by a factor of 20 prior 
to ICP-OES analysis. All measurements were performed in 
triplicate, and the average values were used to calculate the 
weight percentages of Cu and Co. The Brunauer-Emmett-Teller 
(BET) surface area of the nanoparticles was measured with a 
ASAP 2460 instrument at 77 K. Prior to measurement, the 
samples were degassed under vacuum at 150 °C for 12 h. 
Isotope labelling experiment liquid products were analysed by 
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1H nuclear magnetic resonance (NMR) spectroscopy using a 
Bruker 400 MHz spectrometer.
Electrochemical tests were performed using an Autolab 
PGSTAT128N potentiostat/galvanostat in a standard three-
electrode system. A Ag/AgCl electrode (CHI111, CH Instruments) 
and a platinum electrode were used as the reference and 
counter electrodes, respectively. The working electrode was the 
as-prepared catalyst loaded on copper foam (geometric area: 1 
cm2, loading: 1.47 mg cm-2). Nitrate reduction experiments 
were conducted in an H-type cell separated by a Nafion 117 
membrane. The electrolyte (0.2 M K2SO4 with varying KNO3 
concentrations) was purged with argon for 30 min prior to each 
experiment. Chronoamperometry measurements were 
performed at different potentials to quantify the reaction 
products. All potentials reported vs. Ag/AgCl were converted to 
the reversible hydrogen electrode (RHE) scale using the formula: 
E (vs. RHE) = E (vs. Ag/AgCl) + 0.059 × pH + 0.205 V. For long-
term stability tests, electrolysis was conducted at a constant 
potential for 105 h. For comparison, flow cell tests were 
conducted using a custom-built flow cell, and the catholyte (50 
mM KNO3 in 0.2 M K2SO4) was circulated at 1 mL min-1 using a 
peristaltic pump. 
In situ FTIR measurements were performed in a custom thin-
layer electrochemical cell using a Thermo Nicolet iS50 
spectrometer equipped with a liquid nitrogen-cooled MCT 
detector. A catalyst-coated glassy carbon disk was used as the 
working electrode. The electrolyte (0.2 M K2SO4 + 50 mM KNO3) 
was purged with Ar for 30 min. Spectra were collected at 
different applied potentials with a resolution of 4 cm-1. 
Product analysis 

The concentration of produced NH3 in the catholyte was 
quantified by the indophenol blue method. Briefly, a diluted 
sample (2 mL) was mixed with 2.0 mL of an alkaline solution 
containing 5.0 wt% salicylic acid and 5.0 wt% sodium citrate. 
Subsequently, 1 mL of 0.05 M NaClO and 0.20 mL of 1.0 wt% 
sodium nitroprusside solution were added. After incubation in 
the dark at room temperature for 2 h, the absorbance at 655 
nm was measured using a microplate reader. The concentration 
of NO2- was determined by the N-(1-naphthyl)ethylenediamine 
dihydrochloride colorimetric method, with the absorbance 
measured at 540 nm using a microplate reader.
The NH3 yield rate and Faradaic efficiency (FE) were calculated 
using the following equations:
Yield (μg h-1 cm-2) = (C × V) / (t × S)
FE (%) = (n× F × C × V x 10-6) / (M x Q) × 100%
where C is the concentration of total ammonia quantified by the 
indophenol blue method and expressed as NH3 equivalent (μg 
mL-1), V is the electrolyte volume (mL), t is the electrolysis time 
(h), S is the geometric area of the electrode (cm2), n = 8 is the 
number of electrons transferred for NO3- to NH3, F is Faraday's 
constant (96485 C mol-1), M = 17 g mol-1 is the molar mass of NH3, 
and Q is the total charge passed (C). The factor 10-⁶ converts μg to g 
for unit consistency.44

Energy-related metrics including nitrate conversion, energy 
efficiency, and specific energy consumption were calculated 
according to standard electrochemical equations, and the 

detailed calculation procedures are provided in the Supporting 
Information.
Density functional theory (DFT) simulation 

