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Electrochemical nitrate reduction (NO3
� RR) is being recognized

as a sustainable approach to synthesizing ammonia which is
essential for the chemical industry and a key agricultural input
conventionally produced through the hard-to-abate Haber
Bosch process. Among various transition metals, copper-based
electrocatalysts stand out in efficaciously carrying out this
reaction owing to their superior electrocatalytic activity and
selectivity. In this context, here, current state of research and
advanced scientific understandings of employing Copper for
NO3

� RR are succinctly, but comprehensively, presented while
focusing on its design strategies to enhance the electrocatalytic

performance. First, the NO3
� RR reaction mechanisms taking

place at the surface of copper are described, followed by a
discussion of its unique attributes in facilitating ammonia
electrosynthesis. Then, various electrocatalyst fabrication routes
and designing strategies are reviewed, emphasizing the role of
the evolved structure, morphology, textural properties and
surface chemistries in improving the reaction kinetics. Nano-
structuring, facet and defect engineering, support, doping,
alloying, heterojunction and the role of single active catalysts
(SACs) centers as the key parameters for enhanced electro-
catalytic behavior are highlighted.

1. Introduction

Ammonia (NH3) is widely used as fertilizer, energy carrier, and
reagent in various chemical syntheses[1] Ammonia is the
building block for urea which is the most used nitrogen-based
fertilizer worldwide.[2] Recently, NH3 has also gained attention as
a promising next-generation carbon-free energy carrier, thanks
to its high energy density (11.2 MJ L� 1), which is comparable to
that of nonrenewable energy sources.[3] Moreover, as a hydro-
gen derivative, it holds significant potential to address and
simplify future challenges related to the storage and trans-
portation of H2 energy; in fact, its high volumetric hydrogen
density, low storage pressure and stability for long-term storage
are among the beneficial characteristics of ammonia for hydro-
gen storage.[4] The annual global production is estimated to be
150 million tons, and it is expected to increase,[5] making it the
world’s second most commonly produced chemical after
sulfuric acid (H2SO4). NH3 production is commonly based on the
Haber Bosch process, an energy-intensive process (>600 KJ
mol� 1 ammonia), which entails demanding conditions of high
pressures and high temperatures (150-350 atm, 350–550 °C).[6]

Additionally, in this process, H2 is entirely produced through
steam reforming of natural gas, which consumes 3–5% of the
global natural gas supply and is responsible for 450 million
metric tons of CO2 emission annually.[7]

Consequently, researchers have started exploring low-
carbon and environmentally friendly methods for NH3 produc-
tion that can operate under ambient temperature and pressure.
Among the various strategies to produce ammonia, the nitro-
gen reduction reaction (NRR) can be an effective approach,
using nitrogen, abundant in the atmosphere, as a reagent,
renewable electricity as the energy source under mild con-
ditions, and water as the hydrogen source.[8] However, the high
bond energy (941 kJmol� 1) of the N�N bond, the low solubility
of N2 in water, and the competitive hydrogen evolution reaction
(HER) seriously hinder the development and application of this
technology to produce ammonia from nitrogen gas.[9]

In addition to the challenges associated with conventional
NH3 production, nitrate pollution of surface and groundwater is
becoming an increasing issue, due to the potential damage to
the ecosystem, causing eutrophication and human health
issues.[10] In fact, a by-product of its incomplete conversion,
nitrite (NO2� ), is considered carcinogenic due to its associations
with gastrointestinal cancers, particularly gastric and esoph-
ageal cancer. This elevated risk is attributed to the formation of
carcinogenic nitrosamines within the body.[11] Additionally, it
can cause methemoglobinemia, a condition that severely
reduces the blood’s ability to transport oxygen, leading to
symptoms such as symptoms like cyanosis and respiratory
distress.[12]

For these reasons, the United States Environmental Protec-
tion Agency (US EPA) and the World Health Organization (WHO)
recommend that the concentration of nitrate (NO3

� ) in drinking
water should not exceed 10.0 mg of nitrogen per liter
(mgNL� 1).[13]
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Although some conventional technologies such as ion
exchange, biological denitrification and electrodialysis have
been applied for nitrate removal,[14] technical limitations includ-
ing low efficiency and high post-treatment costs limit their
practical applications.

Recently, the electrochemical reduction of nitrate to
ammonia (NO3

� RR) has received extensive attention due to its
ability to simultaneously synthesize NH3 under ambient con-
ditions and remove nitrates from the environment. Unlike N2,
the high solubility of NO3

� in water and the low bond energy of
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the N=O bond (204 kJmol� 1) compared to the 941 kJmol� 1 of
the N�N bond, make this process more efficient compared to
NRR.[15] Besides, if electricity is provided through renewable
energy, this process can be considered totally green and could
contribute to electrifying, at least partially, an industrial sector
such as NH3 production, which is crucial to reaching the
complete decarbonization set by the EU in 2050.[16] (Figure 1).

In this field, the investigation of suitable electrocatalytic
materials to boost the efficiency of NO3

� RR plays a pivotal role
in enhancing the reaction kinetics and selectivity. Therefore, a
wide range of metal electrocatalysts, including platinum group
metals (PGMs), precious metals and first raw transition metals
such as Ru,[17] Ir,[18] Pd,[19] Co,[20] Au[21] and so on have recently
been explored. Among these, Cu emerged as a promising
electrocatalyst to pursue this reaction. In fact, from a reaction
dynamics perspective, compared with other metals, it shows a
stronger electrocatalytic capability for NO3

� RR.[22] Furthermore,
from an economic point of view, its higher availability and low
cost compared to most of the noble metals make it particularly
suitable for large-scale application.

In this context, this review aims to summarize the current
state of research on copper as an electrocatalyst for the NO3

� RR,
with the ambitious goal of providing some hints on the main
design strategies to enhance its performance. In the first part,
the NO3

� RR reaction mechanisms taking place specifically at the
surface of copper are described, while other reviews often
address the NO3

� RR mechanism in a more general context.
Additionally, this review includes a discussion of its unique

attributes in facilitating ammonia electrosynthesis, an aspect
frequently overlooked in less specialized reviews focused on
this metal.

