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ABSTRACT The pollution of nitrate in groundwater has become an environmental 
problem of general concern due to adverse human and ecological impacts. Treatment of 
nitrate-rich wastewater is of significance yet challenging for the conventional biological 
denitrification processes. Electrocatalytic nitrate-to-ammonia conversion emerges as one 
of the most promising avenues to remove environmentally harmful nitrate from various 
types of wastewaters while simultaneously producing value-added ammonia. Cu-based 
materials show great advantages in promoting selective electroreduction of nitrate to 
ammonia in terms of high nitrate conversion efficiency, ammonia selectivity and ammonia 
faradaic efficiency thanks to the 3d transition metal structure, low cost, high reserves, and 
excellent catalytic performance of Cu. In this review, we comprehensively overview the 
most recent advances in selective electrocatalytic nitrate-to-ammonia conversion using 
Cu-based materials. Various kinds of Cu-based materials including monometallic Cu 
catalysts, bimetallic Cu-based catalysts, Cu-based compounds, and Cu-based inorganic- 
organic hybrid materials and their derivatives are discussed in detail with emphasis on their structural and compositional features and 
functional mechanisms in promoting nitrate-to-ammonia conversion. Finally, a brief discussion on future directions, challenges and 
opportunities in this field is also provided. 
Keywords: copper, nitrate reduction reaction, ammonia synthesis, electrocatalytic, catalyst design 

 
n INTRODUNTION 
Ammonia (NH3) is considered as a promising energy carrier, 
which is expected to play a resilient and sustainable role in future 
energy scenarios.[1] Meanwhile, NH3 holds a main component in 
nitrogen fertilizers and the chemical industry.[2-5] Currently, the 
industrial synthesis of ammonia still relies on the Haber-Bosch 
process operating at high temperature and pressure conditions, 
which results in a large amount of fossil fuel consumption and 
greenhouse gas emissions (Figure 1).[6-9] Recently, electro- 
catalytic nitrogen reduction reaction (NRR) has been recognized 
as a promising way to produce ammonia, benefiting from the fact 
that the conversion of N2 to NH3 is achieved via using water as a 
hydrogen source and renewable electricity as energy source 
under ambient conditions.[10-14] However, the low NH3 yield rate 
and Faradaic Efficiency (FE), due to the low aqueous solubility of 
N2, the strong N≡N bond energy (941 kJ mol-1) of inert N2 and 
the competitive hydrogen evolution reaction (HER), seriously 
hinder the development and application of the NRR 
technology.[15-19] Therefore, it is attractive to explore more 
efficient, sustainable and scalable water-soluble nitrogen sources 
for the industrial-scale electrosynthesis of ammonia.  

Among various nitrogen sources, nitrate (NO3
-) exhibits 

extremely high solubility in aqueous electrolytes, which is 
beneficial for the adsorption and activation of nitrate on the 
electrode surface. Meanwhile, as the highest oxidized form of 
nitrogen, nitrate is widely distributed in the living environ- 

ment.[20-23] On one hand, the discharge of industrial wastewater, 
the overuse of nitrogen-containing agricultural fertilizers and the 
improper disposal of animal manure lead to high nitrate nitrogen 
levels in surface and groundwater, which threaten aquatic 
ecosystems and human health.[24-26] Various nitrate treatment 
processes have been developed to eliminate the pollution of 
water resources caused by nitrate, such as reverse osmosis, ion 
exchange, biological denitrification and electrodialysis.[27-31] 
However, these processes may have the risk of causing secon- 
dary pollution or inducing pathogenic bacteria, and only involve 
the collection and enrichment of nitrate.[32-34] The electrochemical 
nitrate reduction reaction (NO3RR) is an emerging technology for 
nitrate treatment, which could potentially produce high value- 
added product NH3 by rationally controlling reaction condi- 
tions.[35-38] On the other hand, nitrogen oxides (NO, NO2, etc.) in 
exhaust gases from fossil fuel combustion (e.g., power plants, 
chemical plants, and motor vehicles) cause a range of 
environmental and health problems.[39,40] The traditional NOx 
treatment process is to convert NOx to harmless N2 by selective 
noncatalytic reduction (SNCR) and selective catalytic reduction 
(SCR).[41-42] However, these technologies face the disadvantages 
of high temperature, high operating costs and continuous supply 
of reducing agent. Notably, NOx can be converted into nitrate 
solution by oxidation and leaching absorption.[43,44] The obtained 
nitrate solution could be further electrochemically reduced to high 
value-added ammonia. Moreover, thermodynamically, unlike the 
NRR process, the NO3RR process requires lower energy to 
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break the N=O bond (204 kJ mol-1) in nitrate.[45,46] Therefore, the 
waste-to-energy technology, which utilizes NO3

- in wastewater or 
NOx in exhaust gas as nitrogen sources to produce NH3 via the 
NO3RR process, is meaningful. 

In the electrochemical reduction of nitrate to ammonia, the 
actual potential of NO3

- to NH3 is usually more negative than the 
HER potential (0 V versus reversible hydrogen electrode, RHE), 
thereby inevitably causing HER.[17,47,48] The conversion from 
high-valence NO3

- to low-valence NH3 is a complex process 
involving an eight-electron transfer process (NO3

− + 9H+ + 8e− → 
NH3 + 3H2O).[49,50] During the process, various undesirable 
by-products (such as N2, NO2

-, N2O, etc.) may be formed, and 
thus inhibit the formation of target product ammonia.[51,52] 
Therefore, the investigation of suitable electrocatalytic materials 
to improve the FE and selectivity of ammonia is an important 
research topic in the electrochemical ammonia synthesis from 
nitrate. In recent years, a considerable number of metal catalysts 
(including Ru, Ir, Pd, Pt, Ni, Co, Cu, Fe and so on) and their 
related compounds have been applied as electrocatalysts for the 
selective conversion of nitrate to ammonia.[17,36,46,49,53-57]  

Among these potential catalysts, Cu-based materials are 
undoubtedly one of the most effective electrocatalysts for the 
conversion of NO3

- to NH3 (Figure 2). On one hand, from the 
perspective of economy, although some noble metal catalysts 
exhibit high activity and ammonia selectivity in the NO3RR 
process, their practical application is hampered by the scarcity 
and high cost.[58] The low-cost and earth-abundant Cu-based 
materials are more suitable for practical production applica- 
tions.[59] On the other hand, from the perspective of reaction 
dynamics, compared with other metal catalysts, Cu-based 
materials have stronger catalytic capacity for nitrate reduction to 
ammonia. Not only does Cu have a strong adsorption capacity 
for nitrate, but it exhibits fast reduction kinetics in the 
rate-determining step of the reduction of *NO3 to *NO2.[32,60-62] In 
fact, benefiting from these excellent properties, Cu-based cata- 
lysts have received extensive attention as electrocatalysts for 
nitrate reduction to ammonia. A large number of Cu-based 
catalysts have demonstrated remarkable catalytic performance. 

The past decades have witnessed the vigorous development 

of electrochemical NO3RR technology, and a large amount of 
scientific and technical knowledge has been accumulated and 
some review articles on electrocatalytic NO3RR have been 
published. For example, Zhang et al. reviewed the latest 
development of non-noble metal electrocatalysts for nitrate 
reduction.[32] Nirala Singh and his coworkers summarized the  
recent discoveries in the reaction mechanism of heterogeneous 
electrocatalytic NO3RR.[63] In view that many new breakthroughs 
in the study of properties and structures of NO3RR electro- 
catalysts have been achieved and the applications are fruitful, 
our intention is to provide timely updates, with particular 
emphasis on Cu-based catalysts. In this review, we mainly focus 
on the latest development of Cu-based catalysts for 
electrochemical nitrate reduction to ammonia. Different types of 
Cu-based materials that can be used for electrocatalytic NO3RR 
for ammonia synthesis, involving monometallic Cu catalysts, 
bimetallic Cu-based catalysts, Cu-based compounds, and 
Cu-based inorganic-organic hybrid materials and their 
derivatives, are discussed in detail. The structural characteristics 
and catalytic mechanism of various Cu-based catalyst systems 
are discussed, with special emphasis on several important and 
representative examples. In the end section, current issues of 
Cu-based catalysts are briefly discussed and a vision of future 
challenges and opportunities is provided.                                         
n FUNDAMENTAL MECHANISM OF NO3RR 

