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ABSTRACT

Ammonia, with its wide-ranging applications in global industries, plays an indispensable role in the
growth and sustainability of modern society. Electrochemical nitrate reduction (eNO3sRR) presents an
environmentally friendly pathway for ammonia production, sidestepping the energy consumption and
greenhouse gas emissions associated with the conventional Haber—Bosch process. However, developing
efficient and selective catalysts for eNOsRR is challenging due to its intricate multiproton-coupled
electron transfer process and the competing hydrogen evolution reaction. This review dives deep into
the recent advancements in eNO3RR, shedding light on the mechanism through in situ spectroscopic
studies and innovative strategies for catalyst design. We first lay out the possible reaction pathways and
products in eNO3RR and then introduce a variety of in situ electrochemical characterizations that provide
real-time insights into the reaction mechanism. We also explore strategies for rational electrocatalyst
design to optimize the performance. Representative examples of advanced materials with high activity,
selectivity, and stability are highlighted to underscore the progress made in this field. Finally, we outline
emerging opportunities and future directions, such as developing multifunctional nanostructured cat-
alysts through integrated computational and combinatorial approaches. This review aims to provide
valuable insights and guidance for developing nitrate electroreduction and the efficient production of

green ammonia in industry.
© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and
similar technologies.

1. Introduction

recently shifted toward ammonia (NH3). As an energy storage so-
lution, NH3 can be catalytically decomposed to produce hydrogen,

As the world grapples with the pressing need for carbon
neutrality, countries globally are in pursuit of next-generation en-
ergy technology [1]. Hydrogen, with its wide combustion limit
range, low ignition energy, and rapid flame propagation speed, is
emerging as a promising zero-carbon fuel of the future [2]. Green
hydrogen, in particular, serves as an effective pathway to achieve
carbon neutrality. However, the large-scale application of hydrogen
energy faces several challenges. These include the economic con-
straints of electrolytic water technology, safety risks associated
with storage and transportation, and slow construction of sup-
porting infrastructure, all of which impede its commercialization
process [3,4]. In light of these challenges, global attention has

* Corresponding author.
E-mail address: johnnyho@cityu.edu.hk (J.C. Ho).

https://doi.org/10.1016/j.mtener.2024.101610

thereby addressing the issue of low-cost, long-distance trans-
portation of hydrogen energy. It also provides a solution for the
large-scale utilization of green hydrogen, further expanding the
scale of the hydrogen energy industry [5,6]. From an energy
perspective, ammonia’s complete combustion products are only
nitrogen and water, making it an ideal clean fuel substitute for coal
in power systems and fossil fuels in engines [7]. Many countries
actively invest in research, development, and planning of ammonia
energy technology in response to this potential. Ammonia’s ad-
vantages in storage and transportation are shifting its research
focus from traditional agricultural fertilizer to renewable energy
sources. With a high energy density (4.32 kW/h/L) and hydrogen
storage capacity (17.6%), NHs is emerging as a potential renewable
energy carrier [8]. Consequently, governments worldwide are
incentivizing the development of clean ammonia synthesis,
marking a significant stride toward a sustainable future.
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Traditional technology to produce ammonia is the Haber—Bosch
(H—B) method, which combines N and H; under high temperature
(350—500 °C) and high pressure (150—300 atm) by using hetero-
geneous iron-based catalysts (N + 3H; —  2NHj,
AH® = —45.940 kj/mol, A(G® = —16.047 k]/mol) [8—10]. This pro-
cess is energy-intensive and not environmentally friendly because
it consumes 1—-2% of global energy and releases 1% of total green-
house gases annually. More importantly, H, production, as the
feedback of the H—B process through steam methane reforming,
makes up 80% of the energy consumed [11,12]. Alternatively, elec-
trocatalytic nitrogen (N3 ) reduction (eNRR) provides possibilities to
synthesize NH3 directly from water and air under ambient condi-
tions, which is more sustainable and environmentally friendly than
the H—B process by breaking the limitation of thermodynamic
equilibrium [13,14], followed by equation (1):

N + 6H,0 + 6e~ — 2NH3 + 60H" (1)

The process involves the hydrogenation of N, accomplished by
consecutive proton and electron transfer, which are from the
electrolyte (for proton) and the current passing through the cath-
ode (for electron). Although the emergence of eNRR provides a
solution to address the environmental pollution problems of the
H—B method, it is still a relatively new and underdeveloped tech-
nology. The low solubility of Ny in electrolytes and highly stable
N=N bond (about 941 kJ/mol) lead to a despondent ammonia
production rate [15]. The eNRR also suffers from low faradaic effi-
ciency (FE), which is attributed to competing side reactions, such as
hydrogen evolution, owing to the close standard reduction poten-
tial between HER (0 V vs. RHE) and NRR (0.09 V vs. RHE), as shown
in Fig. 1a. To this end, electrochemical nitrate reduction (eNO3RR) is
emerging as an ideal alternative method for ammonia electrosyn-
thesis, which follows equation (2):

NO3 + 6H,0 + 8~ — NH3 -+ 90H™ )
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The eNO3RR not only has the lower bond energy of N—O (204 k]/
mol) but also the higher theoretical reaction potential (0.69 V vs.
RHE) compared with NRR, making sure a high selectivity due to the
wider reduction potential range without competing HER [16].
Therefore, it is much thermodynamically easier to handle relative
to the eNRR process. Meanwhile, nitrate (NO3) pollution poses
significant harm to the environment, particularly in water systems,
and can harm aquatic ecosystems and human health. At present,
there are several physical and chemical treatment methods on the
market, such as electrodialysis, reverse osmosis, ion exchange, etc.,
which can be used to collect nitrate from wastewater to obtain
high-concentration nitrate brine for after treatment [17]. The
eNO3RR to high-valued NH3 by utilizing renewable electricity is not
only effective in relieving the energy and resources crisis but also
helpful in the removal of nitrate pollution in wastewater. Based on
the above considerations, electrochemical nitrate reduction to
ammonia provides a promising solution for restoring the balance of
the global nitrogen cycle, which can effectively treat nitrogen pol-
lutants while producing NH3 of high economic value [18]. However,
during the reaction, due to the high energy of the lowest unoccu-
pied molecular orbital 7v* in NO3, the charge injection into the 7*
orbital is unsmooth. Therefore, the slow kinetics of the reaction is
an insurmountable problem [19—21]. At the same time, the reac-
tion process involves multiple reaction pathways and in-
termediates, and there are many by-products. Therefore, finding
efficient and highly selective catalysts is crucial to achieve high
eNO3RR performance.

Having an in-depth understanding of the reaction mechanism is
necessary to design and synthesize efficient eNO3RR electrocatalysts,
which involves four aspects, including nitrogen-containing reaction
intermediates, the active sites of the catalyst, the interaction between
reaction intermediates and active sites, and kinetic analysis. Although
the number of works on eNO3RR has increased rapidly these years,
the performance evaluation parameters and test methods of different
works are complex and varied, highlighting the difficulty of screening

Fig. 1. The reduction potentials and possible reaction pathways of eNOsRR. (a) Comparison of standard reduction potentials for HER, eNRR, and eNOsRR. (b) Possible reaction

pathways of eNOsRR.
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efficient materials. Therefore, there is an urgent need to summarize
these works. This review first briefly summarizes the possible
reaction pathways and products in eNO3RR. A definite and systematic
overview of various electrochemical in situ characterization
techniques is then reviewed to help understand better the reaction
intermediates and study the dynamic evolution of electrocatalysts.
Next, different strategies for electrocatalyst design are summarized,
which provide a mentality of designing and developing
electrocatalysts with high ammonia production rates and selectivity.
Finally, the review projects future development trends and challenges
in this field.