Subsequentially, various key parameters that influence its
performance are discussed, with a special focus on the role of

the structural, morphological and surface properties of the
electrocatalysts on their performance.

2. Nitrate Reduction Reaction (NO3
� RR)

Mechanism ON Copper Electrocatalyst

A clear understanding of the electrocatalytic mechanism of
NO3

� RR is essential for designing electrocatalysts with superior
activity and selectivity.

The process begins with the migration of nitrate ions (NO3
� )

in the electrolyte toward the electrode surface, where they are
adsorbed onto the electrocatalyst, forming adsorbed nitrate
(*NO3

� ). At the liquid-solid interface, *NO3
� reacts with water

molecules and electrons supplied by the external circuit,
undergoing a series of intermediate steps that ultimately
convert it into adsorbed ammonia (*NH3). Finally, *NH3 desorbs
from the surface of the electrocatalyst, completing the electro-
chemical conversion of NO3

� into NH3.
However, there is inherent competition between the

NO3
� RR and HER. As the overpotential increases, HER domi-

nates, reducing the Faradic efficiency (FE) of ammonia produc-
tion. During HER, H+ is consumed through a series of reactions,
beginning with the Volmer step, where H+ is reduced to form
*H (eq. 1a). This is followed by either the Heyrovsky step, where
*H reacts with H+ to form H2 (eq. 1b), or the Tafel step, where
two *H species recombine to produce H2 (eq. 1c).

[23]

Hþ þ e� !* H ðVolmer stepÞ (1a)

*H þ Hþ þ e� ! H2 ðHeyrovsky stepÞ (1b)

or *H þ * H! H2 ðTafel stepÞ (1c)

Figure 1. Schematic illustration of sustainable ammonia synthesis via NO3
� RR
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Thus, developing efficient electrocatalysts with specific
structures capable of suppressing this competitive reaction is
crucial.

The conversion of NO3
� to NH3 involves the transfer of eight

electrons and multiple reaction intermediates, as nitrogen
exhibits a wide range of stable hydrides and oxides with
valence states ranging from � 3 to +5. The overall reaction can
be summarized as follows:[24]

NO3
� þ 9Hþ þ 8e� ! 3H2O þ NH3E0 ¼ 0:88 V vs: RHE (2)

Where the potential of 0.88 V vs reversible hydrogen
electrode (RHE), represents the thermodynamic driving force
under standard conditions, indicating the energy required to
reduce NO3

� to NH3.
Focusing on copper-catalyzed reactions, the mechanism of

NO3
� RR on the surface of copper-based materials can follow

two pathways depending upon the different mediation of the
reaction, namely, the absorbed atomic hydrogen reduction
pathway and electron reduction pathway (Figure 2).

As anticipated, in both pathways, the first step is the
adsorption of NO3

� on the Cu-catalyst surface to obtain
adsorbed *NO3

� species according to eq. 3:

NO3
� þ * !* NO3

� (3)

This first adsorption process is influenced by the mass
transfer rate of NO3

� from the electrolyte to the electrode
surface and can also be interfered with by competing anions,
such as I� and Br� , that decrease the active surface area of the
electrode.[25] In the absorbed atomic hydrogen reduction path-
way, the atomic hydrogen absorbed on the catalyst surface
(H*), which is formed through the reduction of H+ in the
Volmer step (Eq. 1a),[23] deoxygenates *NO3

� to *N and then
hydrogenates *N to *NH3. The main intermediates that are

supposed to be involved in these dehydrogenation and hydro-
genation reactions are shown in Eq. 4.1-4.6. In the last step,
*NH3 desorbs from the surface of the electrocatalyst to obtain
NH3. In this pathway, the reaction between *NO3

� and *H to
form *NO2

� (Eq. 4.1) is considered the rate-determining step
(RDS).[26]

*NO3
� þ 2 *H!* NO2

� þ H2O (4.1)

*NO2
� þ 2 *H!* NO þ H2O (4.2)

*NO þ 2 *H!* N þ H2O (4.3)

*N þ * H!* NH (4.4)

*NH þ * H!* NH2 (4.5)

*NH2 þ * H!* NH3 (4.6)

In this pathway, it is worth mentioning that parallel
reactions may occur, that involve two adjacent *N and *NH2

(produced through Eq. 4.3 and Eq. 4.5, respectively) to form
coupled N2 products, i. e. N2 and N2H4 (Eq. 5.1–5.2). Besides, N2O
may be generated by the combination of *N and *NO (Eq. 5.3).
Overall, these side reactions contribute to a decrease in the
efficiency of ammonia production starting from NO3

� species.
However, Gao et al. reported that, the formation of N� H bonds
is kinetically more favorable than the formation of N� N
bonds.[27]

Notably, as *H plays a central role in the entire process, this
route is favored by electrocatalysts with a high affinity for *H
adsorption.

*N þ * N! N2 (5.1)

Figure 2. Schematic illustration of the adsorbed atomic hydrogen reduction pathway and electron reduction pathway on copper electrocatalysts

Wiley VCH Freitag, 07.02.2025

2599 / 393386 [S. 4/15] 1

ChemElectroChem 2025, e202400482 (4 of 14) © 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Review
doi.org/10.1002/celc.202400482

 21960216, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202400482 by U
niversity Studi M

ilano B
icocca, W

iley O
nline L

ibrary on [17/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



*NH2 þ * NH2 ! N2H4 (5.2)

*N þ * NO! N2O (5.3)

On the other hand, the electron reduction pathway is
mediated by electrons. In this route *NO3

� is initially reduced to
*NO2

� through a three-step mechanism. The process begins
with an electron transfer that generates *NO3

2� , a short-lived
dianion radical (~20 μs), that is immediately hydrolyzed to *NO2.
Subsequently, NO2 undergoes a second electron transfer,
resulting in the formation of *NO2

� ,[28] a relatively stable
intermediate. From this latter intermediate, *NO is formed
through an electron transfer to give the unstable anion radical
*NO2

2� , which rapidly hydrolyzes into *NO.[29]

NO is a crucial intermediate because, from this point, the
electron reduction pathway proceeds through a sequence of
deoxygenation and hydrogenation reactions. Hu et al.[30] pro-
posed three distinct pathways (Pathways A� C), derived from
Density Function Theory (DFT) calculations performed on Cu
(111), which is the most stable and commonly exposed surface
of copper.