OVER COPPER-BASED ELECTROCATALYSTS  
The electrochemical reduction of nitrate to ammonia, involving a 
series of reaction intermediates and pathways, is a complex eight 
electron transfer and nine proton process.[64,65] Therefore, it is 
meaningful to investigate and discuss the electroreduction 
mechanism of nitrogen from high-valent nitrate to low-valent 
ammonia. The NO3RR process includes two different reduction 
mechanisms. One is the adsorbed active atomic hydrogen- 
mediated (H(ads)) reduction pathway, which is obtained from the 
reduction of protons by cathode electrons (Volmer process, Eq. 
(1)).[32,66] The other is performed by electron transfer and H+.[67] 
As shown in Figure 3, both mechanisms begin with the 

Figure 1. Schematic illustration of sustainable ammonia synthesis via 
nitrate electrochemical reduction. Figure 2. Schematic illustration of the advantages of Cu-based materials 

for nitrate reduction to ammonia.  
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adsorption of nitrate in solution on the catalyst surface via two 
oxygen atoms in a chelating O,O-bidentate configuration.[63] The 
NO3RR mechanism is different for various Cu-based catalysts. 
For composite catalysts are prepared by Cu and other metals 
with high affinity for adsorbing active atomic hydrogen (such as 
Pt, Ni, Rh, etc.), it is more likely to perform via the atomic 
hydrogen-mediated reduction mechanism (Pathway A).[67,68] In 
this pathway, atomic H(ads), as a strong reducing agent, can be 
deoxidized step by step from nitrate adsorbed on the catalyst 
surface (NO3

-
(abs)) to form N(abs) (Eq. (2)-(4)), and then the formed 

N(abs) is hydrogenated and desorbed to obtain ammonia (Eq. 
(5)-(7)).[69,70] The reaction between the atomic H(ads) and NO3

-
(abs) 

is considered as the rate-determining step in the atomic H(ads) 
mediated NO3RR process.[30] Notably, the atomic H(ads) reduction 
pathway may inhibit the occurrence of some side reactions since 
it is usually performed in a low overpotential range. Furthermore, 
the H(ads) migration barrier of 0.10 eV is lower compared to the 
migration barrier of N(ads) (0.75 eV), and the formation of N-H 
bond is kinetically easier than that of the N-N bond.[67,71] Thus, 
the enhanced affinity of the Cu-based catalyst surface for atomic 
H(ads) facilitates the ammonia production.  
H2O + e- → H(ads) + OH-                                          (1) 
NO3(ads)

-  + 2H(ads) → NO2(ads)
-  + H2O                          (2)  

NO2(ads)
-  + H(ads) → NO(abs) + OH-                            (3) 

NO(abs) + 2H(ads) → N(abs) + H2O                              (4) 
N(abs) + H(ads) → NH(abs)                                      (5) 
NH(abs) + H(ads) → NH2(abs)                                     (6) 
NH2(abs) + H(ads) → NH3(abs)                                (7) 

As for the electron transfer pathway, it is more likely to occur 
on monometallic copper and Cu-based catalysts with low affinity 
for atomic H(ads) due to their strong adsorption capacity for nitrate. 
In the electron transfer mechanism, the reduction of NO3

-
(abs) to 

NO2
-
(abs), in which electrons are difficult to transfer into the π* 

orbital due to the lowest unoccupied molecular π* orbital (LUMO 
π*) of NO3

-, has been noted as the rate-determining step.[70,72] 
For Cu-based catalysts, the d-orbital energy level is similar to the 
LUMO π* of NO3

-, which is beneficial for charge injection into the 
LUMO π* of NO3

- by promoting electron transfer.[73,74] The 
conversion from NO3

-
(abs) to NO2

-
(abs) is usually achieved via an 

electrochemical-chemical-electrochemical pathway. Specifically, 
NO3

-
(abs) is first electrochemically converted to short-lived NO3

2-
(abs) 

(Eq. (8)). Then, the NO3
2-

(abs) reacts chemically with 2 H+ to form 
NO2(abs) (Eq. (9)). NO2

-
(abs) is finally obtained by a second electron 

transfer process (Eq. (10)). The electron transfer and hydrolysis 
reactions further occur on NO2

-
(abs) to form NO(abs), as shown in 

Eq. (11).[66,75,76] As the divergent center, the adsorption energies 
of NO(abs) on the Cu-based catalysts surface and the reaction 
environment play a key role in determining the product 
selectivity. The various parallel reduction pathways of NO(abs) 
will lead to a series of products, such as NH3, N2, NO2 and so 
on.[71,73]  

NO3(abs)
-  + e- → NO3(abs)

2-                                  (8) 
NO3(abs)

�-  + 2H+→ NO2(ads) + H2O                         (9) 
NO2(ads) + e-→ NO2(abs)

-                                  (10) 
NO2(abs)

-  + 2H+ + e- → NO(abs)+ H2O                      (11) 
The electrochemical-electrochemical pathways are imple- 

mented for the conversion from NO(abs) to NH3, which can be 
divided into three possible pathways depending on the sequence 
of deoxygenation and hydrogenation. Regarding Pathway B, the 
NH2OH(abs) is first formed by the stepwise hydrogenation of 
NO(abs) → NOH(abs) → NH2OH(abs), and then NH2OH(abs) under- 
goes deoxygenation and hydrogenation reactions to produce 
NH3(abs) (Eq. (12)-(16)).[17,75,77] Notably, the NH2OH(abs) interme- 
diates are easily desorbed from the catalyst surface to produce 
byproduct hydroxylamine. There are reports that the byproduct 
hydroxylamine is detected in the NO3RR process catalyzed by 
various Cu-based catalysts, and these results confirm the 
existence of Pathway B.[61] In Pathway C, NO(abs) is directly 
deoxygenated by electrons and H+ to generate N(ads), followed by 
step-by-step electrocatalytic hydrogenation to NH3(abs) (Eq. 
(17)-(20)).[78-80] Recently, Gua et al. reported a new electro- 
chemical reduction pathway from nitrate to ammonia (Pathway 
D).[81] Similar to Pathway B, NHOH(abs) is obtained via a two-step 
hydrogenation reaction of NO(abs). The difference is that 
NHOH(abs) is directly deoxygenated to NH(abs) (Eq. (21)) and then 
hydrogenated to NH3(abs) along the same path as Pathway C. The 
density functional theory (DFT) calculations indicate that the 
conversion from NO(abs) to NOH(abs) requires a low activation 
energy of 0.08 eV on Cu (111), which is much smaller than that of 
NO(abs) to N(abs) (1.62 eV), although Pathway C is energetically 
more beneficial than Pathway B and D for thermodynamics. 
Furthermore, a lower activation energy is required from NHOH(abs) 

Figure 3. Schematic presentation of possible mechanism for electrochemical nitrate reduction to ammonia. 



REVIEW 

2212092 
 

Chinese Journal of Structural Chemistry

© 2022 fjirsm, CAS, Fuzhou      Chin. J. Struct. Chem. 2022, 41, 2212089-2212106
DOI: 10.14102/j.cnki.0254-5861.2022-0201 

Tables 1. Performance of Cu-based Electrocatalysts for the Reduction of Nitrate to Ammonia under Neutral and Acidic Conditions. 