2. The theoretical insight of possible pathways of eNO3RR

Since the valence state of nitrogen ranges from —3 to +5,
eNO3RR involves a variety of reaction intermediates and products,
including N; and NH3, which are the most stable products, and N,O,
NO, which are the harmful by-products, making the reaction pro-
cess complicated [22]. Theoretical investigations provide valuable
insights into the possible pathways of eNO3RR and help understand
the underlying mechanisms involved in the reaction. As reported,
the concentration of nitrate and the acidity of the electrolyte closely
affect the mechanism of the electrochemical reduction of nitrate,
which divides the possible pathways of eNO3RR into two parts,
which are the indirect autocatalytic pathway and the direct elec-
trocatalytic reduction pathway [23—25]. When nitrate concentra-
tion is over 1 M in highly acidic environments (>1 M) in the
presence of nitrite or high concentrations of nitric acid (>4 M), an
indirect autocatalytic pathway will occur, in which nitrate itself is
not involved in the electron transfer. The process could be
described as follows:

HNOs3 + 2H' 4 2e” — HNO; + H,0 3)

Here, nitric acid (>4 M) is a critical concentration that is ther-
modynamically unstable and could decompose to small amounts of
HNO-, NO, and NO,, which means it is also in highly acidic envi-
ronments [26]. In this pathway, NO" and NO; radicals are electro-
active substances, further activating the autocatalytic mechanism.
Based on these two electrochemically active species, the indirect
reaction mechanism involves two pathways, namely the Vetter
pathway and the Schmid pathway [26,27]. On the other hand, the
direct electrocatalytic reduction mechanism occurs in alkaline
media with relatively low nitrate ion concentrations. Conversion of
nitrate-containing wastewaters to ammonia usually follows the
direct electrocatalytic reduction mechanism because they contain
nitrate ion concentrations below 1 M. During the direct electro-
catalytic reduction process, there are three procedures: the
adsorption of nitrate ions on the electrode surface, the charge
transfer, and the desorption of products (Fig. 1b). To trigger eNO3RR,
the adsorption of nitrate ions is a crucial step. It refers to the
attraction and accumulation of nitrate ions on the surface of the
electrode. Bae et al. [28] have investigated the nitrate adsorption
and reduction of Cu (100) in an acidic solution. In situ electro-
chemical scanning tunneling microscopy and surface-enhanced
Raman spectroscopy provide valuable insights into the adsorption
behavior of nitrate ions, which suggest that the Cu (100) surface is
covered by nitrate molecules from the open circuit potential (OCP,
0.03 V vs. Ag/AgCl) to a potential of —0.3 V vs. Ag/AgCl, then by
nitrite in the range from —0.3 to —0.5 V vs. Ag/AgCl. This work
proves that adsorbed nitrite ions are an intermediate in the nitrate
reduction. However, while adsorption is a crucial step, it can pose
challenges. High concentrations of nitrate ions can lead to satura-
tion of the electrode surface, limiting the efficiency of the reduction
process. Furthermore, other ions in the solution, such as sulfate or
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chloride ions, may compete with nitrate ions for adsorption sites on
the electrode surface, potentially inhibiting the nitrate reduction
process [29]. Therefore, improving nitrate adsorption at the active
site within different concentrations and avoiding interference from
impurity ions is one of the major challenges in eNO3RR. Several
strategies can be employed to optimize the adsorption process.
These include modifying the electrode surface to enhance its
adsorption capacity, adjusting the pH of the solution to favor nitrate
ion adsorption, or applying an optimal voltage to facilitate the
adsorption and reduction processes. Furthermore, materials with a
high surface area or porous structure benefit from adsorbing nitrate
ions [30]. In the next step, charge transfer can be carried out
through electron reduction and absorbed hydrogen reduction. As
shown in Fig. 3, for absorbed hydrogen reduction, water is first split
to generate absorbed hydrogen atoms on the surface of the elec-
trode. As a strong reducing agent (Eog(H"/H) = —2.31 V vs. SCE), H*
can be used to mitigate several intermediates, such as NOy*, NO*,
N*, and NHy*, ultimately producing NH3 or N5, as equations (5) and
(6). However, because forming N=N has a higher activation energy
of about 0.75 eV than that of H* (0.10 eV), and the formation of N—H
bonds initiated by H* is kinetically more favorable than N—N bonds
[31], NH3 is more preferred to be reduced by H*.

H,0 + e~ — OH™ + H* (where * represents an active site on the

electrode surface) (4)
NO3 + 3H* — NH3 + 20H™ (5)
NO3 + 5H* — N, + 3H,0 (6)

As for the electron reduction mechanism, nitrate is reduced to
absorbed nitrite (NO2) and then to Ny or NHs. The process involves
the transfer of electrons from the electrode to the nitrate ions. This
reaction pathway is generally favored under acidic conditions and
requires a high overpotential (extra energy needed to drive the
reaction). The steps of this reaction are as follows:

NO3 + 2H" + 2e~ — NO3 + H,0 (7)
NOz + 4H™ + 3e~ — NH3 + Hy0 (8)
NOz + 6H" + 5e~ — Ny + 3H,0 (9)

In both pathways, the choice of the electrode material can
significantly affect the reaction efficiency and selectivity. For
example, some metals prefer to adsorb hydrogen than nitrate ions
owing to the electronic structure, like Ni, Pt, etc. [24,32,33]. In
contrast, some others, like the Cu electrode [34], have a strong
binding ability toward nitrate ions; these characteristics favor them
catalyzing nitrate by various pathways. Consequently, such
different adsorption characteristics arouse the research interest in
tandem catalysts. These catalysts work cooperatively, with each
catalyst performing a specific reaction step and the intermediate
products formed by one catalyst serving as the reactants for the
subsequent catalyst [35]. For example, in CuNi alloy, Cu prefers to
bind with NO3 while Ni quickly absorbs H*, which is favorable for
deoxygenation and hydrogenation in eNO3RR [36]. After the NO3
are adsorbed on the electrode surface (NO3*) and then reduced to
NO,* and NO*, the adsorption behavior of NO*, classifying to O-
end, NO-end, and N-end, determines the following reaction pro-
cedure and corresponding products. If NO* is adsorbed at the O-
end, NO* undergoes further reduction to NOH* (equation 10).
Subsequently, HoNO* is obtained by further protonation (equation
11), and then the direct protonation leads to the production of NH3
and OH™ (equations 12 and 13).
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NO* + H* 4+ e~ — NOH* (10)
NOH* + H + e~ — H,NO* (11)
H;NO* + HY + e~ — NH3 4 *O (12)
*Q + H* + e"— OH~ (13)

In a different scenario, when NO* is not end-adsorbed (NO—end-
adsorbed), the subsequent protonation process can be categorized
into two types: one where hydrogen (H) is adsorbed on nitrogen
(N) and the other where hydrogen is adsorbed on oxygen (O). If the
N-side is formed, the subsequent reduction will follow the same
process as the O-end, proceeding by the equations (11)—(13). In the
case of O—H formation, further protonation on oxygen leads to the
creation of N* and water (equation 14). Subsequently, three
consecutive direct protonation processes on N* produce NH*, NHy*,
and ultimately NH3 (equations 15—17).

NOH* + H* + e~ —»N* + H,0 (14)
N* + H" + e~ — NH* (15)
NH* + H* + e~ — NHy* (16)
NHy* + HY + e~ — NHj3 (17)

In the last type, if NO* is adsorbed at the N-end, the corre-
sponding products strongly rely on the N—N bonding between NO*
and solvated NO(aq). If an N—N bond forms between them, the
reaction process will be NO*—HN;0,* —Ny0* — Ny;OH*— Ny,
accompanied by the participation of protons and electrons. In cases
where there is no N—N dimerization between NO* and solvated
NO(aq), NO* is further reduced to NOH* (equation 10), and the
following procedures are the same as equations (14)—(17).

In summary, eNO3RR is a complex reduction process that in-
volves several possible reaction pathways. It faces some intrinsic
challenges that impact its efficiency and practical implementation.
For example, the electron reduction mechanism requires high
overpotential because of nitrate’s thermodynamic stability and
competing reactions at the electrode surface, increasing energy
consumption, and limiting the overall efficiency; the multiple
possible reaction pathways lead to sluggish kinetics. Therefore,
developing efficient and stable catalysts and understanding the
fundamental reaction mechanisms for eNO3RR is highly significant.