Pathway A is the only pathway that involves the formation
of the intermediate N* through the deoxygenation of *NO,
followed by step-by-step hydrogenation to *NH3 (Eq. 6.1–6.3).

Pathway A:

*NO þ 2Hþ þ 2e� ! N þ H2O

*N þ Hþ þ e� ! * NH (6.1)

*NH þ Hþ þ e� ! * NH2 (6.2)

*NH2 þ Hþ þ e� ! * NH3 (6.3)

Instead, Pathway B involves the formation of the intermedi-
ate *NOH, through the hydrogenation of *NO (Eq. 7.1), followed
by a second hydrogenation step, leading to *NHOH (Eq. 7.2).
Subsequently, *NHOH undergoes further deoxygenation, pro-
ducing *NH, (Eq. 7.3) which is then hydrogenated step-by-step
to form *NH2 and finally *NH3 (Eq. 7.4 - 7.5).

Pathway B:

*NO þ Hþ þ e� !* NOH (7.1)

*NOH þ Hþ þ e� !* NHOH (7.2)

*NHOH þ Hþ þ e� !* NH þ H2O (7.3)

*NH þ Hþ þ e� ! * NH2 (7.4)

*NH2 þ Hþ þ e� ! * NH3 (7.5)

Pathway C is very similar to Pathway B, as it also involves
the formation of the intermediates *NOH and *NHOH (Eq. 7.1–
7.2). However, unlike Pathway B, where *NHOH undergoes
deoxygenation to form *NH, in Pathway C, *NHOH is further

hydrogenated to produce *NH2OH (Eq. 8.1). This is then
deoxygenated, forming *NH2 and finally hydrogenated to
generate *NH3 (Eq. 8.2-8.3).

Pathway C:

*NHOH þ Hþ þ e� !* NH2OH (8.1)

*NH2OH þ Hþ þ e� ! * NH2 þ H2O (8.2)

*NH2 þ Hþ þ e� ! * NH3 (8.3)

Notably, *NH2OH easily desorbs from the catalyst surfaces,
and its detection as a byproduct provided evidence for the
existence of this pathway.[31]

In terms of thermodynamics, under the defined condition of
pH=0, Pathway A appears more favorable compared to Path-
ways B and C. However, the transition from *NO to *N in
Pathway A requires a high activation energy of 1.62 eV, making
it kinetically sluggish. This energy barrier is significantly larger
than the activation energy of 0,08 eV for the transition from
*NO to *NOH in Pathways B and C. These differences in
activation energies suggest that, although Pathway A is
thermodynamically favorable, the kinetic limitations render it
less efficient. Moreover, Pathway B involves a hydrogenation
step converting *NHOH to *NH2OH with a high activation
energy of 1.36 eV, much greater than the 0.23 eV required for
the deoxygenation of *NHOH to *NH in Pathway C.

Considering both thermodynamics and kinetics, pathway C
emerges as the most favorable pathway on Cu (111) at pH=0.
Recently, Karamad et. al[22] proposed an alternative pathway
(pathway D), always derived from DFT calculations and
performed on the Cu (111) surface. In this pathway, the
reduction of *NOH formed via the hydrogenation of *NO
(Eq. 7.1), leads to the formation of *N instead of *NHOH,
followed by step-by-step hydrogenation to *NH3. (Eq. 9.1-9.4)

Pathway D:

*NOH þ Hþ þ e� !* N þ H2O (9.1)

*N þ Hþ þ e� ! * NH (9.2)

*NH þ Hþ þ e� ! * NH2 (9.3)

*NH2 þ Hþ þ e� ! * NH3 (9.4)

Koper et al.[32] conducted a comparative study to determine
the reactivity of NO3

� on different transition metals (TMs) and
observed that the Tafel slope for most of them, including Cu,
was slightly higher than 120 mV/dec.

Based on this observation and supported by the kinetic
order and the effect of co-adsorbing anions, the authors
proposed that the reduction of *NO3

� to *NO2
� is the RDS of

the electron reduction pathway. The slow kinetics of this step
are attributed to the high energy of the lowest unoccupied
molecular π* orbital (LUMO π*) of *NO3

� , in which electrons are
difficult to transfer from the electrode surface. However, since
Cu presents highly occupied d orbitals, whose energy is similar
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to the LUMO π* of *NO3
� , it facilitates electron transfer and

promotes faster kinetics.[33]

Whether the electrocatalyst favors the absorbed atomic
hydrogen reduction pathway or the electron reduction pathway
depends on the specific characteristics of the catalyst.

For example, for composite catalysts obtained by combining
Cu with metals that exhibit a high affinity for adsorbing *H,
such as Rh,[34] the reaction is more likely to proceed via the
absorbed atomic hydrogen reduction pathway. In contrast, due
to the undesirable adsorption of H* on the surface of Cu,[35] the
electron transfer pathway is considered the most effective.

However, current mechanistic studies on NO3
� RR over Cu

are limited, with much of the understanding extrapolated from
studies on Pt-based catalysts. Thus, further research is needed
to elucidate the electrocatalytic mechanism of NO3

� reduction
to NH3 specifically on Cu.

3. Selection of the Optimum Metal

Copper has been widely investigated as a potential electro-
catalytic material for this reaction, both computationally and
experimentally. However, besides the fast kinetics of Cu in the
RDS of the reduction of *NO3

� to *NO2
� , less attention has been

paid to understanding the reasons behind such activity and
selectivity.