electrocatalysts electrolytes NH3 yield rate FE (%) potentials ref. 
CuPc@MXene 0.5 M Na2SO4, 50 mg L-1 NO3--N 0.72 mg h-1 cm-2 — -1.06 V vs. RHE [62] 
Cu@CuHHTP 0.5 M Na2SO4, 500 mg L-1 NO3- 1.84 mg h-1 cm-2 67.55 -0.90 V vs. RHE [82] 
La2Cu0.8Co0.2O4 0.5 M Na2SO4, 50 mg L-1 nitrate 0.0699 mmol h-1 mg-1 — -0.68 V vs. RHE [83] 
Cu@C-800 0.1 M Na2SO4, 500 mg L-1 NO3- 51.7 ± 0.6 mmol h-1 g-1 78 ± 0.9 -0.9 V vs. RHE [84] 
1-Cu’ 0.5 M Na2SO4, 5 mM NaNO3 53.43 mgNH3 h-1 mgCu-1 85.5 -0.9 V vs. RHE [85] 
TiO2 NTs/CuOx 0.5 M Na2SO4, 100 mg L-1 KNO3-N 264.4 mmol g-1 h-1 83.51 -0.85 V vs. RHE [86] 
SCF 0.5 M Na2SO4, 100 mg L-1 KNO3-N 0.31 mmol h-1 cm-2 70 -1.3 V vs. RHE [87] 
Ni1Cu-SAA 0.5 M K2SO4, 200 mg L-1 NO3--N 326.7 μmol h-1 cm-2 ~100 -0.55 V vs. RHE [88] 
plasma treated Cu2O 0.5 M Na2SO4, 50 mg L-1 NaNO3-N 0.083 mmol h-1 mg-1 89.5 -0.58 V vs. RHE [89] 
CuNi/NC-51 0.05M Na2SO4, 50 mg L-1 NO3- — 79.6 -1.0 V vs. Ag/AgCl [90] 
Rh@Cu-0.6% 0.1 M Na2SO4, 0.1 M KNO3 — 93 -0.2 V vs. RHE [91] 
Ag/Cu2O 0.5 M Na2SO4, 100 mg L-1 nitrate-N — 96.45 -0.80 V vs. RHE [92] 
island-like Cu 0.5 M Na2SO4, 50 mM KNO3 — 98.28 -0.8 V vs. RHE [93] 
Cu52Al48-LDO-r 50 mM Na2SO4, 22.5 mg L-1 NO3--N 661.6 mg-N m-2 h-1 70.4 -1.10 V vs. Ag/AgCl [94] 
Cu NDs 0.01 M NaNO3 500 μg h-1cm-2 97 -0.3 V vs. RHE [95] 
THH Cu NCs 100 mM K2SO4, 100 mM KNO3 9.13 mmol h-1 cm-2 98.3 -0.90 V vs. RHE [96] 
FOSP-Cu-0.1 0.5 M Na2SO4, 0.1 M KNO3 101.4 μmol h-1 cm-2 93.91 -0.266 V vs. RHE [97] 
PdCu/Cu2O 0.5 M Na2SO4, 100 mg L-1 NO3--N 0.190 mmol h-1 cm-2 94.32 -0.80 V vs. RHE [44] 
Cu/Cu2O NWAs 0.5 M Na2SO4, 200 mg L-1 NO3--N 0.2449 mmol h-1 cm-2 95.8 -0.85 V vs. RHE [98] 
Cu/Pd/CuOx 0.5 M K2SO4, 50 mg L-1 NO3--N 1510.33 µg h-1 mg-1 84.04 -1.3 V vs. SCE [99] 
Cu@Cu2+1O NWs 0.5 M K2SO4, 50 mg L-1 NO3--N 576.53 µg h-1 mg-1 87.07 -1.2 V vs. SCE [100] 
CuO@MnO2/CF 0.5 M K2SO4, 200 mg L-1 KNO3-N 0.240 mmol h-1 cm-2 94.92 -1.3 V vs. SCE [101] 
CuPd/CN 0.5 M K2SO4, 200 mg L-1 KNO3-N 0.0904 mmol h-1 mg-1cat. 96.16 -1.1 V vs. SCE [102] 
dr-Cu NPs 0.5 M K2SO4, 50 mg L-1 KNO3-N 781.25 µg h-1 mg-1 85.47 -1.3 V vs. SCE [103] 
CuPd aerogels 0.5 M K2SO4, 50 mg L-1 KNO3-N 784.37µg h-1 mg-1 90.02 -0.46 V vs. RHE [104] 
Cu3Fe 0.1 M Na2SO4 and 100 mg L-1 NO3- — 74.2 -0.7 V vs. RHE [105] 
PPy-Cu-E 0.4 M K2SO4, 0.2 M KNO3 0.588 mmol mgcat h-1 91.95 ± 1 -0.61 V vs. RHE [106] 
Pd-Cu2O CEO 0.5 M K2SO4, 50 mg L-1 KNO3-N 925.11 µg h-1 mgcat.-1 96.56 -1.3 V vs. SCE [107] 
Mo/H-CuW 0.5 M Na2SO4, 0.05 M NO3- 5.84 mg h-1 mgcat.-1 94.60 -0.7 V vs. RHE [108] 
Cu-Co3O4 0.1 M Na2SO4, 500 mg L-1 NO3- 36.71 mmol h-1 g-1 86.5 -0.6 V vs. RHE [109] 
CuCo2O4 0.1 M Na2SO4, 1.0 mM KNO3 48.8 μg h-1 cm-2 34.2 -0.85 V, -0.45 V vs. RHE [110] 
Cu-N-C 0.05 M Na2SO4, 50 mg L-1 NO3- 37 μg h-1 cm-2 — -1.3 V vs. SCE [111] 
Cu-PTCDA 0.1 M PBS, 500 mg L-1 NO3- 436 ± 85 μg h-1 cm-2 85.9 -0.4 V vs. RHE [47] 
Cu2.5Co 0.5 M Na2SO4, 0.1 M KNO3 164.23 mmol h-1 cm-2 95.43 -0.25 V vs. RHE [112] 
CuO@CuFe2O4 0.1 M PBS, 0.1 M KNO3 9.21 mg h-1 mgcat.-1 91.08 -1.0 V vs. RHE [113] 
Cu-N-C 0.5 M Na2SO4, 50 mg L-1 NO-3-N 9.23 mg h-1 mg-1cat. — -1.5 V vs. SCE [114] 
Cu/CuOx/CF 0.5 M K2SO4, 200 mg L-1 NO3--N 0.21 mmol h-1 cm-2 93.58 -1.3 V vs. SCE [115] 
CuO@PANI/CF 0.5 M K2SO4, 200 mg L-1 KNO3-N 0.213 mmol h-1 cm-2 93.88 -1.3 V vs. SCE [116] 
arCu/Ni 0.1 M Na2SO4, 45 mg L-1 KNO3 — 76 ± 3 -1.4 V vs. SCE [117] 
Cu-Pt bimetallic 12.5 mM Na2SO4, 30 mg L-1 NO3- 194.4 ± 3.6 mg gcat.-1 L-1 22 -0.4 V vs. RHE [118] 
CuxNiy/NC 0.5 M Na2SO4, 50 mg L-1 NO3- 133 μg h-1 cm-2 ~50 -0.67 V vs. SCE [119] 
CuFe 0.1 M K2SO4, 2 mM KNO3 0.23 mmol h-1 cm-2 94.5 -0.7 V vs. RHE [120] 
Cu/rGO/GP 0.02 M NaCl, 0.02 M NaNO3 203 μg h-1 cm-2 — -1.4 V vs. SCE [121] 
pCuO-10 0.05 M H2SO4, 0.05 M KNO3 334 mmol cm-2 h-1 — -0.7 V vs. RHE [122] 
Cu (100), Cu (111) 0.1 M HClO4, 2 mM NaNO3 — — — [61] 
BDD/Cu film 0.1 mol L-1 Na2SO4, 0.1 mol L-1 KNO3 — — — [123] 
      
to NH(abs) (0.23 eV) compared to the high activation energy of 
NHOH(abs) to NH2OH(abs) (1.36 eV). The kinetic energy barrier and 
free energy analysis results confirm that Pathway D is the 
optimal reaction path.  
NO(abs) + H+ + e- → NOH(abs)                            (12) 
NOH(abs) + H+ + e- → NHOH(abs)                         (13) 
NHOH(abs) + H+ + e- → NH2OH(abs)                         (14) 

NH2OH(abs) + H+ + e- → NH2(abs) + H2O                    (15) 
NH2(abs) + H+ + e- → NH3(abs)                              (16) 
NO(abs) + 2H+ + 2e- → N(abs)+ H2O                       (17) 
N(abs) + H+ + e- → NH(abs)                                 (18) 
NH(abs) + H+ + e- → NH2(abs)                                  (19) 
NH2(abs) + H+ + e- → NH3(abs)                                (20) 
NHOH(abs) + H+ + e- → NH(abs)+ H2O                         (21) 
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Table 2. Performance of Cu-Based Electrocatalysts for the Reduction of Nitrate to Ammonia under Alkaline Conditions. 