3. Electrochemical in situ characterizations for eNO3RR

Since the eNO3RR is a complicated multiproton-coupled elec-
tron transfer reaction, eNO3RR involves a variety of reaction in-
termediates and products, making it a challenge to investigate the
reaction mechanism. Therefore, electrochemical in situ character-
izations are paramount in the study of eNO3RR. Firstly, electro-
chemical in situ characterizations provide real-time information
about the electrochemical processes occurring at the electrode
surface during nitrate reduction [37]. This helps understand the
reaction mechanisms, including intermediate species formation
and their transformation pathways. Secondly, in situ techniques
enable the identification of active sites on the catalyst surface
where nitrate reduction occurs, which is vital for tailoring catalysts
to maximize their catalytic activity and selectivity [38]. On the
other hand, by monitoring the electrochemical behavior of catalysts
in real-time, researchers can optimize the design and composition
of catalyst materials for enhanced nitrate reduction performance.
For example, in situ characterizations help evaluate the stability of
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catalysts over extended periods, offering insights into degradation
mechanisms, and suggesting strategies for improving durability
[39]. Therefore, the continued development of electrochemical in
situ techniques contributes to technological innovation. Advanced
characterization methods, including operando spectroscopy and
microscopy, enable researchers to explore new materials and
techniques for nitrate reduction. In this section, some typical
electrochemical in situ characterizations are introduced in the
application of eNO3RR.

3.1. Electrochemical in situ differential electrochemical mass
spectrometry measurement

Differential electrochemical mass spectrometry (DEMS) is a
powerful analytical technique that combines electrochemical
methods with mass spectrometry to provide real-time information
about the gas-phase products generated during electrochemical
reactions [40]. In the eNO3RR, DEMS allows for the simultaneous
measurement and identification of gas-phase products generated
during nitrate reduction, like NO,, NO, and NHj3. Furthermore, by
monitoring the mass spectrometric signals, DEMS enables quanti-
tative analysis of the gas-phase products. Because of the advantages
of the real-time and high sensitivity of DEMS, it allows for the
identification of short-lived species that other analytical techniques
might miss, so DEMS is particularly valuable for capturing transient
species and reaction intermediates that may play a role in the ni-
trate reduction pathway [41,42].

Fig. 2a shows the general features of a DEMS device for analyzing
advanced rechargeable batteries. The constitution includes inlet/
outlet gas lines, a DEMS cell, a gas-detecting spectrometer, and a
data-processing computer. In eNO3RR, the DEMS instrument is the
same as that of batteries except that the battery cell is replaced by an
electrochemical reaction cell [43]. Therefore, when nitrate is reduced
during the electrochemical reaction, the gas products are collected
through the inlet/outlet line. This prevents electrolyte penetration
and partitions the electrochemical reaction cell from the vacuum
system for mass spectrometry. Under the vacuum system, sub-
stances vaporized are quantitatively and qualitatively measured in
real-time by mass spectrometry using ion currents, and mass spec-
trometry data is recorded using a networked computer server.
Therefore, applying in situ DEMS measurements in eNO3RR offers a
valuable tool for understanding the electrochemical reaction dy-
namics, identifying reaction intermediates, and optimizing catalysts
for enhanced performance in both environmental and energy-
related applications. For example, Zang et al. [44] synthesized an
eNOs3RR catalyst of (NH4)g[ Ago(mba)g] nanoclusters loaded on TizC;
MXene (Ago/MXene). They used online DEMS for four cycles to
detect the gas products under the potential from 0.05 to —0.95 V vs.
RHE (5 mV/s). The mass-to-charge (m/z) signals of 30, 17, 16, and 15
that correspond to NO, NH3, NHy, and NH are shown in Fig. 2b,
respectively. Additionally, m/z signals of 2 come from Ho, generated
from the competitive HER. Furthermore, in the work from Shao et al.
[45], besides the signals of 17 that represent the NH3 product, the
weak m|z signals of 2 and 30 are contributed to H, and NO (Fig. 2c¢).
Looking at the y-axis scale bar, it is reasonable that the signal in-
tensity of NO is lower than that of H; by several orders of magnitude
because GC cannot quantify the NO. The results indicate the excellent
NH3s production efficiency and selectivity of the ordered hollow CoP
nanosphere assembled on a self-supported carbon nanosheet array
(CoP—CNS). As mentioned, online DEMS is a promising tool for
confirming the reaction pathways and intermediates of eNO3RR. Yu
et al. [46] found the appearance of NO, NH,OH, and NH3 due to the
m/z signals of 30, 33, and 17 (Fig. 2d). They thus confirmed the re-
action pathways of Cu clusters/TiO,x with abundant oxygen va-
cancies during electrocatalytic nitrate reduction to ammonia. They
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Fig. 2. The application of electrochemical in situ DEMS measurement in eNO3RR. (a) Schematic diagram of a DEMS device, including inlet/outlet gas lines, a DEMS cell, a gas-
detecting spectrometer, and a data-processing computer. Reproduced with permission [43]. Copyright 2023, John Wiley and Sons. In situ DEMS analysis in electrocatalytic
eNOsRR process: (b) Ago/MXene. Reproduced with permission [44]. Copyright 2024, John Wiley and Sons. (c) CoOP—CNS. Reproduced with permission [45]. Copyright 2022, Springer
Nature. (d) 10Cu/TiO,.«. Reproduced with permission [46]. Copyright 2022, Royal Society of Chemistry. (e) Rh@Cu—0.6%. Reproduced with permission [47]. Copyright 2022, John

Wiley and Sons.

carried out the density functional theory (DFT) calculations to
simulate the interaction between reactive intermediates and active
species, revealing the active origin of the catalysts. Moreover, Luo
et al. have comprehensively described the reaction mechanism by
online DEMS on copper-supported rhodium clusters and single-atom
catalysts (Fig. 2e) [47]. From 0.78 V to —1.42 V vs. RHE, four cycles all
show the signals of 46, 30, 33, and 17, corresponding to NO,, NO,
NH,O0H, and NHj, respectively. Therefore, the reaction process has
been confirmed to include the deoxygenation reactions (*NO3 —
*NO, — *NO) and hydrogenation steps (*NO — *NOH — *NH,OH
— *NH3).

Therefore, DEMS allows for directly detecting and quantifying
the volatile intermediates/products in eNO3RR by coupling an
electrochemical cell with a mass spectrometer. By monitoring on-
line signals like NO, N,O, and NHs, DEMS enables researchers to
study the temporal evolution of these species, understand their
relationship with reaction conditions (such as electrode potential,
electrolyte composition, and temperature), and optimize the elec-
trochemical process for enhanced selectivity and efficiency.

3.2. Electrochemical in situ fourier-transformed infrared
spectroscopy (FTIR) measurement

FTIR is a powerful analytical technique that can provide valuable
insights into nitrate reduction, especially detecting the formation
and depletion of reaction intermediates and products that may be
too short-lived to capture through conventional ex situ analysis

after a reaction is stopped [48]. Infrared radiation consists of elec-
tromagnetic waves corresponding to the vibrational frequencies of
chemical bonds in samples. When infrared light is directed onto a
sample, it is absorbed by the molecules, causing them to vibrate.
These vibrational modes are specific to different chemical bonds
and thus provide characteristic spectral features in the infrared
region [49]. FTIR has several advantages: i) it allows for real-time
and non-destructive analysis of the reaction mixture, enabling re-
searchers to monitor the progress of eNO3RR without the need for
sampling and subsequent analysis. This capability provides a
unique opportunity to study the reaction kinetics and identify in-
termediate species involved. ii) FTIR provides molecular-level in-
formation about the functional groups present in the reaction
mixture. By tracking the infrared absorption bands corresponding
to nitrate, nitrite, ammonium, and other nitrogen-containing spe-
cies, scientists can monitor the step-wise mechanism of eNOsRR.
The technique has helped identify rate-limiting steps and shed light
on the role of the catalyst under working conditions. iii) in situ FTIR
measurement allows for the study of nitrate reduction under
realistic conditions. It enables the analysis of nitrate reduction in
the presence of various catalysts, such as metal nanoparticles or
enzymes, which can enhance the reaction rate or selectivity. By
monitoring the changes in the FTIR spectra, researchers can
determine the effect of different factors on the reaction and opti-
mize the performance of catalysts [50,51]. However, it is essential to
note some limitations to applying in situ FTIR measurement in
eNOsRR. One limitation is the need for a suitable IR-transparent
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window material to withstand the reaction conditions. Addition-
ally, some reaction products or intermediates involved in eNO3RR
may be present at low concentrations or have weak or low-
intensity vibrational modes, making their detection and charac-
terization challenging [52]. Furthermore, FTIR spectra can exhibit a
wide range of peaks due to the presence of different molecular
species and functional groups and background interference, such as
water vapor or CO, absorption bands. This can make the analysis
and interpretation of the spectra difficult, particularly when mul-
tiple species are present simultaneously or when overlapping
peaks occur.