For this reason, Karamad et al.[22] used DFT calculations to
identify the TMs among Au, Ag, Cu, Pt, Pd, Ni, Ir, Rh, Ru, and Co,
exhibiting higher activity and selectivity towards NO3

� RR.
NO3

� RR involves two sets of adsorbates: those that interact
with the electrocatalyst surface via the N atom and those that
interact via the O atom. *NO and *OH were used as descriptors
for the first and second sets, respectively, because the
calculated adsorption energies for *N and *O intermediates on
TMs scale linearly with those of *NO and *OH, respectively.[36,37]

Using the scaling relation between the adsorbates derived
for both sets, rationalized through the d-band model and the
position of the d-band center,[38] a Volcano-type relationship
between the limiting potential (UL) and the adsorption energies
of *NO and *OH was then constructed (Figure 3a, b). UL

represents here the lowest potential, at which all the reaction
steps are downhill in free energy and each line in the graph
corresponds to an elementary reaction.

The Potential Limiting Step (PLS) for NO3
� RR corresponds to

the elementary reaction with the most negative UL and the
difference between that and the equilibrium potential defines
the overpotential required to drive the NO3RR.

The Volcano plot in Figure 3a shows that Cu is close to the
cusp of the *NO!*NOH line, suggesting a higher electro-
catalytic activity compared to the other transition metals
considered.

Cu still has an overpotential of 1.11 V and higher activities
could be achieved by finding a material that has a weaker *NO
binding energy. However, weaker *NO binding energies could
lead to the desorption of *NO, thus inhibiting the formation of
NH3, furthermore, the slope of the *NO!*NOH line indicates

that the activity is barely affected by changing the *NO binding
energy.

The Volcano plot in Figure 3b shows that Ir is close to the
cusp of *NO3!*HNO3 line, which is steeper than that of *NO3!

*HNO3. This suggests that higher electrocatalytic activity can be

Figure 3. Volcano plot showing limiting potentials for (a) Ni, Rh, Pt, Pd and
Cu based on binding energies of NO and (b) Co, Ru and Ir based on binding
energies of OH. The horizontal dashed lines in (a) and (b) depict the
equilibrium potential for the NO3

� RR to ammonia. The vertical dashed line in
(a) depicts the Gibbs free energy of NO. (c) The difference between the
limiting potential for the NO3

� RR and HER, UL (NO3RR) � UL(HER), is plotted
against the limiting potential for the NO3

� RR, UL(NO3RR), for different
transition metals (reproduced from,[22] Copyright 2023, Royal Society of
Chemistry, licenced under CC BY-NC 3.0).
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achieved by tuning the oxygen affinities of transition metals for
which *NO3!*HNO3 is the PLS.

Selectivity is in addition a key parameter for determining
the efficiency of an electrocatalyst too. Concerning the study of
this parameter, it is possible to plot the difference between the
UL for the NO3

� RR and HER against the UL of NO3
� RR, for the

different TMs. (Figure 3c)
Metals located in the upper-right region exhibit both high

activity and high selectivity, consequently, Cu and Ir emerge as
the most promising transition metals; however, despite Ir
having higher electrocatalytic activity compared to Cu, it also
exhibits lower selectivity, making H2 the dominant product
under NO3

� RR conditions.
Therefore, it can be concluded that the superior perform-

ance of Cu compared to the other TMs can be attributed to its
d-band center position, which not only optimizes electron
transfer during the RDS but also provides a balanced adsorption
strength for NO3

� and reaction intermediates. This balance
enhances NO3

� reduction while suppressing the HER, improving
both efficiency and selectivity toward NH3 production.

4. Design Strategies to Enhance Copper
Electrocatalytic Performance

Copper is a promising TM and a more abundant, cost-effective
alternative to noble metals, but understanding the key param-
eters that influence its performance and developing effective
design strategies to improve it is essential to reach the targets
set by the “Renewable Energy to Fuels through Utilization of
Energy-dense Liquids” (REFUEL) program.[39]

This program, set by the Department of Energy (DOE),
outlines specific goals for industrial production, including
achieving a Faraday efficiency for NH3 production exceeding
90%, an NH3 yield rate of 10� 6 mol s� 1 cm� 2 and a current
density of 300 mAcm� 2.

Various key parameters for copper electrocatalyst have
been identified as crucial factors that affect its activity in the
NO3

� RR, including i) size and morphology, ii) facet engineering,
iii) defect engineering, iv) support, v) doping, vi) alloying, vii)
heterojunction, viii) Single-atom catalysts (SACs). The modula-
tion of these parameters offers a paramount chance to enhance
the activity of the electrocatalysts, and the optimization of
more parameters is often exploited to achieve synergistic
effects (Figure 4).

Figure 4. Schematic illustration of key parameters to enhance copper electrocatalytic performance. Adapted from Ref.[40] with permission. Copyright 2024,
Wiley, licensed under CC-BY-4.0
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In the following sections, a detailed discussion of each of
these key parameters is provided, emphasizing their roles in
catalysis and exploring various design strategies to enhance the
electrocatalytic performance of copper for the NO3

� RR.

4.1. Size and Morphology

The size and shape of the electrocatalyst particles play a crucial
role in determining the electrocatalytic properties of metal
electrocatalysts.[41]

Cu foil was among the first materials used as electro-
catalysts in the NO3

� RR, as Dima et al.[32] demonstrated that Cu
foil exhibited superior electrocatalytic activity compared to
noble metals, such as Au and Ag.

Cu foam has also emerged as a promising electrocatalyst for
NO3

� RR, characterized by its porous structure and extensive
surface area, which allow for the exposure of a multitude of
active sites. Moreover, its architecture can be easily customized
with dopants to further enhance its catalytic performance.[42]

However, this apparent advantage of using highly porous
electrocatalyst materials can also become a conceptual dis-
advantage, particularly when high reaction rates are reached, at
which the target reaction becomes limited by the reactant mass
transport into the three-dimensional structure of the metal
foam electrocatalyst.[43]

In recent years, various processes have been employed to
control the morphology of Cu, and several Cu nanostructures
have been developed, including Cu nanosheets,[44] Cu
nanobelts,[45] Cu nanowires,[34] Cu nanoplates[46] and Cu
nanoparticles,[47] which have proven to be superior to both Cu
foams and Cu foils.