electrocatalysts electrolytes NH3 yield rate FE (%) potentials (vs. RHE) ref. 
Cu6Sn5-Sn NPs 1 M KOH, 0.1 M KNO3 1 mmol mg-1 h-1 90 0 V [124] 
Ru&Cu/Cu2O 1 M KOH, 0.1 M KNO3 — 95 0.1 V [125] 
CuCoSP on Cu foil 0.1 M KOH, 0.1 M NO3- 1.17 mmol h-1 cm-2 90.6 -0.175 [126] 
Cu2O/Cu 1 M KOH, 250 mg L-1 NO3- 2.17 mg cm-2 h-1 84.36 -0.25 [26] 
Cu10Ce10 1 M KOH, 1400 mg L-1 0.99 mmol h-1 cm-2 98.43 -0.23 V [52] 
CuPd nanocubes 1 M KOH, 1 M KNO3 6.25 mol/gcat*h 92.5 -0.5 V, -0.6 V [127] 
Cu-N-C SAC 0.1M KOH, 0.1 M KNO3 12.5 molNH3 g-1Cu h-1 84.7 -1.00 V [128] 
Co0.5Cu0.5 1 M KOH, 50 mM KNO3 — 95 -0.03 V [129] 
Cu nanodisks 0.1 M KOH, 10 mM KNO3 2.16 mg mg-1cat h-1 81.1 -0.5 V [130] 
Au1Cu SAAs 0.1 M KOH, 7.14 mM NO3- 555 μg h-1 cm-2 98.7 -0.2 V [131] 
Ru-CuNW 1 M KOH, 2,000 mg L-1 NO3- — 96 0.04 V [132] 
BCN@Cu 0.1 M KOH, 100 mM NO3- 435.6 mmol h-1 mgcat.-1 89.3 -0.5 V [133] 
BCN@Cu/CNT 0.1 M KOH, 100 mM KNO3 172,226.5 μg h-1 mgcat.-1 95.32 -0.6 V [134] 
Cu@NF 1 M KOH, 200 mg L-1 0.252 mmol h-1 cm-2 96.6 0.23 V [60] 
oxide-derived Cu (OD-Cu) 1 M KOH, 100 mM KNO3 1.1 mmol h-1 cm-2 92 -0.15 V [65] 
HSCu-AGB@C 1 M KOH, 0.1 M NO3- 487.8 mmol g-1cat h-1 94.2 -0.2 V [135] 
CuOX 0.1 M KOH, 50 mg L-1 NO3- 449.41 ± 12.18 μg h-1 mgcat-1 74.18 ± 2.27 -0.25 V [136] 
Cu@C 1 M KOH, 1 × 10-3 M NO3- 469.5 μg h-1 cm-2 72.0 -0.9 V [137] 
Cu-NBs-100 1 M KOH, 0.1 M NO3- 650 mmol gcat-1 h-1 95.3 -0.15 V [138] 
BCN-Cu 0.1 M KOH, 100 mM NO3- 1900.07 μg h-1 cm-2 98.23 -0.5 V [139] 
Cu nanosheets  0.1 M KOH, 10 mM KNO3 390.1 μg mgCu-1 h-1 99.7 -0.15 V [140] 
Cu50Ni50 alloy 1 M KOH, 0.1 M KNO3  99 -0.15 V  [55] 
      

n DEVELOPMENT OF COPPER-BASED ELEC- 
TROCATALYSTS FOR NO3RR 

Cu-based materials show great advantages in promoting 
selective electroreduction of nitrate to ammonia in neutral, acidic 
and alkaline conditions, in terms of high ammonia yield rate and 
FE, as summarized in Tables 1-2. In this section, we will discuss 
four typical kinds of Cu-based materials based on differences in 
compositional and structural design, including monometallic Cu 
catalysts, bimetallic Cu-based catalysts, Cu-based compounds, 
and Cu-based inorganic-organic hybrid materials and their 
derivatives in detail, with emphasis on their structural and 
compositional features and functional mechanisms in promoting 
nitrate-to-ammonia conversion. 

Monometallic Cu Catalysts. Bulk metallic Cu shows potential for 
electrocatalytic nitrate reduction, however, suffers from several 
limitations including insufficient reactive sites on the surface and 
low intrinsic reactivity of reactive sites. Aiming to solve these 
mentioned limitations, more efforts have been devoted to finely 
tuning the morphology and structure of metallic Cu catalysts. 
Particularly, metallic Cu with various nanostructured morphologies 
have been developed and demonstrated enhanced electrocatalytic 
nitrate-to-ammonia capability. The synthesis of nanostructured 
metallic Cu often entails the reduction of Cu(I) or Cu(II) sources by 
means of synthetic techniques such as chemical treatment, 
electrochemical synthesis, photochemical techniques, sonochemi- 
cal methods, and thermal treatment. The rational choice of 
synthetic technique is important to design nanostructured metallic 
Cu catalysts with desired shape, size, and morphology for various 
specific applications.  

Two-dimensional nanostructures (e.g., nanosheets, nanoplates, 

nanoflakes) show great application prospect in the field of 
catalysis due to their structural features and fascinating 
physicochemical properties. As an example, Kang and co- 
workers utilized Cu nanosheets to catalyze the electroreduction 
of nitrate to ammonia.[140] In this study, {111}-exposing Cu 
nanosheets were prepared by solution-phase-synthesis, where 
ascorbic acid (AA) serving as reducing agent, and hexamethyl- 
enetetramine (HMTA) and tetradecyltrimethylammonium bromide 
(TTAB) as stabilizers (Figure 4a, b). Compared with Cu nano- 
cubes and irregular Cu nanoparticles, competitive HER was 
suppressed to a greater extent on the {111}-exposing Cu 
nanosheets, and the reaction rate of the rate-determining step 
(NO3

− + H2O + 2e → NO2
− + 2OH−) was largely enhanced. Under 

optimal conditions, the {111}-exposing Cu nanosheets could 
derive a NH3 yield rate of 390.1 μg mg-1

Cu h-1 with a NH3 FE of 
99.7% (Figure 4c).  

Surface defect engineering serves as an effective means to 
tune the electrocatalytic properties of 2D Cu nanostructures 
through tailoring the local surface microstructure and electronic 
structure. For instance, Xu et al. reported CuO nanoplates (CuO 
NPs) could be converted into defect-rich Cu nanoplates (dr-Cu 
NPs) by in situ electroreduction (Figure 4d-f).[103] The enrichment 
of atomic defects in the converted dr-Cu NPs could promote the 
adsorption of nitrate ions and related intermediates on the 
electrocatalyst surface and inhibit the occurrence of side 
reactions, thus selectively promoting the NH3 formation reaction 
pathway and achieving a significant NH3 production rate of 
781.25 µg h-1 mg-1 and NH3 FE of 85.47% (Figure 4g). Another 
study by Liu group showed that Cu oxide catalysts could be 
reduced to metallic Cu with abundant stacking faults under the 
negative potential of NO3RR.[87] The oxide-derived Cu was
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demonstrated as the actual active species for NO3RR electrolysis 
and tensile strain effect was caused due to the in situ generated 
stacking faults. The features made the oxide-derived Cu more 
favorable for nitrate adsorption and largely enhance its nitrate-to- 
ammonia capability.  

Dendritic nanostructures are another kind of promising and 
desirable electrode materials in electrocatalytic reactions. 
Compared with other nanostructures, dendritic nanostructures 
possess abundant catalytically active atoms at the edge and 
corner, which can function as catalytic sites and/or absorption 
sites for reactant molecules. In a study by Wang and co-workers, 
they constructed Cu nanodendrites (Cu NDs) grown along with 
the {200} facet by an electrodeposition method (Figure 5a).[95] 
Calculations by DFT in this study revealed that the reduction and 
protonation of nitrate on all faces of Cu proceeded spontaneously, 
with the disintegration of *NO intermediate being the rate- 
determining step (Figure 5b). From both experimental and 
theoretical results, it was demonstrated that electrocatalytic 
NO3RR on Cu nanocatalysts was a facet-dependent process and 
Cu{200} offered lower activation energy for the dissociation of 
*NO intermediate (Figure 5c). The typical Cu NDs with {200} 
crystallographic planes exhibited outstanding electrochemical 
NO3RR activity and achieved a high FE of 97%, using a 15NO3

- 
isotope labeling method to identify the source of generated NH3. 
Hierarchical metallic Cu hollow nanostructures composed of 1D 
or 2D building blocks are also reported as efficient electrode 
materials to catalyze the NO3RR. High-energy surfaces in these 
1D or 2D building blocks could bring about more exposed active 

sites. A two-step conversion strategy was developed by Li et al. 
to fabricate hierarchical Cu nanosheet-based nanotubes (Cu NTs) 
by using pre-synthesized Cu nanowires (Cu NWs) as the starting 
material (Figure 5d).[141] Cu NWs were first chemically oxidized 
by H2O2 into CuO nanotubes (Figure 5e), which were then in-situ 
electrochemically reduced into Cu NTs (Figure 5f) under NO3RR 
operating conditions. Cu NWs to Cu NTs conversion could 
expose more catalytically active sites and accelerate the charge 
and mass transfer in electrocatalysis, thus boosting electro- 
catalytic nitrate-to-ammonia capability. At -1.3 V (vs. saturated 
calomel electrode, SCE), Cu NTs could achieve 778.6 µg h-1 mg-1 
of NH3 yield, and 85.7% of FE NH3 (Figure 5g). 