As shown in Fig. 3a, the FTIR spectrometer consists of an
infrared source and detector, which includes the sample
compartment [53]. Loh et al. [54] performed the in situ FTIR in
0.01 M nitrate. Only peaks of *NOs, *NOo, and *NO are detected on
Cuy0. In contrast, additional peaks of *NHO, *NH,0H, and *NHj;
are observed over Ru/Cu,0, but *NOj3 disappeared (Fig. 3b and c),
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which suggests the positive effect of Ru nanoparticles that help to
match the rate of HER and eNOsRR kinetics to favor hydrogen
transfer by nitrate ions, leading to a substantially improved elec-
trocatalytic performance. To better analyze the in situ FTIR, the
spectrums were usually processed by the formula of AR/R=(Rs-
Rref)/Rref (RS, Rger represent the spectrum collected at reference
potential and working potentials, respectively) [55,56]. Conse-
quently, the downward and upward peaks suggest the formation
and consumption of reaction intermediates and NO3, respectively.
Chu et al. [57] utilized in situ FTIR to gain more insights into the
eNO3RR mechanism on their MBene catalyst of FeB, (Fig. 3d—f).
From open circuit potential to —0.6 V vs. RHE, the more apparent
downward peak centered at 1350 cm™! indicates the consumption
of NO3 over FeBj. In contrast, five upward peaks appear along
with the decrease of potential, including deoxidation intermediate
(-NO; at 1250 cm™!), hydrogenation intermediates (-NHy at
1100—1160 cm™~ !, —NH; at 1280 cm~', H-N—H at 1420 cm™!) and

Fig. 3. The application of electrochemical in situ FTIR measurement in eNOsRR. (a) Schematic diagram of the experimental set-up for in situ FTIR measurement. Reproduced with
permission [53]. Copyright 2023, John Wiley and Sons. (b, c) In situ FTIR for nitrate reduction on Cu,0 and Ru/Cu,0 surface in an electrolyte containing 1.0 M KOH and 0.01 M KNO3
(the notation for the color bar corresponds to intensity value). Reproduced with permission [54]. Copyright 2023, American Chemical Society. (d—f) Potential-dependent in situ FTIR
spectra of FeB,, FeB, (with SCN™ addition in the electrolyte) and Fe,03. Reproduced with permission [57]. Copyright 2023, John Wiley and Sons. (g—i) Potential-dependent in situ
FTIR spectra of CusoCosg, Cu, and Co. (j) Inoz-/(I no2- + Inn20n) ratio at different electrode potentials. (k—m) ATR-FTIR spectra on CusoCosg, Cu, and Co in 1.0 M KOH. Reproduced with
permission [58]. Copyright 2022, Springer Nature. (n—p) Time-dependent in situ FTIR spectra of CoOP—CNS and Co—CNS in 1.0 M OH~ with 1.0 M NO3, and CoP—CNS in 1.0 M OH™

with 10 mM NO3. Reproduced with permission [45]. Copyright 2022, Springer Nature.
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generated NHs (NHZ at 1450 cm™ ) [17]. Then, the Fe,03 catalyst
was synthesized to investigate the effect of individual Fe sites in
the reaction mechanism. SCN was added to the electrolyte to
poison the Fe sites and study the B site. As shown in Fig. 3f, the
FTIR of FeB, under the existence of SCN™ in the electrolyte shows
almost only two nitrogen oxide species. At the same time, the
hydrogenation intermediates nearly disappear, confirming the
function of the Fe site in providing *H in the hydrogenation pro-
cess. Meanwhile, all the characteristic peaks of deoxidation/hy-
drogenation intermediates are weak over Fe;O3; catalysts,
suggesting the sluggish eNO3RR kinetics and energetics of Fe sites.
It concludes that B and Fe in FeB, play a synergistic role in the
eNO3RR process. In another work, Sun et al. [58] measured the in
situ FTIR on CusCosp (Cu/Co molar ratio of ca. 50/50), Cu, and Co
in the potential range from 0.4 to —0.2 V (Fig. 3g—m). In addition
to the peaks of N—O symmetric and asymmetric stretching
assigned to consumed NO3 and N—O antisymmetric stretching of
formed NO3;, —N—O— stretching vibration of hydroxylamine
(NH,0H) are also observed when the potential was negatively
moving over 0.1 V [59—61]. Furthermore, a peak located around
1638 cm~! is contributed by water electrolysis. The higher in-
tensity of this peak over CuspCosg than pristine Cu and Co in-
dicates the faster hydrogen generation involved in the
hydrodeoxidation of NO3. By calculating the band intensity of
Ino2—/(Ino2— + INn2oH) between CusgCosg and Cu, they demon-
strate that alloying Cu with Co could profoundly enhance the
hydrogenation of *NO, to the final product NH3, thus achieving
the highly eNO3RR activity of CusgCosg. Similarly, Shao et al. [45]
used the time-dependent in situ FTIR to prove that the eNO3RR is
more favorable than the HER over CoP—CNS within a broadened
reaction window (Fig. 3n—p). More importantly, they confirm the
CoP CNS catalysts always consume adsorbed H (Haqs) promptly by
comparing the band intensity of N—H and O—H peaks.