Fu et al.[44] reported that the FE increased significantly, from
30% for Cu foil to 61% for Cu nanoparticles, accompanied by
an approximately 13-fold increase in current density.

Wang et al.[45] developed a 3D Cu nanobelt electrocatalyst
that achieves near-complete NO3

� removal, a significant
improvement compared to the 2.6% efficiency of Cu foam. The
3D Cu nanobelt electrocatalyst was prepared by a simple
surface oxidation reaction, followed by a chemical reduction
process.

Overall, incorporating nanostructures into Cu electrocata-
lysts offers significant potential for improving NO3

� RR efficiency
by providing a high surface area while mitigating the mass
transport limitations typically associated with highly porous
materials such as Cu foams.

4.2. Facet Engineering

Gao et al.[48] demonstrated through DFT calculations that the Cu
(100) and Cu (111) crystal planes are both thermodynamically
favorable. Further insights from Hu et al.[49] confirmed, using
RHE calculations, that both Cu (100) and Cu (111) exhibit
enhanced electrocatalytic activity compared to Cu (100). Their
study also revealed that the competition between NO3

� RR and
HER is influenced by the solution pH, with Cu (100) demonstrat-

ing superior electrocatalytic performance for NO3
� RR in strongly

acidic electrolytes, while Cu (111) outperforms in neutral or
alkaline conditions. Notably, at pH values below 5.65, HER
becomes dominant on Cu (111), reducing its effectiveness for
NO3

� RR and making Cu (100) the more active crystal phase
under these conditions.

The difference in electrocatalytic activities is attributed to
the local coordination environment and the electronic states of
surface atoms on different surfaces. For example, NO3

�

adsorption is favored by a Cu� Cu geometry that closely
matches the O� O distance in *NO3, with the Cu� Cu bond
length on Cu (111) aligning well with the spacing between the
oxygen atoms.

Additionally, the adsorption energy of intermediates is
strongly correlated with the position of the d-band center of
the electrocatalyst,[50] and the higher d-band center of Cu (111)
compared to Cu (100) enhances its adsorption ability for NO3

� ,
contributing to its catalytic superiority in suitable pH ranges.

Wu et al.[51] reported the fabrication of uniform Cu nano-
disks with enhanced Cu (111) crystal planes, obtained by
surface-reconstructed triatomic Cu clusters. These nanodisks
achieved a high ammonia yield rate of 2.16 mgmg� 1h� 1 and a
maximum FE of 81.1% at � 0.5 V vs RHE.

Similarly, Fu et al.[44] reported that (111) facet-exposed Cu
nanosheets, prepared through solution-phase-synthesis,
achieve an ammonia formation rate of 0.39 mgmg� 1 Cu h� 1 and
a FE of 99.7% at � 0.15 V vs RHE.

In summary, the electrocatalytic performance of Cu is
strongly influenced by the exposed crystal planes, with Cu (100)
being more effective in acidic environments and Cu (111)
excelling under neutral or alkaline conditions. Therefore,
exposing specific crystal planes based on operational conditions
can significantly enhance the efficiency of NO3

� RR.

4.3. Defects Engineering

Defect engineering can disturb the periodic structures of lattice
to induce the redistribution of the electrocatalyst electronic
structure.[52] Importantly, the design and fine modulation of
structural defects in Cu-based nanostructures for selective
nitrate-to-ammonia reduction is rarely reported.

An example is Xu et al.[46] who synthesized defect-rich Cu
nanoplates (dr-Cu NPs), obtained by in situ electroreduction of
pre-synthesized CuO nanoplates (CuO NPs) as starting materials.
In dr-Cu NPs, the defect-rich structure alters the surface atomic
charge distribution compared to an ideal lattice, improving the
charge transfer between the electrocatalyst and the electrolyte
and promoting the adsorption and conversion of reaction
intermediates. Additionally, atomic defects generated from
oxygen loss and phase transitions lead to the formation of pits,
steps, and irregular edges on the surface, increasing the
number of active sites and facilitating the adsorption, enrich-
ment and confinement of reagents and reaction intermediates
on the catalyst surface.

Consequently, the electrocatalyst exhibited improved NH3

production rate and FE compared to Cu nanoplates, achieving
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values of 781.25 mgh� 1mg� 1, and 81,99%, respectively. In
conclusion, defect engineering is an effective way to promote
catalytic performance by optimizing the interfacial charge
transfer and the adsorption of reagents and reaction intermedi-
ates on the catalyst surface.

4.4. Support

Morphology control alone may not be sufficient to optimize the
electrocatalytic performance, and selecting appropriate electro-
catalyst supports to disperse Cu could enable support-metal
interactions and improve charge and mass transport kinetics.[53]

Carbon-based materials, such as carbon nanotubes, gra-
phene, carbon black, and conjugated polymers, are widely used
as support materials due to their porous structure, varied
morphologies, high electrical conductivity, and large specific
surface area.[54]

For example, Song et al.[47] encapsulated Cu nanoparticles
within a porous carbon framework (Cu@C), achieving an FE of
72.0% at � 0.3 V vs RHE, which is 3.6 times higher than that of
Cu nanoparticles.

The Cu@C electrocatalyst was synthesized by pyrolyzing the
Cu- Benzene-1,3,5-tricarboxylate (BTC) metal-organic framework
(MOF) at 700 °C in H2 atmosphere. The porous carbon frame-
work generates an “enrichment effect,” concentrating NO3

�

near the active sites, thereby facilitating mass transfer and
enhancing the reaction rate. Additionally, the carbon framework
reduces the charge transfer resistance (Rct) of Cu@C compared
to Cu, enabling more efficient electron transfer. Overall,
employing carbon-based support represents a promising strat-
egy to optimize charge and mass transport.