Cu-Based Bimetallic Catalysts. Cu-based bimetallic catalysts 
as a new set of catalysts are prepared by mixing Cu and another 
kind of metal component within a single catalyst. It is well 
recognized that the bimetallic effect endows Cu-based bimetallic 
catalysts with unique electronic and chemical properties, which 
makes the properties of Cu-based bimetallic catalysts signifi- 
cantly different from monometallic Cu counterpart and offers 
opportunities to construct new catalysts with enhanced perfor- 
mance towards specific reactions.  

One common strategy to construct Cu-based bimetallic 
catalysts is decorating preformed Cu nanostructures with another 
foreign metal component. The weak adsorption of H on Cu 
surface is recognized as the main limiting actor for ammonia 
synthesis from nitrate electroreduction on bare Cu surface. 
Aiming to enhance the hydrogenation capability of bare Cu, Luo 
and co-workers developed Cu nanowires (Cu NWs) coated with 
Rh single-atom (Rh@Cu) by galvanic replacement reaction

Figure 4. (a) Transmission electron microscopy (TEM) image of Cu 
nanosheets. (b) High resolution TEM (HRTEM) image of Cu nanosheets 
basal plane. (c) NH3 FE of various Cu catalysts at different applied 
potentials. Reproduced with permission from Ref.[140] Copyright 2020, 
Elsevier. (d) Schematic illustration of the synthetic process, (e) scanning 
electron microscopy (SEM) image, (f) high-angle annular dark-field 
scanning TEM (HAADF- STEM) image, and (g) NH3 yield rate and FE at 
different applied potentials for the dr-Cu NPs. Reproduced with 
permission from Ref.[103] Copyright 2021, Royal Society of Chemistry. 
 

Figure 5. (a) SEM images of Cu NDs. (b) Potential energy diagram of 
NO3RR on Cu{200}, Cu{220}, and Cu{111} surfaces. (c) Energy profile of 
NO dissociation on Cu{200}, Cu{220}, and Cu{111} surfaces. Reproduced 
with permission from Ref.[95] Copyright 2021, America Chemical Society. (d) 
Schematic illustration of the synthetic process of Cu nanotubes. (e) SEM 
image of CuO nanotubes, (f) TEM image of Cu nanotubes. (g) NH3 yield 
rate and FE at different applied potentials for Cu nanotubes. Reproduced 
with permission from Ref.[141] Copyright 2022, Royal Society of Chemistry. 
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between Cu and Rh3+ (Figure 6a,b).[91] Synergistic catalytic 
cooperation between Rh and Cu sites in the Rh@Cu catalyst 
could effectively accelerate surface hydrogenation rate during 
electrocatalytic NO3RR process, as evidenced by the series of 
investigations including electron paramagnetic resonance, in situ 
infrared spectroscopy, differential electrochemical mass spectro- 
metry and DFT modeling. Specifically, the Cu site in the Rh@Cu 
catalyst preferentially stabilized nitrogen intermediate species, 
whereas the vicinal Rh site could generate the activated H 
species, which were then transferred from Rh sites to the 
*NO-adsorbed intermediate species located on Cu sites, thus 
promoting the hydrogenation step for ammonia synthesis (Figure 
6c). The highest NH3 yield rate over the Rh@Cu catalyst could 
reach a record value of 1.27 mmol h-1cm-2 (Figure 6d). By a 
cation exchange method, Wang and colleague synthesized 
Ru-dispersed Cu nanowire catalyst (Ru-Cu NW) (Figure 6e-k).[132] 
Such a Ru-Cu NW catalyst could organically integrate the unique 
catalytic properties of Ru and Cu, that is, the highly dispersed Ru 
atoms could provide active nitrate reduction sites and the 
surrounding Cu sites could suppress the competitive HER. The 
combination of a suppressed HER, endothermic NO2

- desorption 
and restricted movement of the N* species on the surface leads 
to a high NH3 FE for Ru-Cu NW, as supported by DFT 
calculations (Figure 6l,m). When functioning as electrocatalysts 
for NO3RR at NO3

- concentrations of typical industrial wastewater 
(2,000 mg L-1), the Ru-Cu NW could deliver an industrial-relevant 
NH3 production rate of ~1 A cm-2 while maintaining a high NH3 FE 

of 96%. With an over 99% nitrate conversion efficiency catalyzed 
by Ru-Cu NW catalyst, the nitrate concentration could be 
reduced from an industrial wastewater level to a drinkable water 
level.  

Alloying Cu with another metal component to form bimetallic 
catalysts is another avenue to regulate their electronic structure 
and thus boost the electrocatalytic performance. In a study by 
Wang et al., they demonstrated enhanced nitrate-to-ammonia 
activity on CuNi alloys.[55] The composition of CuNi alloy system 
(e.g., Cu/Ni atomic ratio) had influence on the nitrate-to-ammonia 
activity. The optimal Cu50Ni50 alloy catalyst showed a 6-fold 
increase in nitrate-to-ammonia activity and a 0.2 V lower 
overpotential required to achieve the optimal NH3 FE compared 
to pure Cu at 0 V vs. RHE (pH = 14). By investigating the 
electronic structure of catalysts using X-ray photoelectron 
spectroscopy (XPS), operando X-ray adsorption spectroscopy 
(XAS) and ultraviolet photoelectron spectroscopy (UPS), they 
found that the Cu d-band center upshifted toward the Fermi level 
in CuNi alloys and the adsorption energy of intermediates such 
as *NO3

-, *NO2 and *NH2 could be regulated (Figure 7a). DFT 
simulations verified that alloying Cu with Ni moved the potential 
limiting step from NO3

- adsorption to hydrogenation of *NH2 
intermediate due to the enhanced adsorption energy of NO3

- on 
the CuNi surface and, thus lowering the overpotential (Figure 
7b-d). In another example, mesoporous hollow sphere PdCu/ 
Cu2O hybrids containing highly dispersed PdCu alloys and an 
ultrathin Cu2O shell showed high selectivity (96.70%) and FE 

Figure 6. (a) SEM image, (b) HAADF-STEM image, (c) schematic 
illustration of the electrocatalytic NO3RR process, (d) NH3 yield rate and 
FE at different applied potentials for the Rh@Cu catalyst. Reproduced 
with permission from Ref.[91] Copyright 2022, WILEY-VCH. (e) Schematic 
illustration of the synthetic process of Ru-Cu NW. HAADF-STEM images of 
(f) Cu(OH)2 NW, (g) Ru-CuO NW and (h) Ru-Cu NW. High-resolution 
HAADF-STEM images of (i) the Ru-CuNW surface structure and (j) its 
corresponding crystal structure and lattice spacing. (k) Energy-dispersive 
X-ray spectroscopy (EDS) mapping images of Ru-CuNW. (l) 
DFT-calculated minimum energy path for the NO3RR. (m) Nitrate 
adsorption versus hydrogen evolution via an alkaline pathway on different 
catalytic surfaces. Reproduced with permission from Ref.[132] Copyright 
2022, Nature Publishing Group. 