Besides the conventional in situ FTIR measurement, in situ
attenuated total reflection-Fourier transform infrared spectroscopy
(ATR-FTIR) is a more versatile and powerful technique for analyzing
various materials. Compared to conventional FTIR spectroscopy, the
sample is brought into direct contact with an ATR crystal in ATR-
FTIR spectroscopy, which is typically made of a high refractive in-
dex material such as diamond, germanium, or zinc selenide, rather
than generally analyzed by passing the infrared beam through it
[62]. This crystal acts as both the sampling element and the internal
reflection element. When the infrared beam is directed onto the
ATR crystal at a specific angle, it undergoes total internal reflection,
resulting in an evanescent wave that extends into the sample. This
evanescent wave interacts with the molecules at the sample-ATR
crystal interface, causing them to absorb infrared radiation and
vibrate. After interaction with the sample, the attenuated infrared
beam is then collected and measured by a detector, generating an
ATR-FTIR spectrum. Therefore, the ATR-FTIR technique allows for
the analysis of a wide range of sample types, including liquids,
solids, and even thin films, without the need for time-consuming
sample preparation and is more sensitive to the signal of adsor-
bed species on catalysts’ surfaces [63]. For instance, Fig. 3k—m
shows ATR-FTIR spectra on CusgCosg, Cu, and Co in 1.0 M KOH,
which show the peaks of the adsorbed proton (*H) on the surface of
catalysts. The negative shift from the band around 2109 cm™! at
0.5 V to 2085 cm~! at —0.4 V is assigned to the Stark turn rate of
26.7 cm~ !V [64,65]. In the electrolyte without NO3, the apparent
peak signal in CuspCosg and Co but absent peak on Cu indicates that
*H on CusgCosp is mainly attributed to water dissociation on Co
sites. In summary, the application of in situ FTIR spectroscopy has
provided valuable molecular-level insights into eNO3RR. It remains
a powerful tool to probe reaction intermediates and mechanisms
under working conditions.
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Electron spin resonance (ESR) spectroscopy, also called electron
paramagnetic resonance (EPR) spectroscopy, is particularly useful
for studying reactions involving free radicals or transition metal
ions, providing information about their electronic structure, spin
states, and local environments [66]. In situ ESR spectroscopy is a
powerful technique for investigating and characterizing para-
magnetic species in chemical reactions and biological systems. One
specific application of in situ ESR spectroscopy is the study of the
spin trap of hydrogen radical by 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) during eNO3RR [67,68]. DMPO is a commonly used spin
trap that can capture and stabilize short-lived radicals formed
during various chemical reactions, including the reduction of ni-
trate to ammonia. During eNO3RR, reactive nitrogen species such as
nitric oxide (NO-) and nitrogen dioxide (NO,-) can be produced as
intermediates. These highly reactive species can participate in
redox reactions or radical-mediated processes. The DMPO-H spin
trap can react with these radicals, forming stable DMPO radical
adducts, which ESR spectroscopy can detect and characterize [69].
In situ ESR spectroscopy allows for the real-time monitoring of the
formation and decay of DMPO radical adducts during the eNOsRR.
By continuously measuring the ESR spectra, researchers can gain
insights into the kinetics, reaction mechanisms, and intermediates
involved in the process. Chu et al. [70] carried out ESR spectroscopy
to evaluate the amounts of generated/consumed *H (Fig. 4a—f).
Nine ESR signals could be obtained with an intensity ratio of
1:1:2:1:2:1:2:1:1, and the ratio is consistent with the hyperfine
coupling constants calculated as aN = 16.3 G and aH = 22.5 G,
which are assigned to the signal of DMPO-H [71,72]. Without NO3
in the electrolyte, both Pd and RuOy/Pd show a strong DMPO-H
signal, but RuOx/G has a weak intensity. In contrast, all the
DMPO-H signals decrease after adding NO3 in the electrolyte,
especially for RuOx/Pd and RuOx/G, which are barely detected. The
results demonstrate the more excellent capability of Pd compared
to graphene in producing abundant *H but the weaker eNO3RR
activity than RuOyx/Pd and RuO/G in consuming *H to boost the
eNOsRR hydrogenation reaction. Then, the authors investigate the
relationship between NO3 concentration and DMPO-H signals to
quantify the hydrogenation capability (Hc), which is defined as the
EPR intensity attenuation amplitude divided by the reaction time
and NO3 concentration of a catalyst for the eNO3RR. As shown in
Fig. 4c—f, Zhi et al. [73] studied the EPR of Ru/BTO-0V; catalyst
collected under different ultrasonic intensities. They found an
improved DMPO-H signal with the increased ultrasonic intensity
upon constant NO3 concentration (0.05 M), verifying the more
produced NO3 owing to the water electrolysis by bubbles collapse
triggered by piezoresponse (Fig. 4g). Interestingly, by monitoring
the concentration of *H through DMPO, they compared the current
densities of eNO3RR with and without DMPO under different ul-
trasonic intensities, in which all the eNO3RR currents described
significantly decreased due to the consumption of *H after intro-
ducing DMPO (Fig. 4h). Similar work on EPR measurement is shown
in Fig. 4i, which is from Shao’s group [45]. With increased NO3
concentration, the DMPO-H signal intensity decreases and even-
tually disappears when the concentration reaches 1.0 M.

In addition to exploring the existence of *H, in situ ESR spec-
troscopy can also provide quantitative data about the concentration
of the trapped radicals [74]. By comparing the ESR signal intensity
of the DMPO radical adducts to that of a known standard, re-
searchers can estimate the concentration of the radicals, providing
insights into their formation and consumption kinetics during the
nitrate reduction process. However, as in situ ESR spectroscopy
offers a powerful tool for investigating the formation and behavior
of reactive radicals mainly when applied to the DMPO-H spin trap
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Fig. 4. The application of electrochemical in situ ESR measurement in eNO3RR. (a, b) DMPO-involved ESR spectra with and without NO3 (each line is collected after 5 min of
electrolysis at —0.5 V vs. RHE). (c—e) DMPO-involved ESR spectra of RuO,/Pd, Pd, and RuOy/G at different NO3 concentrations, and (f) corresponding fitted lines of ESR intensity/
reaction time vs. NO3 concentration. Reproduced with permission [70]. Copyright 2023, American Chemical Society. (g) DMPO-involved ESR spectra of Ru/BTO-OV; in 0.05 M
NO3 + 0.1 M PBS under Ar with various ultrasonic power (W). (h) eNO3RR current density measured with and without DMPO. Reproduced with permission [73]. Copyright 2023,
Elsevier. (i) DMPO-involved ESR spectra of the CoOP—CNS in the solution with different NO3 concentrations. Reproduced with permission [45]. Copyright 2022, Springer Nature.

in eNO3RR, ESR is unsuitable for the electron-mediated pathway. In
the electron-mediated pathway, the eNO3RR occurs through mul-
tiple electron transfers between the electrode and the nitrate
species without the direct involvement of paramagnetic species.
The reactive intermediates formed in this pathway are typically
short-lived and do not possess unpaired electrons, which are
necessary for ESR detection.

3.4. Electrochemical in situ Raman spectra

In situ Raman spectroscopy is a non-destructive spectroscopic
technique used to study materials’ molecular structure and chem-
ical changes. It is based on the phenomenon of Raman scattering
and obtains information by measuring the spectrum scattered by a
sample [75]. As illustrated by the set-up for in situ Raman mea-
surement in Fig. 5a, Raman spectroscopy usually uses lasers as the
excitation light source. Laser has high monochromaticity and high
light intensity, which can provide sufficient photon energy to excite
molecular vibrations in the sample. Some laser photons interact
with molecules when laser light shines on a sample. The photon’s
energy can change during this process, producing Raman scattered
photons. The energy of Raman-scattered photons can be higher or
lower than the energy of the incident light, depending on the
vibrational modes of the molecules in the sample. There is a cor-
respondence between the energy of Raman-scattered photons and
the vibration frequency of the molecules in the sample. When a

molecule vibrates, it absorbs or releases energy, causing the Raman
scattered photons to shift in frequency. This frequency shift, a
Raman shift, provides information about the molecular structure
and chemical environment [76]. For electrochemical in situ Raman
measurement, the electrochemical cell is the central part, which
consists of three electrodes (working electrode, counter electrode,
and reference electrode) and an electrolyte solution. Therefore,
information about the molecular vibration modes, the nature of
chemical bonds, and the crystal structure in the sample can be
obtained by analyzing the in situ Raman spectrum [77]. Electro-
chemical surface-enhanced Raman spectroscopy (SHINERS) has
recently appeared and allows for in situ characterization and
analysis of electrochemical processes and detecting trace-level
analytes with high sensitivity [78]. It involves enhancing Raman
signals through the interaction of molecules with metallic nano-
structures. When molecules are adsorbed on the surface of these
nanostructures, the localized surface plasmons in the metal induce
a substantial enhancement of the electromagnetic field, leading to a
significant amplification of the Raman-scattering signal. This
enhancement enables the detection of molecules at deficient con-
centrations and provides detailed information about their chemical
structure and environment. When applied to nitrate reduction
catalysis, in situ Raman spectroscopy or SHINERS spectra could
provide a wealth of insights for nitrate, nitrite, surface oxides, and
other species, helping researchers to correlate catalyst structures to
activity in real-time [79]. Fig. 5b—c shows the work from Sun et al.
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Fig. 5. The application of electrochemical in situ Raman measurement in eNO3RR. (a) Schematic diagram of the experimental set-up for in situ Raman measurement. Reproduced
with permission [76]. Copyright 2023, John Wiley and Sons. (b, c) SHINERS spectra between 230 and 750 cm~" and 750—1700 cm ™! on CusoCos, Cu, and Co in 0.1 M KNO3 + 0.01 M
KOH. Reproduced with permission [58]. Copyright 2022, Springer Nature. (d) In situ Raman spectra of Ptgo/Ceos-SS collected at —0.5 V vs. RHE in 0.5 M Na;SO4 + 0.1 M KNOs, and
(e, f) corresponding contour plots of the color background area in (d). Reproduced with permission [82]. Copyright 2023, John Wiley and Sons. (g, h) In situ Raman spectra of Ru;Cuyo
and Cu in 0.1 M KNOs5 + 1.0 M KOH. Reproduced with permission [85]. Copyright 2023, John Wiley and Sons. (i) In situ Raman spectra of Agg NCs in 0.5 M K5SO4 + 200 ppm NO3-N,
and (j) corresponding relation between potential and peak area. Reproduced with permission [44]. Copyright 2024, John Wiley and Sons.