4.5. Doping

The incorporation of modifier elements is recognized as an
effective approach to adjusting the electronic properties of
metals.[55]

Among various dopants, boron (B) stands out due to its
electron configuration (2 s2 2p1), which includes an empty
orbital capable of readily accepting electrons from Cu. Zhang
et al.[56] produced Cu doped with B (Cu(B)), where the empty
orbital of B receives electrons from Cu, modifying its local
electronic states. In fact, theoretical and experimental results
acknowledge that B-doping increases Cu+ concentration and
upshifts the d-band center of Cu, improving the NO3

� to NH3

conversion activity. The Cu(B) electrocatalyst was prepared via a
simple low-temperature chemical reduction process, using
copper chloride (CuCl2) as precursor and sodium borohydride
(NaBH4) as both the B source and reducing agent under the Ar
atmosphere. Under 100 ppm NO3

� electrolyte, this electro-
catalyst exhibits a remarkable 100% FE and a high NH3 yield
rate of 0,31 mmolh� 1mg� 1.

Similarly, Gou et al.[57] also reported efficiently utilizing B-
doped Cu nanowires as an electrocatalyst, denoted as B� Cu
NWs/CF. The electrocatalyst was synthesized via an oxidation-

reduction method. Initially, Cu (OH)2 nanowires were grown
in situ on the Cu foam through the oxidation of Cu using a
solution of NaOH and (NH4)2S2O8. Subsequently, NaBH4 was
used also in this case as both the B source and reducing agent,
resulting in the final B� Cu NWs/CF structure. DFT calculations
confirmed that the successful incorporation of B into Cu
nanowires effectively inhibited HER and the production of other
by-products.

Overall, the activity of the electrocatalyst can be further
boosted by heteroatom dopants due to local interfacial charge
redistribution.

4.6. Alloying

Despite the good electrocatalytic performance of Cu single
crystals, their *H adsorption capacity is low, hindering hydro-
genation reactions.[58] To improve this aspect, the inclusion of
noble metals such as Pd,[59] Pt,[60] Au,[61] Ru,[62][63] and Rh[34] has
been implemented.

For example, Liu et al.[34] obtained Cu nanowires coated
with Rh clusters and single atoms (Rh@Cu NWs). They were
synthesized by first fabricating Cu2O nanowires, which were
electrochemically reduced to Cu nanowires, followed by a
galvanic replacement reaction with Rh3+ ions to deposit Rh
clusters and single atoms on the Cu surface. The synergistic
electrocatalytic cooperation between Rh and Cu sites effectively
accelerates the surface hydrogenation rate, allowing a very high
NH3 yield rate. Fairly, insufficient doping of Rh may not show a
clear synergistic effect between Cu and Rh, while an excessive
loading will favor competing HER. Hence, Cu sites preferentially
stabilize reaction intermediates, while Rh sites adsorb *H, which
are then transferred to the intermediates absorbed on Cu sites,
which is confirmed by different investigations, including
Electron Paramagnetic Resonance (EPR).

Alloying Cu with another metal to create bimetallic electro-
catalysts is another effective strategy, similar to the use of
heteroatom dopants, to regulate its electronic structure. For
instance, Wang et al.[64] recently synthesized CuNi alloys with
various compositions, where Ni allowed the regulation of the
affinity of intermediates, favoring their adsorption on the
surface of Cu. Studies conducted by Ultraviolet Photoelectron
Spectroscopy (UPS) show how increasing the Ni composition in
the alloys results in a shift of the d-band center towards the
Fermi level, resulting in a decrease in anti-bonding occupancy
and stronger bonding of intermediates, which is also confirmed
by DFT calculations.

However, the introduction of an excessive amount of Ni, as
in the case of Cu30Ni70, significantly affects the affinity of
intermediates, lowering selectivity and activity.

In summary, alloying Cu with a second metal could
introduce synergistic effects that enhance catalytic performance
by creating new active phases and regulating electronic
structures. This approach optimizes intermediate adsorption
and offers a path to overcome the limitations of Cu single
crystals, like its low *H adsorption capacity.
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4.7. Heterojunction

In electrocatalysis, interactions at the interface between differ-
ent phases are essential for influencing catalytic performance.[65]

Wang et al.[66] synthesized CuO nanowires (NWAs) by heat
treatment of Cu (OH)2 in the presence of oxygen, which were
then converted into Cu/Cu2O NWAs in situ during the electro-
chemical process.

The conversion process from CuO NWAs to Cu/Cu2O NWAs
was confirmed by in situ Raman spectroscopy, which revealed a
gradual disappearance of the characteristic peaks of CuO with
increasing applied potential, accompanied by the emergence of
the characteristic peaks of Cu2O. (Figure 5a) Furthermore, the
Low-Mass Metal Auger Electron Spectroscopy (LMM AES)
spectrum made after the electrochemical reduction, shows the
presence of characteristic peaks of both Cu and Cu+, while the
peak of Cu2+ is absent; this confirms the conversion process
and the presence of Cu, whose signal was not visible in the
Raman spectroscopy. (Figure 5b) The Cu/Cu2O interface was
proved as the active site.

Combined results from Differential Electrochemical Mass
Spectrometry (DEMS) and DFT calculations demonstrated that
the electron transfer from Cu2O to Cu at the interface facilitates
the formation of the *NOH intermediate compared with Cu,
suppressing competitive HER, and leading to high activity and
high selectivity. (Figure 5 c, d)

Inspired by this work, Xu et al.[67] produced Cu nanowires
with surface layers of Cu2+1O (Cu@Cu2+1O NWs). In this
structure, the Cu core ensures high electron conductivity, while
the Cu2+1O layer offers abundant catalytic sites. Moreover, the

electronic interaction at the Cu/Cu2+1O interface shifts the d-
band center, effectively modulating the adsorption energies of
intermediates.

Overall, constructing heterojunction structures in electro-
catalysis has proven to be a highly effective strategy for
enhancing catalytic performance. For instance, the interfacial
interactions between distinct phases, such as Cu and Cu2O, play
a crucial role in stabilizing reaction intermediates and suppress-
ing competing HER.