Figure 7. (a) UPS spectra and d-band center positions of pure Cu 
catalysts and the CuNi alloys. (b) Reaction free energies for different 
intermediates on a CuNi surface. (c) Hydrogenation reaction of *NH2 on a 
Cu30Ni70 surface. (d) The volcano-type relationship between experimental 
overpotentials of NO3RR at 5 mA cm-2 in 10 mM KNO3 and adsorption 
energies of *NO3- on all CuNi alloys. Reproduced with permission from 
Ref.[55] Copyright 2020, American Chemical Society. (e) Schematic 
illustration of the synthetic process of PdCu/Cu2O hybrids. (f) 
Low-magnification HAADF-STEM image and (g) atomic-resolution 
HAADF-STEM image of PdCu/Cu2O hybrids. (h, i) Reaction free energies 
for different intermediate during different NO3RR paths. Reproduced with
permission from Ref.[44] Copyright 2021, Elsevier B.V. 
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(94.32%) for ammonia synthesis from nitrate (Figure 7e-g).[44] For 
this PdCu/Cu2O hybrid system, Pd enabled electron transfer from 
Pd 3d orbitals to Cu 3d orbitals and caused the polarization of Cu 
3d orbitals by forming partial PdCu alloys. This feature made Pd 
electron deficient but offered empty orbitals to adsorb NO3

-. The 
electron polarization effect also made electron-rich Cu more 
conducive to the occurrence of NO3

- reduction. The combination 
of online differential electrochemical mass spectrometry and DFT 
calculations demonstrated that PdCu alloys block the generation 
of *NOH intermediate and facilitate the formation of *N (Figure 7h, 
i). Another example reported the construction of Au1Cu (111) 
single-atom alloys with surface Cu vacancies (VCu-Au1Cu SAAs) 
via a facile galvanic replacement with a subsequent dealloying 
process.[131] Single Au atoms and Cu vacancies worked 
synergistically on the neighboring Cu atoms, resulting in electron 
transfer from Cu site to Au site, which could promote the 
activation of H2O to *H to boost NO3

- hydrogenation kinetics and 
facilitate the desorption of *NH3. 

Cu-Based Compounds. Differing from monometallic or 
bimetallic Cu-based materials that contain Cu(0) species, 
Cu-based compounds usually possess Cu sites with oxidation 
states of +I or +II. Diverse chemical composition, morphology 
and electronic structure make Cu-based compounds potentially 
promising for catalyzing NO3RR. Cu oxides, as the commonest 
Cu-based compounds, have been utilized in different areas of 

electrocatalysis. Recent investigations have further demon- 
strated their potential for electrochemical nitrate reduction. Zhang 
group reported the preparation of Cu/Cu2O nanowire arrays 
(Cu/Cu2O NWAs) as highly active catalysts for the electro- 
chemical nitrate reduction to ammonia.[98] In this study, CuO 
NWAs were obtained by heat treatment of Cu(OH)2 NWAs in an 
oxygen environment, which were then in situ converted to 
Cu/Cu2O NWAs during the electrochemical process (Figure 8a). 
In-situ electrochemical reconstruction of the catalyst from CuO 
NWAs to Cu/Cu2O NWAs was verified by in-situ electrochemical 
Raman spectroscopy, X-ray diffraction (XRD) patterns and auger 
electron spectroscopy (AES) spectroscopy. Electron transfer at 
the Cu/Cu2O interface could regulate the electronic structure of 
converted Cu/Cu2O NWAs and facilitate the formation of *NOH 
intermediate and suppress the competitive HER (Figure 8b, c), 
as confirmed by online differential electrochemical mass 
spectrometry (DEMS) and DFT calculation. Inspired by this work, 
Xu et al. developed a facile surface engineering strategy to 
fabricate Cu nanowires with concave-convex surface Cu2+1O 
layers (Cu@Cu2+1O NWs) (Figure 8d).[100] The electronic 
interaction and interface effect between Cu/Cu2+1O enabled 
tuning of the Cu d-band center and modulating the adsorption 
energies of intermediates, thus substantially enhancing the 
nitrate-to-ammonia capability (Figure 8e).  

Incorporation of other appropriate metal with Cu oxides to form 
metal-Cu oxide composites can also enhance the performance of 
nitrate reduction to ammonia. Such metal-Cu oxide composites 
could function as dual-site or multi-site catalysts. The synergism 
of dual or multi active sites can potentially change the adsorption 
configuration of reactant molecules or intermediates, lower the 
energy barrier of key reaction steps and optimize the reaction 
path. Wang group constructed ultralow-content of Pd (2.93 at%) 
in-situ incorporated Cu2O corner-etched octahedra composites 
(Pd-Cu2O CEO) and demonstrated excellent nitrate conversion 
efficiency and ammonia yield.[107] It was found that a large 
number of cavities and oxygen vacancies were formed in the 
Pd-Cu2O CEO composite during Pd introduction process. This 
synergistic effect of cavities and oxygen vacancy defects played 
a significant role in promoting nitrate adsorption, weakening the 
N-O bond and inhibiting by-product formation. In addition, Pd 
sites provided active centers for the accumulation of hydride 
species, which facilitated the reaction pathway for NH3 formation. 
In another example, depositing Ag nanoparticles on Cu2O with 
assistance of oxygen vacancies formed Ag/Cu2O hybrids.[92] The 
formation of strong Ag-Cu bonds within Ag/Cu2O hybrids could 
arouse strong interface interactions between Ag nanoparticles 
and Cu2O. Moreover, the interface between Ag nanoparticles and 
Cu2O was considered to function as new adsorption sites during 
NO3RR electrocatalysis, which could efficiently boost the 
adsorption of NO3

- and facilitate the formation of *N inter- 
mediates.  

Coupling Cu-based oxides with other metal compounds to 
form heterostructured catalysts represents another strategy 
directed toward enhancing these catalytic systems. The 
presence of multiple constituents institutes a synergistic effect 
that endows the catalyst with superior performance and 

Figure 8. (a) Schematic illustration of the conversion process of Cu/Cu2O 
NWAs from CuO NWAs. (b) The reaction energies of H2 formation over 
Cu/Cu2O NWAs and Cu NWAs. (c) Free energy diagram for NO3RR over 
Cu NWAs and Cu/Cu2O NWAs. Reproduced with permission from Ref.[98]

Copyright 2020, WILEY-VCH. (d) HRTEM image of Cu@Cu2+1O NWs. (e) 
Schematic illustration showing the electrocatalytic nitrate reduction 
mechanism over the Cu@Cu2+1O NWs. Reproduced with permission 
from Ref.[100] Copyright 2021, Elsevier B.V. 
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appreciable potential in a diverse range of catalytic applications. 
He et al. developed a tandem catalyst system for nitrate-to- 
ammonia conversion by electrochemical transformation of Cu-Co 
binary sulfide precursors into core-shell Cu/CuOx and Co/CoO 
phases (Figure 9a-d).[126] It was found that the active Co2+-based 
phases of CuCoSP were stabilized by the Cu/CuOx phases, both 
of which were combined to form a tandem system for cascade 
nitrate-to-ammonia conversion at low overpotentials (Figure 9e). 
When functioning as electrocatalysts for NO3RR, the inner 
Cu/CuOx component preferentially catalyzed NO3

- reduction to 
NO2

-, which was rapidly reduced to NH3 at the Co/CoO shell 
nearby, reaching a high NH3 yield rate of 1.17 mmol cm-2 h-1 and 
a half-cell energy efficiency of ~36%. By covering 1D CuO 
nanowire arrays with 2D MnO2 nanosheets, Xu et al. constructed 
hierarchical CuO@MnO2 core-shell nanoarrays (Figure 9f, g).[101] 
Abundant exposed active sites and efficient mass transfer were 
obtained due to unique hierarchical core-shell nanoarray 
structures. More importantly, such a CuO/MnO2 heterogeneous 
nanointerface could afford a well-designed built-in electric field at 
the interface region, which could trigger interfacial accumulation 
of nitrate ions and accelerate nitrate electroreduction kinetics by 
optimizing the chemisorption of nitrate ions or/and reaction 
intermediates (Figure 9h).  

Apart from Cu oxides, other Cu-based compounds can also 
find potential applications in NO3RR catalysis. Li and his 
colleagues reported that Cu3P/CF composites were obtained by 
a simple in situ phosphorylation process as a promising binder- 
free electrode material for electrochemical NO3RR.[142] They 
found that different phosphorylation temperatures had important 

effects on the catalytic activity and selectivity of the composites. 
As the phosphorylation temperature gradually increased, the 
nitrate conversion gradually decreased and reached the optimum 
conversion at 400 °C. Although the loading rate of Cu continued 
to increase when the temperature rose continually, the electron 
transfer efficiency and electrochemical activity area decreased, 
leading to a decrease in nitrate conversion. At the same time, 
ammonia selectivity continued to rise with increasing the 
phosphorylation temperature. At the optimal phosphorylation 
temperature (400 °C), the electrocatalytic nitrate reduction of the 
material achieved the best nitrate conversion (97.7%) with 
ammonia selectivity (~80%). It was observed that Cu3P and Cu in 
copper foam play a dominant role in NO3RR during the 
electrochemical process, rather than Cu2+ oxide species. These 
results suggested that suitable composition and crystallization, 
as well as high ECSA and interfacial electron transfer efficiency, 
were essential to ensure sufficient electrochemically active sites 
and superb electron transfer rates for electrocatalytic NO3RR at 
the Cu3P/CF composite electrode. 