The projector augmented wave (PAW) method was employed 
to accurately describe the many-body interactions between 
ionic cores and valence electrons. Within the generalized 
gradient approximation (GGA) framework, the revised Perdew-
Burke-Ernzerhof (RPBE) functional was adopted to model the 
exchange-correlation potential. A plane-wave basis set with a 
cutoff energy of 520 eV was used. For Brillouin-zone integration, 
a 3×3×1 Monkhorst-Pack k-point mesh was applied, and 
electronic smearing was treated with the first-order 
Methfessel-Paxton scheme using a width of 0.1 eV. The 
convergence criteria were set as follows: energy change ≤1×10-

5 eV and atomic forces ≤0.02 eV/Å. Van der Waals interactions 
were accounted for using the Grimme-D3 method with zero 
damping. For model construction, a slab model of the (111) 
facet was built based on monoclinic CuO, with a 15 Å vacuum 
layer introduced along the surface normal direction to avoid 
interactions between periodic slabs; similarly, a (111) facet slab 
model was constructed using cubic Co3O4, also with a 15 Å 
vacuum layer introduced on both sides to eliminate 
interference. Implicit solvation effects were considered in all 
calculations, and no additional potential (U = 0 V) was applied 
for the computation of the free energy diagram of the eNRA.

Results and Discussion
Hollow Co3O4/CuO nanoparticles were synthesized via a 
template-free hydrothermal method followed by thermal 
annealing in air at 400 °C. The Co/Cu molar ratios were precisely 
tuned to 2:1, 1:1, and 1:2 by adjusting the initial precursor 
concentrations (denoted as H-Co2Cu1, H-Co1Cu1, and H-
Co1Cu2, respectively). SEM images reveal that H-Co2Cu1 
exhibit a uniform, quasi-spherical morphology with an average 
diameter of approximately 500 nm (Fig. 2a). TEM further 
confirms a well-defined hollow structure with a shell thickness 
of ~30 nm (Fig. 2b). While H-Co1Cu1 and H-Co1Cu2 also 
maintain hollow structures, an increase in Cu content leads to a 
decreasing in the internal void size and a corresponding 
increase in shell thickness (Fig. S1). To further evaluate the 
hollow structure, solid CoCu nanoparticles (denoted as S-CoCu) 
were synthesized for comparison (Fig. S2). Nitrogen adsorption-
desorption measurements reveal a clear hysteresis loop, 
indicating the presence of mesoporous pores. The BET surface 
area of H-Co2Cu1 (30.3 m2 g-1) is higher than that of S-CoCu (4.5 
m2 g-1, Fig. S3), suggesting a more developed porous structure. 
XRD analysis was used to identify the crystalline phases of the 
synthesized materials. As shown in Fig. 2c, H-Co2Cu1 exhibits 
characteristic diffraction peaks can be index to cubic Co3O4 
(JCPDS No. 78-1969) and monoclinic CuO (JCPDS No. 48-1548). 
Similarly, all Co3O4/CuO composites with different Co/Cu molar 
ratios exhibit diffraction features corresponding to both oxide 
phases.45 Tuning Co/Cu ratio from 2:1 to 1:2 led to a decreasing 
of relative intensity of the Co3O4 peak at 36.8°, and an increasing 
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of the CuO peaks at 35.4° and 38.7° (Fig. S4). This compositional 
trend is further confirmed by ICP-OES results (Table S1). 

XPS was conducted to explore the surface chemical states of the 
Co3O4/CuO hollow spheres. The Cu 2p spectrum (Fig. S5a) 
shows two main peaks at 933.9 and 953.5 eV, corresponding to 
Cu 2p3/2 and Cu 2p1/2, respectively, confirming the presence of 
Cu2⁺ species in CuO.46 The Co 2p spectrum (Fig. S5b) shows two 
main peaks at 779.7 and 794.6 eV, which can be assigned to Co 
2p3/2 and Co 2p1/2 and indicative of mixed Co2+/Co3+ oxidation 
states characteristic of spinel Co3O4 structure. HRTEM reveals 
closely contacted nanosized domains with distinct lattice 
fringes corresponding to these different phases (Fig. 2d). Lattice 
spacings of 0.239 nm and 0.253 nm are consistent with the 
(311) plane of Co3O4 and the (002) plane of CuO, respectively. 
Furthermore, EDS elemental mapping (Fig. 2e) demonstrate the 
uniform distribution of Cu, Co, and O throughout the entire 
hollow structure. It should be noted that the uniform elemental 
distribution reflects the intimate integration of the nanosized 
grains of CuO and Co3O4 within the shell, suggesting the 
presence of abundant interfaces while maintaining their 
individual crystalline phases.