[58]. They measured the SHINERS spectra between 230—750 cm ™!
and 750—1700 cm~! on CusgCosp, Cu, and Co. The gradual
decreased peak signal around 625 cm~! demonstrates the reduc-
tion of Cu,0 to Cu. The bands at 431 cm™! and 568 cm™! assigned to
Cu-Oy and Co-Oy indicate the adsorption of oxynitride on the cat-
alyst’s surface [80]. In addition, the spectra between 750 and
1700 cm™~! collected as the potential decreased from 0.7 to —0.1
give abundant information on the surface chemical intermediates.
For instance, the bands centered at 1540 cm~' and 1591 cm™!
represent the appearance of HNO and HNH species [81]. When the
potential negatively shifted further to 0.1 V, the vanishing of HNO
but the appearance of HNH verified the efficient conversion from
nitrate to ammonia by hydrodeoxidation. Our previous work re-
ported that 2D SnS nanosheets with tailored interlayer spacing are
an efficient eNO3RR catalyst [82]. This was confirmed by in situ
Raman spectra (Fig. 5d—f). As time passed, the peaks at 1152.5 and
15214 cm™! assigned to the H-N—H and N—H bond gradually
appeared on Pty g/Ceg5-SS, demonstrating the reduction of nitrate
[83,84]. In Li et al.’s work [85], the band of aqueous NO3 and the
adsorbed NO3 (NO3aq) are centered at 1045 cm~! and 1013/

1372 cm™!, respectively (Fig. 5¢ and h) [86—88]. They used the
intensity ratio of I1913/I1045 to quantify the adsorption capability of
NO3 on Ru;Cuyg and Cu. Moreover, the additional peak ascribed to
adsorbed NOz (1200 cm™!) and the appearance of NH3 (1140/
1479 cm™') on Ru;Cujp compared with Cu further indicates the
quick conversion from NO3 to NO3, and eventually transfer to NHs.

In addition to getting information on reaction intermediates
during eNO3RR, in situ Raman spectroscopy provides valuable in-
formation about materials’ physical properties and structural
changes. For example, it can study phase transitions, poly-
morphism, solid-state reactions, and crystallization processes [89].
By tracking shifts in Raman peaks, changes in peak intensities, or
the appearance of new peaks, researchers can deduce structural
transformations, phase transitions, or modifications in the lattice
structure of materials. Zang et al. [44] prepared (NH4)o[Ago(mba)g]
nanoclusters (Agg NCs) loaded on Ti3C; MXene for highly efficient
eNO3RR. In situ Raman spectra were conducted to track the struc-
ture change of the catalyst. As shown in Fig. 5i and j, two charac-
teristic peaks contributed by the Agg center at 1551 cm~! (peak a)
and 1576 cm™~! (peak b) gradually disappeared with a potential
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negative shift. The calculated peak area has a downward non-linear
relationship with applied potential, confirming the structure
transformation of Agg NCs during the eNO3sRR process. However,
Raman spectroscopy is susceptible to fluorescence interference,
particularly when analyzing complex samples or species with
strong fluorescence. Fluorescence emission can overlap with
Raman scattering, reducing the quality of the Raman signal and
making it challenging to accurately identify and analyze specific
species. Similar to FTIR spectra, Raman spectra can exhibit spectral
overlapping, where multiple species contribute to the observed
signals. Also, the spatial resolution of Raman spectroscopy is
limited by diffraction, typically in the range of micrometers. This
may limit the ability to probe localized regions or specific sites on
the electrode surface, especially in systems with high surface
roughness or inhomogeneity. Overall, in situ Raman spectroscopy is
a valuable tool for studying chemical reactions, materials trans-
formations, and structural changes in real-time and provides
molecular-scale details that have significantly enhanced under-
standing of nitrate reduction pathways and catalysis.

3.5. Electrochemical in situ X-ray absorption spectroscopy
measurement

X-ray absorption spectroscopy (XAS) is a powerful technique for
studying materials’ structural and electronic changes during elec-
trochemical processes. Unlike FTIR, ESR, and Raman spectroscopy
techniques that provide valuable insights into reaction in-
termediates, XAS measurement could directly probe the catalytic
active sites and analyze the local geometric and electronic structure
around select element absorbers, often the catalytic metal centers
[90]. Compared with conventional ex situ XAS, which only captures
snapshots and may miss transient surface structures during catal-
ysis, in situ XAS measurements combine electrochemical cells and
XAS. They could be conducted under working reaction conditions
[91]. The electrochemical cell typically consists of a working elec-
trode, a reference electrode, and a counter electrode immersed in
an electrolyte solution containing nitrate ions. XAS spectroscopy
involves the characterization of the absorption of X-rays by the
sample as a function of incident X-ray energy. In the case of
eNOsRR, XAS is usually performed using X-ray absorption near-
edge structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) techniques. During the electrochemical in situ XAS
experiment, X-rays are directed toward the working electrode, and
the absorption spectrum is recorded by applying various potentials.
By monitoring the XANES and EXAFS spectra, structural changes,
oxidation states of the element, oxidation state shifts, ligand rear-
rangements, and strain effects that directly impact catalytic activity
and selectivity involved in the nitrate reduction process can be
identified, providing an in-depth understanding of the formation of
reaction intermediates, the stability of active sites, and the evolu-
tion of the electrochemical reaction over time [92]. Electrochemical
in situ XAS has been successfully applied to investigate the eNO3RR
on various electrode materials, such as metal catalysts, metal ox-
ides, and carbon-based materials. For example, Zhang et al. [93]
studied the potential-driven Cu single atoms restructure to nano-
particles during eNO3RR by in situ XAS technique. From fresh
to —0.1 V vs. RHE, Cu®>* was quickly reduced to Cu*/Cu® (Fig. 6a and
b). More Cu® occurred with the increased applied potential. They
also found a similar change trend between the Cu® percentage and
the faradaic efficiency of NH3 (FEnys), indicating the correlation
between catalytic selectivity and Cu® percentage (Fig. 6¢). More-
over, the Fourier transforms of the EXAFS (FT-EXAFS) spectra
demonstrated the Cu—N bond was partially broken in Cu—Nyg
structure during eNO3RR and Cu was transferred from a single atom
to nanoparticle upon negative potential (Fig. 6d). Continuing
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measuring the EXAFS and XANES spectra of the samples, the results
suggest that large Cu NPs re-dispersed to single atoms through
[Cu(OH)4]%>~ intermediates, which are subsequently trapped by
pyridinic nitrogen on the carbon support in oxygen and/or water-
contained oxidative environments (Fig. 6e and f) [94—96]. There-
fore, through electrochemical in situ XAS measurement, the
mechanism of Cu single atoms in Cu—N4 structure behind eNO3RR
has been demonstrated, in which the Cu single atoms aggregated to
nanoparticles driven by negative applied potential during the
reduction process and then reversed back in oxidation environ-
ment (Fig. 6g). Researchers generally believe the Cu—Ny single-
atom structures are the active sites during electrolysis [97,98].
Hence, this work highlights the valuable application of electro-
chemical in situ XAS characterization in understanding the mech-
anism behind eNO3RR. Xiao et al. [99] prepared a CugSns catalyst in
another work. They found that the Sn—O signal in Sn K-edge EXAFS
spectra and wavelet transform of the k*-weighted EXAFS spectra
gradually weakened and had almost entirely disappeared at —0.2 V
vs. RHE (Fig. 6h—j), suggesting the reduction of SnOy during
eNO3RR in the presence of reactants (NO and H,O). They also
believed that the adsorption of OH* caused the weak Sn—O signal.
Meanwhile, the Cu K-edge EXAFS spectra and wavelet transform of
the k*>-weighted EXAFS spectra indicate the stable alloy state of Cu
during working potentials in eNO3RR (Fig. 6k—m). Consequently,
the insights gained from in situ EXAFS spectra in this work help
understand catalysts’ chemical state and stability during eNOsRR.
When combined with the in situ XAS results with complementary
techniques, like the introduced electrochemical in situ measure-
ments or DFT calculations, electrochemical in situ XAS provides an
unprecedented molecular-level view of active site transformations.
Although it requires access to synchrotron radiation facilities or X-
ray sources capable of providing the necessary energy range and
intensity, which may not be readily available, limiting the accessi-
bility of the technique and requiring advanced planning for ex-
periments, XAS measurements continue to reshape the
understanding of nitrate conversion pathways and rational catalyst
optimization approaches. The ability to correlate metal electronic
structures with reactivity in real-time has cemented XAS as an
indispensable tool.