Cu-Based Inorganic-Organic Hybrid Materials and Their 
Derivatives. Inorganic-organic hybrid materials are a kind of 
functional materials composed of molecular or nanoscale 
inorganic and organic building blocks. For inorganic-organic 
hybrid materials, their properties not only depend on the kind and 
proportion, but also on their dispersion of individual constituents. 
In this section, we mainly focus on two kinds of Cu-based 
inorganic-organic hybrid materials for electrocatalytic NO3RR 
application, that is, molecular catalysts and metal-organic 
frameworks (MOFs).  

Molecular catalysts are promising in achieving high activity and 
selectivity in electrocatalytic nitrate-to-ammonia conversion due 
to the precise synthetic control. Moreover, molecular catalysts 
are also considered as appropriate platforms for gaining 
mechanistic insights into NO3RR catalysis. Inspired by nitrate 
reductase, Wang and colleagues synthesized a Cu-based 
molecular solid catalyst by the incorporation of Cu in an organic 
molecular solid (3,4,9,10-perylenetetracarboxylic dianhydride, 
PTCDA) for eight-electron direct electroreduction of nitrate to 
ammonia.[47] Mechanism of performance improvement in the 
O-Cu-PTCDA (PTCDA with an optimum content of Cu) molecular 
solid catalyst was explanted from two aspects, supported by both 
electrochemical experiments and DFT calculations (Figure 
10a-d). On one hand, the unique 3d10 configuration of Cu on 
PTCDA enabled Cu active center capable of effectively adsorb- 
ing NO3

-, suppressing HER and boosting the H-N combination. 
On the other hand, the PTCDA structure facilitated the 
conduction of protons and electrons to the active Cu sites. These 
advantages endowed the O-Cu-PTCDA molecular solid catalyst 
with impressive capability for direct reduction of NO3

- into NH3 
with a high selectivity.  

MOF materials have great potential in electrocatalysis due to 
their structural specificity, uniformity, and designability. Unsatura- 
ted coordination environments with single metal sites have been 
shown to significantly enhance the catalytic activity of different 
reactions. MOF materials are promising carriers for the 
preparation of single-center catalysts. The Luo group modified 

Figure 9. (a) Schematic illustration of the preparation of a Cu/Co-based 
binary tandem catalyst. SEM images of the (b) ZIF-Co-R precursor, (c)
CuCoSP_no and (d) CuCoSP on the Cu foil substrate. (e) A proposed 
reaction mechanism of CuCoSP tandem catalysis of NO3RR at low 
overpotentials. Reproduced with permission from Ref.[126] Copyright 
2022, Nature Publishing Group. (f) TEM image and (g) HRTEM image of 
CuO@MnO2 nanowires. (h) Schematic illustration showing schematic 
diagrams of the band structure of CuO and MnO2, and the process of 
electrocatalytic nitrate reduction on the CuO@MnO2/CF. Reproduced with
permission from Ref.[101] Copyright 2022, Royal Society of Chemistry. 
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crystalline Th-BPYDC (BPYDC = 2,2′-bipyridine-5,5′-dicarboxylic 
acid) by solid-liquid post-synthesis to synthesize robust Th-MOF- 
supported single-center Cu materials (Cu@Th-BPYDC) for 
nitrate electroreduction.[143] Notably, the Cu sites exhibited a 
novel square unsaturated coordination structure determined by 
single-crystal X-ray diffraction. It was found that the combination 
of Cu with BPYDC greatly enhanced the electrical conductivity of 
the material. In addition, Cu in Cu@Th-BPYDC showed unsatu- 
rated coordination with organic ligands, which enhanced the 
electrocatalytic activity of the material. Meanwhile, the Cu site in 
electrocatalyst showed a planar tetra-ligand configuration as the 
effective active site for catalytic nitrate reduction, thus exhibiting 
high dispersion and density, which made it easier for the active 
center to bind NO3

- in solution to promote the electroreduction 
process. As expected, Cu@Th-BPYDC exhibited excellent NO3

- 
electroreduction performance, producing NH3 in high yield (225.3 
μmol h-1 cm-2) and FE (94.5%). Cao and co-workers reported an 
anticollapse MOF (Ce-UiO-66)-supported single-atom Cu 
precatalyst for electrocatalytic NO3RR.[85] In situ XAS revealed 
the association of the formation of real catalytic sites with the in 
situ clustering of single-atom Cu, leading to uniform ultrasmall Cu 
nanoclusters (ca. 4 nm) without excessive aggregation by the 
confinement effect of the host framework (Figure 10f). The DFT 
calculation further confirmed the size effect and unique 

host-guest interaction of the catalyst in facilitating the NO3
- 

activation and reaction energy decrease. 
Beyond being directly employed as electrocatalysts for nitrate- 

to-ammonia conversion, MOF materials can also function as 
promising precatalysts or platforms for constructing advanced 
catalysts with desired compositions to achieve high electro- 
catalytic activities. Ren et al. reported the incorporation of Pd into 
HKUST-1 to form a kind of Pd-incorporated Cu-based MOF with 
p orous octahedral structure (CuPd-MOF) (Figure 11a).[99] When 
serving as precatalysts for NO3RR electrocatalysis, the CuPd- 
MOFs were in-situ reconstituted to Cu/Pd/CuOx multi-phase 
heterostructure with porous nanonetwork structure under nitrate 
electroreduction operating conditions (Figure 11b), which acted 
as the actual catalytic active material for NO3RR electrocatalysis. 
Electronic interaction between Cu, Pd, and CuOx components

Figure 11. (a) SEM image of CuPd-MOF. (b) TEM image of Cu/Pd/CuOx

multi-phase heterostructure. (c) Schematic illustration showing the 
electrocatalytic nitrate-to-ammonia process over the Cu/Pd/CuOx. 
Reproduced with permission from Ref.[99] Copyright 2022, Elsevier. (d) 
SEM image and (e) TME image of Cu@C catalyst. (f) Maximum FE NH3

of Cu@C and Cu with concentrations of NO3- ranging from 5 to 100 × 10-3

M. (g) Simulated concentrations and distributions of local NO3- on the 
surface of Cu encapsulated with porous carbon. Reproduced with
permission from Ref.[137] Copyright 2022, WILEY-VCH. 

Figure 10. (a, c) The adsorption energies of H (a) and NO3- (c) on the 
surface of the O-Cu-PTCDA molecular layer (1

_

03). (b, d) The adsorption 
energies of H (b) and NO3- (d) on the (111) plane of Cu. Reproduced with
permission from Ref.[47] Copyright 2020, Nature Publishing Group. (e) 
Preparation and evolution of the host-guest Cu catalyst through metal ion 
deposition and in situ clustering routes. Reproduced with permission from 
Ref.[85] Copyright 2022, America Chemical Society. 
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within the Cu/Pd/CuOx multi-phase heterostructure could regulate 
the electronic structure of Pd sites and Cu sites. Electron transfer 
from Pd to Cu was demonstrated and electron-deficient feature 
for Pd sites could promote the NO3

- adsorption on Pd sites, which 
was further reduced on electron-rich Cu sites (Figure 11c).  