Fig. 2 (a) SEM and (b) TEM images of the uniform H-Co2Cu1 nanoparticles with a 

hollow structure. (c) XRD pattern confirming the coexistence of Co3O4 and CuO 

phases within H-Co2Cu1. (d) HRTEM image of a H-Co2Cu1 nanoparticles. (e) 

HRTEM image of a single H-Co2Cu1 nanoparticle with corresponding EDS 

elemental mapping of Cu, Co, and O.

The eNRA performance of the Co3O4/CuO catalysts was 
evaluated in 0.2 M K2SO4 electrolyte containing different 
concentrations of KNO3 at room temperature.47 Linear sweep 
voltammetry (LSV) was first conducted to assess electrocatalytic 
behaviour. As shown in Fig. 3a, the onset potential for nitrate 
reduction is about -0.4 V, and the current density increases 
monotonically as the potential becomes more negative. 

Compared with the electrolyte without nitrate, the presence of 
NO3- significantly increases the cathodic current density of H-
Co2Cu1, which also confirms its activity towards nitrate 
reduction. The NH3 selectivity was then quantified over a wide 
nitrate concentration window (Fig. 3b-e). The NH3 FE reaches a 
maximum at -0.9 V (86-99%) across the tested nitrate 
concentrations and declines at -1.0 V due to the onset of 
hydrogen evolution. The hollow Co3O4/CuO catalysts exhibit 
higher NH3 FEs than S-CoCu across the whole tested nitrate 
concentration range, with enhancements of approximately 2-3 
times. This performance gap highlights the benefit of the hollow 
architecture for eNRA. Among the hollow series, H-Co2Cu1 
exhibits the best overall performance across all concentration 
regimes compared with H-Co1Cu1 and H-Co1Cu2. Specifically, 
at a low nitrate concentration of 1 mM KNO3, the NH3 FE 
reaches a maximum of 86.7% at -0.9 V, with a corresponding 
NH3 yield rate of 74 μg h-1 cm-2 (Fig. 3b). At 10 mM KNO3, the FE 
peaked at 97.3% at the same potential (Fig. 3c). With increasing 
nitrate concentration, the performance remained outstanding. 
At 50 mM and 250 mM KNO3, the FE achieves remarkable values 
of 99.8% and 98.7% at -1.0 V, respectively (Fig. 3d and e). To 
further clarify the trade-off among activity, selectivity, and 
energy efficiency, additional experiments were carried out over 
a wider potential range (-0.6 to -1.3 V) using H-Co2Cu1 at a 
representative nitrate concentration of 50 mM (Fig. S6). As the 
potential becomes more negative, both the total and NH3 
partial current densities increase continuously, while the NH3 
Faradaic efficiency first increases and then slightly declines at 
more negative potentials. Meanwhile, the energy efficiency 
reaches a maximum of 43.99% at -0.8 V and gradually decreases 
at higher overpotentials, indicating that -0.8 to -1.0 V provides 
a balanced operating window with high NH3 partial current 
density, high FE, and reasonably high energy efficiency, with a 
minimum energy consumption of 26.95 kWh kg-1 NH3 (Table 
S2).22, 48-55 In addition, analysis of the liquid products at 50 mM 
NO3- shows that the selectivity toward the intermediate NO2- 
remains below 2% across the tested potentials (Fig. S7), 
indicating negligible intermediate accumulation. Meanwhile, H-
Co2Cu1 achieves efficient nitrate removal with over 95% NO3- 
conversion within 1 h at an initial concentration of 50 mM (Fig. 
S8). As summarized in Fig. 3f and Table S3, H-Co2Cu1 delivers a 
superior ammonia formation rate and maintains an FE 
comparable to or higher than state-of-the-art catalysts across 
the 1-250 mM concentration window in neutral solution.56-72 
These results demonstrate its broad concentration adaptability 
and practical potential for treating nitrate-contaminated waters 
with variable compositions. 
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Fig. 3 eNRA performance of the H-Co2Cu1, H-Co1Cu1, H-Co1Cu2 catalysts and S-CoCu nanoparticles measured in an H-type electrolyzer. (a) LSV curves of H-