Overall, advanced electrochemical in situ characterizations are
crucial in exploring new materials and techniques for nitrate
reduction. Given the diversity of intermediates involved in nitrate
reduction, selecting the appropriate characterization technique is
essential to gain a comprehensive understanding of the reaction
under different conditions. Table 1 summarizes the advantages,
limitations, and applicability of the in situ characterizations intro-
duced in this review.

4. Strategies for eNO3RR electrocatalyst design

Developing efficient and selective electrocatalysts for eNO3RR is
a key focus area. Optimizing catalysts can enhance their activity,
stability, and selectivity toward ammonia production [100]. By
discovering new catalyst materials or improving existing ones, re-
searchers can unlock the full potential of eNO3RR and enable its
practical implementation. In eNO3RR, strategies mainly aim to
enhance selectivity and efficiency. Selectivity refers to the ability to
selectively produce ammonia without generating undesired by-
products. Efficient conversion of nitrate to ammonia is essential
to maximize feedstock utilization and minimize energy losses.
Strategies that improve selectivity and efficiency can make eNO3RR
economically viable and competitive with traditional ammonia
synthesis methods. In this section, we systematically summarize
the development of strategies for developing high activity and
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Fig. 6. The application of electrochemical in situ XAS measurement in eNOsRR. (a) First-order derivatives of the XANES spectra of Cu—N, single-atom site collected at different
potentials in eNO3RR. (b) Linear combination fitting result of the Cu K-edge XANES spectra in (a). (c) Potential-dependent FEyy3 and Cu® percentage. (d) Cu K edge FT-EXAFS spectra
at different potentials. (e) Cu K-edge XANES spectra and (f) Cu K-edge FT-EXAFS spectra of the samples. (g) Schematic illustration of mechanisms of Cu aggregation driven by the
applied potential and redispersion in the oxidation environment. Reproduced with permission [93]. Copyright 2022, American Chemical Society. (h) Sn K-edge EXAFS spectra of the
CueSns catalyst under different potentials. (i, j) Wavelet transforms of the k?>-weighted EXAFS spectra of Sn foil and CugSns at —0.2 V vs. RHE. (k) Cu K-edge EXAFS spectra of the
CugSns catalyst under different potentials. (I, m) Wavelet transforms of the k*-weighted EXAFS spectra of Cu foil and CugSns at —0.2 V vs. RHE. Reproduced with permission [99].

Copyright 2023, Springer Nature.

selectivity eNO3RR catalysts and reveal the mechanism behind the
improved performance.

4.1. Morphology design

Designing catalysts with controlled nanostructures and mor-
phologies can significantly impact eNO3sRR performance. It allows
for creating high surface area structures, such as nanowires,
nanoparticles, or porous architectures [101]. These structures pro-
vide a larger active surface area, allowing for more active sites and
facilitating enhanced electrochemical reactions. The increased
surface area promotes better utilization of the catalyst and
improved reaction kinetics. Moreover, tailoring the morphology of
electrocatalysts can enhance mass transport properties [102].
Structures with controlled porosity or hierarchical architectures
can facilitate the transport of reactants and products, preventing
mass transfer limitations and reducing concentration gradients. It
also influences the charge transport properties of electrocatalysts.
For example, one-dimensional nanostructures like nanowires or

1

nanotubes exhibit faster charge transport due to the facilitated
movement of electrons along their length [103]. This promotes
efficient electron transfer and minimizes resistive losses within the
catalyst, resulting in enhanced reaction kinetics.

Nanomaterial morphology can be divided into zero-dimensional
(nanoparticles, atomic clusters), one-dimensional (nanorods,
nanowires, nanotubes), two-dimensional (superlattice, ultra-thin
film), and three-dimensional (the first three materials are used as
basic units) [104]. A graphene nano chainmail-protected iron
nanoparticle (Fe@Gnc) electrocatalyst was designed by Yang et al.
(Fig. 7a—c) [105]. Because of the high surface and magnetic energy,
Fe nanoparticles easily aggregate and thus lead to lower active site
exposure. Also, it is reported that Fe-based nanocatalysts could only
maintain 5~10 electrochemical cycles due to poor long-term dura-
bility and low kinetic stability [106,107]. The authors ingeniously
synthesized an ultrathin graphene nanosheet outside the Fe nano-
particles via a simple hydrothermal method and in situ thermal
reduction strategy, protecting the active sites and suppressing the
oxidation and leakage of Fe nanoparticles. Such graphene
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Table 1

Summary of the advantages, limitations, and applicability of the different in situ characterization techniques.
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Electrochemical in situ
characterizations

Advantages

limitations

Applicability

DEMS

FTIR

ESR

Raman

LIt can

LIt can

. It allows for the simultaneous

measurement and identification of
gas-phase products like NO,, NO,
and NHs.

. It enables quantitative analysis of the

gas-phase products.

. It allows for the identification of

short-lived species in electro-
chemical reactions.

. It allows for real-time and non-

destructive analysis of the reaction
mixture.

. It provides molecular-level informa-

tion about the functional groups
during the reaction.

. It allows for the study of nitrate

reduction under realistic conditions.

. It allows for the real-time moni-

toring of the formation and decay of
DMPO radical adducts during the
eNO;RR.

provide
information about the
concentration of paramagnetic
species.

quantitative

. It provides real-time molecular-spe-

cific information on reaction in-
termediates, products, and adsorbed
species during the eNOsRR.

. It is a non-destructive and non-

invasive technique that can be per-
formed under ambient conditions.

. Electrochemical surface-enhanced

Raman spectroscopy (SHINERS) al-
lows for in situ characterization and
analysis of electrochemical pro-
cesses and detecting trace-level
analytes with high sensitivity.

. It provides valuable information

about materials' physical properties
and structural changes.

. It provides real-time element-spe-

cific structural and electronic infor-
mation about the species involved in
nitrate reduction, such as the oxida-
tion state, coordination environ-
ment, and local structure.

. It is susceptible and can detect

species at low concentrations or in
complex mixtures.
provide
information about the
concentration and oxidation state of
elements, facilitating the analysis of
reaction kinetics, and determining
reaction mechanisms.

quantitative

1. The sensitivity of DEMS
measurements may vary depending
on the mass spectrometer used,
potentially limiting the detection of
certain low-abundance species or
isotopes.

2. It is limited to gaseous reaction
products. It may not be suitable for
detecting or quantifying non-volatile
or semi-volatile species that cannot
reach the gas-phase. It may not be
efficiently ionized and detected by
the mass spectrometer.

1. A suitable IR-transparent window
material is required to withstand the
reaction conditions.

2. The weak vibration mode or low
concentration of some reaction
products or intermediates makes
their detection and characterization
challenging.

3. FTIR spectra can exhibit a wide range
of peaks due to the presence of
different molecular species,
functional groups, and background
interference.

It is not suitable for the electron-

mediated pathway in eNO3RR.

1. It is susceptible to fluorescence
interference.

2. Multiple species contribute to the
observed signals that may cause
spectral overlapping.

3. The spatial resolution of Raman
spectroscopy is limited by
diffraction, typically in the range of
micrometers.

1. The synchrotron radiation facilities
or X-ray sources may not be readily
available.

2. It has limited time resolution, which
may restrict the ability to capture
fast kinetics or transient
intermediates during nitrate
reduction.

3. The analysis of XAS data involves
complex data analysis techniques
and the use of reference standards.

It can provide online signals for volatile
intermediates/products.

It provides valuable molecular-level
insights into the reaction intermediates
and mechanisms of eNO3RR under
working conditions.

It is beneficial for studying hydrogen
radicals in eNO3RR.

It is a valuable tool for studying
chemical reactions, materials
transformations, and structural changes
in real-time and provides molecular-
scale details in eNO3RR.