MOFs can be employed as precursors to prepare other 
functional materials through various pyrolytic, chemical, and 
physical treatments, and in combination with other types of 
materials. Cations in MOF structures are ideal source materials 
for various metals, metal oxides, and metal compounds, while 
the organic linkers provide the source materials for various pure 
and doped carbons. For most MOF-derived materials, they could 
inherit several of the desirable structural properties from MOFs, 
such as large surface areas and high levels of porosity, and could 
also be tailored to exhibit many new functionalities, either 
internally on their surfaces or a combination of both. These 
features endow MOF-derived functional materials with outstand- 
ing electrocatalytic properties. For example, Cu-BTC MOF with 
octahedral morphology was used as precursors for synthesizing 
Cu@C catalysts.[137] Conversion of Cu-BTC MOF into Cu@C 
material could be fulfilled by pyrolyzing the Cu-BTC MOF 
precursors at 700 °C in H2 atmosphere, during which regular 
octahedral morphology was retained and Cu nanoparticles were 
in situ formed and encapsulated within the ligand-derived porous 
carbon framework (Figure 11d, e). One unique advantage in 
NO3RR electrocatalysis for the Cu@C catalyst was its excellent 
nitrate-to-ammonia capability at ultralow NO3

- concentrations. 
The enrichment effect of porous carbon framework in Cu@C 
structure was revealed to be the key factor that contributed to the 
enhancement in electrocatalytic performance as the presence of 
a porous carbon framework could effectively confine and concen- 
trate NO3

- on the surface of Cu@C catalyst and then facilitate the 
mass transfer of NO3

- (Figure 11g). Compared with Cu nano- 
particles (FE NH3 of 19.9%), the Cu@C achieved a much higher 
FE NH3 (72.0%) at -0.3 V vs. RHE in 1 × 10-3 M NO3

-. Moreover, 
a wide tolerance range for concentration was demonstrated over 
the Cu@C catalysts, as the FE NH3 of Cu@C exceeded 85.6% 
when the concentration of NO3

- varied between 5 and 100 × 10-3 
M (Figure 11f).  

n CONCLUSION AND PERSPECTIVES 

Electrochemical nitrate-to-ammonia conversion is considered as a 
technology of turning waste into wealth, which could remove 
environmentally harmful nitrate from various types of wastewaters 
while simultaneously producing value-added ammonia. Cu-based 
materials show great advantages in promoting selective electro- 
reduction of nitrate to ammonia in terms of high nitrate conversion 
efficiency, NH3 selectivity and NH3 FE. A variety of Cu-based 
materials including monometallic Cu catalysts, bimetallic Cu-based 
catalysts, Cu-based compounds, and Cu-based inorganic-organic 
hybrid materials and their derivatives have been widely studied, 
and their merits have been explored in detail. With these material 
platforms, various strategies have been developed to tailored 
electronic structures of reactive sites by optimizing the morphology, 
structure, and composition of catalysts. Each type of Cu-based 
materials has its own advantages and disadvantages. Mono- 

metallic Cu catalysts are featured with simple composition and a 
single type of active site, which is convenient for studying their 
structure-activity relationships, while the weak adsorption of H on 
pure Cu surface is the main limiting factor for hydrogenation 
reaction during NO3RR process. Bimetallic Cu-based catalysts 
can realize the regulation of electronic structure and properties of 
each metal to promote the adsorption and activation of reactants 
on the catalyst surface. Noted that many bimetallic Cu-based 
catalysts, like monometallic Cu, still face passivation or the 
leaching of metal species during NO3RR catalysis process. As for 
Cu-based compounds, they possess diverse chemical composi- 
tion, morphology and electronic structure. One of the main 
disadvantages for Cu-based compounds as cathodic catalysts 
lies in that they often undergo potential-dependent phase 
evolution under NO3RR operating conditions, which make it 
become more difficult to elucidate and underlie catalytic 
mechanism. In the case of Cu-based inorganic-organic hybrid 
materials, their unique advantages include but not limited to high 
surface-to-volume ratio, intrinsically uniform metal site 
distribution, and structural tailorability. For most of them, 
insufficient electrical conductivity and low chemical stability under 
NO3RR operating conditions are essential shortcomings. 
Moreover, current methods of synthesizing inorganic-organic 
hybrid materials are often high cost and difficult to be scaled up. 

Although significant progress has been made, some problems 
and challenges need to be explored and resolved for Cu-based 
materials to electro-catalyze nitrate-to-ammonia conversion. First, 
inferior catalytic durability and stability are still the crucial issues 
that restrict the wider applications of Cu-based materials as most 
of them suffer from passivation (in alkaline conditions) or c 
orrosion and dissolution (in acidic environments). Second, the 
current ammonia yield rate and energy efficiency for nitrate-to- 
ammonia technology based on Cu-based materials are still far 
from the industrial requirements. Third, the separation and 
collection of ammonia product from aqueous-based electro- 
catalytic NO3RR systems still face a double challenge from both 
technology and cost. To address these issues, great attention in 

Figure 12. Prospects for developing NO3RR technology for sustainable 
ammonia synthesis based on Cu-based materials. 
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the future research should be paid to the following aspects: 

Development of Novel Catalysts with Rationally Designed 
Electronic Structure and Local Chemical Microenvironment. 
Electrocatalysts play a dominant role in the nitrate-to-ammonia 
conversion process, as they largely affect the reaction efficiency. 
The activity and selectivity for electrocatalytic nitrate-to-ammonia 
conversion can be improved substantially through electronic 
structure regulation of catalysts to promote the adsorption and 
activation of nitrate and intermediates, and directionally change 
the reaction pathway. Current strategies for the design and 
construction of Cu-based catalysts mainly concentrate on 
modifying the electronic structure, increasing the active sites and 
enhancing the apparent or intrinsic activity of catalysts. Apart 
from the electronic structure of reactive sites of Cu-based 
catalysts, special attention should be paid to engineer the local 
chemical microenvironment of reactive sites including modulating 
the surface microenvironment of catalysts including their 
hydrophobicity, adsorbability, electronegativity and localization as 
these properties determine both the kinetic and thermodynamic 
catalytic processes (Figure 12a).  

Innovation of Electrocatalytic NO3RR System Based on 
Co-Electrolysis Mode. Energy conversion efficiency is one of 
the significant indicators of electrocatalytic NO3RR system, as it 
is closely related to the final cost. For traditional aqueous-based 
electrocatalytic NO3RR system, the major anodic reaction is the 
oxygen evolution reaction (OER). The sluggish kinetic of OER 
process generally results in a largely reduced overall electrolysis 
rate and energy conversion efficiency. Despite intensive efforts 
made to develop high-efficient OER catalysts for coupling with 
electrocatalytic NO3RR, OER still suffers quite high oxidation 
potentials, leading to massive electric power consumption. 
Moreover, the product of anode OER is low-value oxygen. An 
innovative strategy is to rationally design anode reactions 
alternative to the traditional OER for the purpose of reducing 
power consumption and obtaining high value-added products 
(Figure 12b). In this regard, some recent advances have 
highlighted the promising potential to couple cathodic NO3RR 
with the electrooxidation reaction of small organic molecules with 
value-added chemicals generated to lower the whole electrolysis 
voltage, elevate the NO3RR performance and simultaneously 
generate value-added chemicals at anode. In addition to 
electrooxidation reaction of small organic molecules, more other 
anode reactions deserve more attention. 

Scale-Up of Electrocatalytic NO3RR System for Treatment of 
Actual Industrial Wastewater. As an attractive avenue to 
converting waste nitrate into value-added ammonia, NO3RR 
electrocatalysis has recently received increasing attention with 
many papers have been published. However, most studies have 
focused on developing methods and strategies for catalyst 
preparation and few have been done in the way of large-scale 
demonstrations. In many published studies, manually prepared 
electrolytes containing nitrate addition rather than actual 
industrial wastewater are used in a lab test. For some electro- 
catalysts, the fluctuation and complexity of the actual water 
composition may cause performance delay in selective nitrate- 

to-ammonia conversion. Correspondingly, good thermal and 
chemical stability in the harsh conditions of real wastewater 
should be taken into account when designing electrocatalysts for 
NO3RR (Figure 12c).  

Integration of Electrocatalytic NO3RR System with Ammonia 
Product Collection System. Another key obstacle for the 
development of nitrate-to-ammonia technology from basic 
re-search to practical applications lies in ammonia product 
collection. Current research in this field mainly concentrates on 
the nitrate-to-ammonia reaction, while isochronous NH3 separa- 
tion and recovery from the mother liquor are awfully neglected in 
state-of-the-art electrochemical NO3RR systems. On one hand, 
ammonia product collection in forms of pure NH3 or ammonia 
fertilizers (e.g., NH4Cl, (NH4)2SO4) is the prerequisite for its 
further utilization. On the other hand, the timely NH3 separation 
can also promote the nitrate-to-ammonia conversion reaction 
due to the release of much more active sites. Gas stripping and 
membrane separation methods are potentially capable of 
ammonia recovery. Therefore, to promote the large-scale appli- 
cation of nitrate-to-ammonia technology, it is of great importance 
to electrochemically selective ammonia extraction from nitrate by 
integrating NO3RR systems with NH3 recovery system (Figure 
12d).  
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