4.8. Single-Atom Catalysts (SACs)

Single-atom electrocatalysts (SACs) have recently attracted
increasing attention due to their maximum efficiency in utilizing
atoms and superior electrocatalytic performance, demonstrat-
ing significant potential also as electrocatalysts for the NO3

� RR.
The main advantages of SACs are provided by:

a. High activity is due to fully exposed active sites and low-
coordination metal centers that facilitate the adsorption and
conversion of reactive species.[68]

b. High selectivity due to isolated active sites minimizes the
possibility for two intermediates located on adjacent sites to
form coupled N2 products, such as N2O, N2, or N2H4.

[69]

c. Appreciable stability is due to strong interactions between
the individual atoms and the surrounding coordinating
atoms, which stabilize and protect the metal centers.,[70][71]

Considering this family of electrocatalysts, Chen et al.[72]

synthesized O� Cu-PTCDA incorporating an optimum content of
Cu in an organic molecular solid (3,4,9,10-perylenetetracarbox-

Figure 5. (a) In situ electrochemical Raman spectra of CuO NWAs at different potentials (b) Cu LMM AES spectra (c) The reaction energies of H2 formation over
Cu/Cu2O NWAs and Cu NWAs. (d) Free-energy diagram of NO3RR on Cu NWAs and Cu/Cu2O NWAs. Adapted with permission from Ref.,[66] Copyright 2020,
Wiley.
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ylic dianhydride, PTCDA), however low NH3 yield rate is
obtained.

Modulating the coordination environment of Cu is thus a
crucial strategy for enhancing the performance of atomically
dispersed Cu electrocatalysts. In this regard, Gao et al.[71]

modified crystalline Th-BPYDC (2,2’-bipyridine-5,5’-dicarboxylic
acid, BPYDC) to obtain Cu@Th-BPYDC, where the Cu sites
exhibited a novel square unsaturated coordination structure
determined by single-crystal X-ray diffraction. Interestingly, it
results in a strategy for combining NH3 production and storage.
In fact, authors report that the open single-site Cu serves both
as an electro-catalytic active site to promote the NO3RR and as
a Lewis acid center to enhance the interaction with NH3

molecules.
Another example is shown by Cheng et al,[73] where Cu-cis-

N2O2 was designed and fabricated. This electrocatalyst presents
a symmetry-broken Cu single-atom with Cu coordinated by two
N and two O atoms in the cis-configuration, rendering the
active site more polar; thus, it’s able to accumulate more NO3

�

near the surface and reduce the energy barrier for the
formation of the key reaction intermediate *NOH by forming a
π-complex.

Several studies have demonstrated that Cu-based diatomic
sites exhibit superior electrocatalytic performance compared to
Cu-based single-atomic sites.

For instance, Wang et al.[74] reported a Cu/Ni� N� C electro-
catalyst, where Ni, allows the regulation of intermediates
affinity, favoring their adsorption on the Cu surface.

To sum up, creating a single atom size offers unique
advantages, including maximized atomic utilization, high
selectivity through isolated active sites, and appreciable stability
due to strong coordination with surrounding atoms. These
properties, combined with strategies like modulating the
coordination environment and integrating diatomic sites,
position SACs as promising candidates for advancing NO3

� RR
performance.

4.9. Comparison Among the Different Cu-Based
Electrocatalysts

As anticipated in the previous sections, particular attention has
been recently dedicated to the development of Cu-based
electrocatalysts. For this reason, on the basis of the key
parameters that influence the activity and selectivity of copper
for NO3

� RR (i. e. the structural, morphological and surface
properties of the electrocatalysts as discussed in sections 4.1–
4.8), the recent materials developed in the last three years are
reported in Table 1. The aim is to summarize the more recent
achievements and to provide a future pathway for the design
of future innovative materials, indicating the most influencing
parameters to be modulated. For each reported Cu-based
electrocatalyst, the NH3 Faradaic efficiency (FE) and the
ammonia yield rate are provided, along with the specific
parameters that were modulated to achieve these results.
(Table 1)

5. Conclusions

NO3RR is being recognized as a sustainable approach to
synthesizing ammonia which is essential for the chemical
industry and a key agricultural input conventionally produced
through the hard-to-abate Haber Bosch process. However, there
is inherent competition between the NO3RR and HER and the
development of efficient electrocatalysts with specific structures
capable of suppressing competitive reactions is crucial.

Among the transition metals, Cu emerged as a promising
electrocatalyst thanks to its d-band center position, which not
only optimizes electron transfer during the RDS but also
provides a balanced adsorption strength for NO3

� and reaction
intermediates. This balance enhances NO3

� reduction while
suppressing the HER, improving both efficiency and selectivity
toward NH3 production. Furthermore, from an economic point
of view, its higher availability and low cost compared to most of
the noble metals make it particularly suitable for large-scale
application.

Then, various key parameters have been identified as crucial
factors that affect its activity in the NO3

� RR and a detailed
discussion of each of these has been provided, emphasizing
their roles in catalysis and exploring various design strategies

The design of Cu electrocatalysts through nanostructuring
has proven effective in providing a high surface area and
exposing additional active sites while the introduction of
atomic-scale defects optimizes the interfacial charge transfer
and the adsorption of reagents and reaction intermediates on
the catalyst surface.

Furthermore, facet engineering has shown that specific
crystal planes, such as Cu (100) and Cu (111), exhibit unique
catalytic properties depending on the pH of the solution. Cu
(100) demonstrates superior performance in acidic conditions,
while Cu (111) excels under neutral and alkaline conditions,
highlighting the importance of tailoring the exposed planes to
operational conditions for maximizing efficiency.

The integration of carbon-based support offers additional
advantages, such as improved charge and mass transport
kinetics while the incorporation of heteroatom dopants intro-
duces local charge redistribution effects that stabilize reaction
intermediates and suppress HER, resulting in increased Faradic
Efficiencies. Similarly, alloying Cu with other metals to create
bimetallic electrocatalysts, is an effective strategy to regulate Cu
electronic structure, shifting the d-band center towards the
Fermi level, resulting in a decrease in anti-bonding occupancy
and stronger bonding of intermediates.