Co2Cu1 in 0.2 M K2SO4 electrolyte with and without 10 mM NO3-. (b-e) Faradaic efficiency (FE) for NH3 and NH3 yield rate at (b) 1 mM, (c) 10 mM, (d) 50 mM, 

and (e) 250 mM KNO3 in 0.2 M K2SO4 electrolyte for the four catalysts (Bars denote NH3 FE, and lines denote NH3 yield rate). (f) Comparison of the 

electrocatalytic NRA performance of H-Co2Cu1 with recently reported electrocatalysts. (g) Chronoamperometric response and corresponding NH3 FE for H-

Co2Cu1 recorded at -1.0 V in 0.2 M K2SO4 with 50 mM KNO3 electrolyte during consecutive recycling tests. 
Control experiments confirmed that the detected NH3 
originated specifically from nitrate reduction, as negligible 
ammonia was produced in the absence of NO3- (Fig. S9). To 
further verify the nitrogen source of the produced ammonia, 
isotopic labeling experiments were conducted using K15NO3 as 
the sole nitrate source under the operating conditions of -1.0 V, 
50 mM nitrate. The resulting 1H NMR spectra clearly show the 
characteristic doublet of 15NH4+, confirming that ammonia is 
exclusively derived from nitrate reduction (Fig. S10). Moreover, 
to exclude the contribution from the copper foam support, 
control experiments were performed using bare copper foam, 
which exhibited markedly inferior performance (Fig. S11). This 
result confirms that the outstanding electrochemical activity 
originates from the hollow heterostructured Co3O4/CuO 

catalyst rather than the substrate. Importantly, a 105 h 
durability test of H-Co2Cu1 at -1.0 V (Fig. 3g) shows a stable 
current density of approximately 65 mA cm-2 and a consistently 
high NH3 FE of about 99%, with no observable morphological 
changes after long-term operation (Fig. S12). To evaluate the 
practical applicability, H-Co2Cu1 was tested in a flow cell with 
identical catalyst loading (1.47 mg cm-2) and electrode area (1 
cm2). Compared with the H-cell configuration, the total current 
density increased by 3.4 times, leading to a 3-fold enhancement 
in the NH3 yield, while maintaining an NH3 FE of 79% at -1.0 V 
(Fig. S13). These results collectively demonstrate the robust 
long-term operational stability and practical applicability of the 
hollow heterostructured catalyst for eNRA.
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The capability of the hollow Co3O4/CuO catalyst to maintain 
high ammonia selectivity over a broad nitrate concentration 
range suggests efficient formation and consumption of reaction 
intermediates under both dilute and concentrated conditions. 
To gain insight into the underlying mechanisms responsible for 
this behaviour, we separately examine the roles of the hollow 
architecture and the ensemble effect of Co3O4/CuO interface 
during eNRA. The effect of the hollow structure on intermediate 
formation and consumption was investigated using in situ FTIR 
spectroscopy to directly monitor nitrogen-containing species 
under reaction conditions. For H-Co2Cu1 (Fig. 4a), no obverse 
signals related to key reaction intermediates were observed at 
the open-circuit potential (OCP). Upon applying increasingly 
cathodic potentials, a negative absorption band at 
approximately 1331 cm-1 emerges, which can be attributed to 
the asymmetric N-O stretching vibration of adsorbed NO3-.73-75 
Meanwhile, a band emerging at approximately 1110 cm-1 
corresponds to the deoxygenated intermediate *NO, indicating 
the onset of nitrate reduction on the catalyst surface.73, 76-78 At 
more negative potentials, additional vibrational features 
appear in the high-wavenumber region. Bands at ~3730 cm-1 
and ~3625 cm-1 are associated with -NH-related species, while 
the band at ~1431 cm-1 corresponds to NH3/NH4+, collectively 
evidencing the formation of reduced nitrogen products.76, 79, 80 
Notably, a distinct band at ~1168 cm-1 and ~1650 cm-1, 
characteristic of adsorbed *NH2OH, is clearly observed, 
suggesting the presence of partially hydrogenated nitrogen 
intermediates during the reaction.76, 81 In contrast, S-CoCu 
exhibit substantially weaker infrared signals for these nitrogen-
containing intermediates under identical conditions (Fig. 4b). 
The suppressed intermediate signatures are consistent with the 
lower nitrate reduction activity and ammonia selectivity 
observed, indicating less effective intermediate formation and 
conversion on the solid catalyst surface.

Fig. 4 Mechanistic investigation of NO3- electroreduction. In situ attenuated total 
reflection Fourier transform infrared (ATR-FTIR) spectra for (a) H-Co2Cu1 and (b) 
S-CoCu nanoparticles in a solution of 50 mM KNO3 and 0.2 M K2SO4 under 
different applied potentials.

To explore the role of Co3O4/CuO interface, hollow CuO 
nanoparticles were prepared and evaluated as a reference 
catalyst (Fig. S14). At both dilute (1 mM) and concentrated (250 
mM) nitrate concentrations, the hollow CuO catalyst shows a 
lower NH3 FE than the Co3O4/CuO catalysts at the optimal 
potentials (Fig. S15). To gain mechanistic insight into this 
difference, DFT simulations were performed to explore the free 
energy profiles of eNRA on Co3O4/CuO and CuO.80, 82-84 A Co-
doped CuO model was constructed to represent the ensemble 

effect of CuO domains adjacent to the Co3O4 domains in 
Co3O4/CuO catalysts (denoted as Co-CuO), thereby capturing 
the local electronic perturbation in the interfacial vicinity while 
avoiding uncertainties associated with explicitly modeling 
interfaces between crystallographically distinct oxides. Prior 
studies suggested that the eNRA process is a multistep proton-
coupled electron transfer pathway.85 Accordingly, we 
calculated the free energy changes for each elementary step 
along the reaction sequence: *NO3 → *NO2 → *NO → *NHO → 
*NH2O → *NH2OH → *NH2 → *NH3 (Fig. 5a, Fig. S16 and S17). 
In the NO3- adsorption step, Co incorporation can decrease the 
adsorption energy of NO3-. To quantify this difference, charge 
density difference analyses were performed for both models 
(Fig. 5b and c). For Co-CuO, the electron gain of NO3- is 0.63 e-, 
which is higher than that on the pure CuO (0.59 e-). This 
enhanced charge transfer indicating stronger adsorption and 
facilitating NO₃⁻ activation.83 In addition, the free energy 
diagram shows that the rate-determining step (RDS) of the 
reaction is the hydrogenation of *NO to *NHO. In the presence 
of Co, the site exhibits a reduced energy uphill for RDS (0.36 eV) 
compared with pure CuO (0.60 eV). As a further reference, 
eNRA energetics were evaluated on a Co3O4 surface (Fig. S18), 
where the same RDS is observed but with a significantly higher 
uphill free-energy change (0.75 eV). Together, these results 
indicate that the ensemble effect arising from the Co3O4/CuO 
interface more effectively lowers the energetic requirement of 
the potential-determining step than either single-phase CuO or 
Co3O4 alone.

Fig. 5 DFT simulations of eNRA: (a) Calculated free energy diagrams and 

corresponding structural models for the reaction pathways of CuO and Co-CuO. 

Differential charge density maps for NO3* adsorption on (b) CuO and (c) Co-CuO 

(yellow and blue regions represent electron accumulation and depletion, 

respectively). 
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In summary, we have developed a hollow heterostructured 
Co3O4/CuO catalyst that achieves highly selective and stable 
eNRA under neutral conditions across a broad nitrate 
concentration range. The catalyst shows an NH3 FE exceeding 
97% from 10 to 250 mM, and maintains 86% even in highly 
dilute (1 mM) solutions. The enhanced performance can be 
attributed to the combined effects of the hollow architecture 
and the ensemble effect of Co3O4/CuO interface. The hollow 
structure promotes nitrate utilization within the catalyst 
interior, while the intimate integration of Co3O4 and CuO 
facilitates efficient conversion of nitrate intermediates. This 
structural engineering strategy of catalysts provides an 
approach for efficient electrochemical conversion and 
remediation processes involving dilute feeds, holding particular 
promise for adaptive wastewater treatment and sustainable 
nitrogen-recovery technologies.
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Data availability

The data supporting the findings of this study are available within the article and its 
Supplementary Information. Additional data related to the electrochemical measurements and 
computational models are available from the corresponding author upon reasonable request.

Page 10 of 10Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 1
0:

51
:3

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6GC00484A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6gc00484a