Bimetallic electrocatalysts can also function as tandem
systems, where Cu sites preferentially stabilize reaction inter-
mediates, while the second metal adsorbs *H, subsequently
transferring it to the intermediates on Cu sites. This approach
accelerates the surface hydrogenation rate, effectively address-
ing the low *H adsorption capacity of Cu. The heterojunction is
another effective strategy in electrocatalysis, utilizing interfacial
interactions between distinct phases, such as Cu and Cu2O, to
stabilize reaction intermediates and suppress the competing
HER.
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Finally, single-atom electrocatalysts represent a promising
avenue, offering exceptional activity and selectivity due to their
maximized atomic utilization and isolated active sites.

By modulating the coordination environment of single Cu
atoms or incorporating diatomic sites, researchers have further
improved the efficiency and stability of these systems.

In conclusion, the combination of nanostructuring, facet
and defect engineering, support, doping, alloying, heterojunc-
tion and creating SACs have been revealed as efficient
strategies to enhance the electrocatalytic performance of Cu.
However, despite these advancements, challenges remain.
Current mechanistic studies on NO3RR over Cu are limited, with
much of the understanding extrapolated from studies on Pt-
based electrocatalysts. Thus, further research is needed to
elucidate the electrocatalytic mechanism of NO3

� reduction to
NH3 specifically on Cu.

As shown in Table 1, some electrocatalysts meet the specific
targets for industrial production established by the REFUEL
program.[39] However, current tests conducted in ’clean’ buffer
solutions do not accurately reflect the complexity of real
wastewater, not considering the influence of ion contamination,

organic pollutants, and solid sediments. Therefore, further
evaluation of NO3-RR performance under realistic conditions still
needs to be further evaluated.
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Table 1. Recently reported Cu-based electrocatalyst for NO3
� RR. For each material, it is reported: the nature of the electrocatalysts, the experimental

conditions (electrolyte), the performances expressed as i) Faradaic Efficiency (FE), ii) ammonia yield rate, iii) current density and iv) potential. In the last
column, the key parameters that were modulated are highlighted.

Electrocatalyst Electrolyte FE
(%)

NH3 yield rate Current Density
(mA cm� 2)

Potential
(vs RHE)

Key Param-
eters*

Ref.

Cu foil 10 mMKNO3,
0.1 M KOH

30 3.9 ugh� 1 cm� 2 ~ � 0.36 � 0.15 – [44]

Cu nanoparticle 10 mMKNO3,
0.1 M KOH

61 0.22 mgh� 1 cm� 2 ~ � 4.65 � 0.15 1 [44]

(111) facet exposed Cu
nanosheets

10 mMKNO3,
0.1 M KOH

99.7 0.39 mgh� 1 cm� 2 ~ � 4.92 � 0.15 1, 2 [44]

(111) facet exposed Cu
nanodisk

10 mMKNO3,
0.1 M KOH

81.1 2.16 mgmg� 1h� 1 – � 0.5 1, 2 [51]

dr-Cu NPs 0.5MK2SO4,
50 ppm KNO3

81.99 0.78 mgmg� 1h� 1 ~ � 30 � 0.646 1, 3 [46]

Cu@C 1 mM NO3
� 72 ~0.32 mgh� 1 cm� 2 ~ � 4 � 0.3 1, 4 [47]

Cu (B) 0.5 M Na2SO4, 0.1 M PO4
3� ,

100 ppm NO3
�

100 0.31 mmolh� 1mg� 1. ~70 � 0.6 1, 5 [56]

Vcu-Au1Cu SAAs 0,1 M KOH, 7,14 mM NO3
� 98.7 0.55 mgh� 1 cm� 2 – � 0.2 2, 3, 6, 8 [61]

Cu50Ni50 1 M KOH, 0.1 M KNO3 99 – ~ � 90 � 0.1 1, 6 [64]

Rh@Cu NWs 0.1 M Na2SO4, 0.1 M KNO3 93 ~0.76 mmolh� 1 cm
� 2

~ � 162 � 0.2 1, 6 [34]

Cu/Cu2O NWAs 0.5 M Na2SO4, 14,3 mM NO3
� 95.8 0.24 mmolh � 1cm� 2 – � 0.196 1, 7 [66]

PdCu/Cu2O 0.5 M Na2SO4, 100 mg L� 1

NO3
� -N

94.32 0.19 mmolh� 1cm� 2 ~ � 50 � 0.8 1, 6, 7 [75]

O� Cu-PTCDA 500 ppm NO3-, 0.1 M PBS 85.9 0.025 mmolh� 1cm� 2 – � 0.4 8 [72]

Cu@ThBPYDC 1 M KOH, 100 mM KNO3 ~80 ~0.3 mmolh� 1cm � 2 ~ � 80.7 � 0.1 4, 8 [71]

Cu-cis-N2O2 SAC 1000 ppm N-KNO3, 0.5 M
Na2SO4

88.46 27.84 mgh� 1 cm2 ~ � 366 � 1.6 3, 8 [73]

Cu/Ni� N� C 100 ppm NaNO3, 0.5 M
Na2SO4

97.28 0.32 mmolh � 1cm� 2 – � 0.7 6, 8 [74]

* Key parameters: 1. Size and morphology. 2. Facet Engineering. 3. Defects engineering. 4. Support. 5. Doping. 6. Alloying. 7. Heterojunction. 8. Single-atom
catalysts (SACs)
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The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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REVIEW

Electrochemical nitrate reduction
(NO3

-RR) is an alternative way to syn-
thesizing ammonia. This review
focuses on copper-based electrocata-
lysts and current state of research
employing copper-based materials is
presented. NO3

-RR reaction mecha-

nisms are described. Then, various
electrocatalyst fabrication routes and
designing strategies are reviewed,
emphasizing the role of the evolved
structure, morphology, textural prop-
erties and surface chemistries in
improving the reaction kinetics.
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