It can directly probe the catalytic active
sites and analyze the local geometric
and electronic structure.

nanochainmail strategy allows Fe@Gnc to maintain a long-term high
nitrate removal rate. Furthermore, Xi et al. constructed a Bi—Co
corridor-like structure by depositing Co at the bottom and utilizing
the limited electron accessibility of Bi element [108]. Based on the
scanning electron microscope (SEM) and transmission electron
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microscopy (TEM) images (Fig. 7d and e), the Co+Bi@Cu nanowire
has a three-dimensional structure of Bi—Co corridor with Bi nano-
particles in the outer layer and Co hexagonal sheets in the inner
layer. The results revealed that Co sites at the bottom could easily
adsorb NOs3, while the outer Bi could trap the escaped NO3 and
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Fig. 7. Morphology design of catalysts in eNO3RR. (a) SEM image, (b) HRTEM image, and (c) schematic illustration of the role of graphene nanochainmail for the Fe@Gnc sample.
Reproduced with permission [105]. Copyright 2023, John Wiley and Sons. (d) SEM image and (e) TEM images of Co+Bi@Cu NW. Reproduced with permission [108]. Copyright 2023,
John Wiley and Sons. (f) Schematic illustrations of the preparation process, (g) HAADF STEM image, and (h) TEM image of binary meso-PdX NCs. Reproduced with permission [113].
Copyright 2023, John Wiley and Sons. (i) SEM image, (j) TEM image, and (k) the corresponding TEM-EDS elemental mapping images of Mo/H—CuW. Reproduced with permission
[116]. Copyright 2022, Elsevier. (1) HAADF-STEM image and corresponding elemental mapping of Cu/CuAu alloy nanocubes. Reproduced with permission [118]. Copyright 2023,
Springer Nature. (m) Schematic illustration of the synthetic process of the Fe single-atom catalysts (SAC). (n, o) SEM images and (p, q) TEM images of bimetallic (FeZn) MOF.

Reproduced with permission [119]. Copyright 2022, Elsevier.

reduce them into NHs, achieving an FEnys of nearly 100%.
Furthermore, the engineering of crystalline mesoporosity at the
mesoscopic level has emerged as a promising strategy to enhance
the selectivity of multistep reactions [109,110]. Concave/convex
surfaces, characteristic of crystalline mesoporous materials, provide
a higher density of catalytically active sites, enhancing the reactivity
toward specific desired products [111,112]. Liu et al. [ 113] prepared a
series of mesoporous PdX nanocubes (meso-PdX NCs, X represents
metal—non-metal) as electrocatalysts for selective eNO3RR to NHs.
In the schematic illustrations of preparing binary meso-PdX NCs
(Fig. 7f), meso-Pd NCs were firstly prepared in the environment of
assembled cylinder micelles of cetyltrimethylammonium chloride
and capping agent of CI~, and then introducing non-metal (X) into Pd
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nanocrystals through anin situ doping route. It could be seen that the
highly uniform and homogeneously dispersed macroscopic NC
morphology in Fig. 7g and h, as well as abundant penetrated mes-
opores, extended radially from the center of the NC. The synergistic
effect between the unique macroscopic NC morphology, abundant
mesoscopic mesoporous structure, and the uniform non-metal alloy
contribute to superior eNO3RR performance. The as-prepared cata-
lyst had the highest FEny3 0f 96.1% and NHj3 yield rate of 3760.4 pg/h/
mgcat. Besides the research around 0D, 1D, and 2D nanostructures,
many state-of-the-art electrocatalysts are designed within 3D
nanostructures or multidimensional composite structures [114].
Compared with low-dimensional structures, the interconnected
network or porous nature in 3D or multidimensional structures
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facilitates the diffusion of molecules, ions, and electrons within the
structure. This promotes faster reaction kinetics and minimizes
diffusion limitations, improving performance [115]. Also, the spatial
arrangement and interaction between different components can
result in synergistic effects. The synergistic effects arise from the
efficient coupling of active sites and optimized charge transfer
pathways. In our previous work, we reported copper tungstate
(CuWO0y4) hollow nanospheres with Mo clusters and high concen-
tration of asymmetric oxygen vacancies (denoted as Mo/H—CuW)
for highly efficient eNO3RR (Fig. 7i—k) [116]. The morphology of
CuWO4 was observed to be affected by the duration of the hydro-
thermal process. As the duration increased from 6 h to 48 h, the size
of the nanospheres exhibited a progressive increase from approxi-
mately 305 nm to around 372 nm. Additionally, the nanospheres
underwent three distinct transformations: solid nanospheres, hol-
low nanospheres, and ultimately, fragmented spheres. The hollow
structure offers a larger specific surface area, exposing more active
sites and promoting. 3D structures also offer more design flexibility
compared to 2D or 1D structures [ 117]. The arrangement of materials
in three dimensions allows for precise control over the active sites’
composition, morphology, and spatial distribution. For example,
Zhuetal.[118] designed core/shell nanocrystals (NCs) of Cu/CuAu by
direct solution-phase synthesis (Fig. 71). The gold atoms are found to
be uniformly dispersed on the surface of the nanocubes, while the
copper atoms are observed to be spread throughout the entire
structure, aligning with the particle morphology characterized by an
intermetallic CuAu shell encompassing a copper core. The catalysts
exhibit remarkable selectivity toward NH3 in eNO3RR, achieving an
impressive faradaic efficiency of 85.5% at —0.5 V vs. RHE. The
enhanced performance is because of {001}-oriented copper site
ensembles, which optimized the chemisorption toward *NO3 and
*N. It strengthens the binding of *NOj3 species by causing an upshift
in the d-band center of the surface copper atoms. It weakens the *N
anchoring due to strong repulsive interactions from a subsurface
gold ligand or surface gold single atom. In the work from Gu et al.
[119], they prepared N, O co-coordinated MOF structure with a nut-
like morphology that exhibited high faradaic efficiency (~92%) and
high ammonia yield rate (46 mg/h/mgc,) in neutral electrolytes. In
the preparation process, Zn and Fe ions with 2,2’-bipyrimidine and
oxalic acid ligands formed N, O co-coordinated structure through
self-assembly, followed by one-step pyrolysis to synthesize porous
carbon supported Fe single-atom catalysts (Fe SACs, Fig. 7m). The
SEM and TEM images of bimetallic (FeZn) MOF reveal a distinct nut-
like morphology. This nut-like structure is formed by assembling six
cuboids with an outer diameter of 1250 nm and an inner diameter of
782 nm. Moreover, upon closer examination, an intrinsic 2D-layered
structure can be observed at the inner edge of each MOF nut. This
layered structure likely arises from the arrangement of the MOF’s
constituent atoms or molecules in a stacked fashion, leading to a
distinct layered morphology within the nut-like structure
(Fig. 7n—q).

In summary, morphology design in eNO3RR offers tremendous
opportunities to optimize catalytic performance. By tailoring the
morphology of electrocatalysts, it is possible to enhance the active
surface area, improve mass and charge transport, tune catalytic
sites, and leverage synergistic effects. These advancements
contribute to developing efficient and selective electrocatalysts for
various electrochemical reduction reactions, enabling sustainable
energy conversion and storage technologies.

4.2. Alloying engineering
As researchers seek to develop highly efficient and durable ni-

trate reduction catalysts, alloying different metals has emerged as a
powerful design approach. This approach involves the design and
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synthesis of bimetallic or multimetallic catalysts with specific alloy
compositions to enhance the catalytic activity, selectivity, and
overall performance in nitrate reduction reactions [120]. The most
significant advantage of alloying engineering is the synergistic ef-
fects, where the combined properties of the individual metals
result in enhanced catalytic activity [121]. The alloying process can
create unique active sites, modify the electronic structure, and
optimize the adsorption and activation of reactants, thereby
improving the eNOsRR performance.

Among the metals reported in the application of eNO3RR, Cu
represents a highly efficient cathode electrocatalyst, and various
Cu-based catalysts have recently been investigated [122—126]. To
address the problems of the high overpotential for driven eNO3RR
and aggregated NO3 in the electrolyte, alloying Cu with other
metals has been employed to improve the intrinsic activity of Cu
[60,98]. Take gold as an example; the Cu/CuAu ordered single-atom
alloy nanocubes prepared directly in the solution-phase without
solid-state thermal treatment show stronger *NOs binding and
weaker *N binding than Cu (100) (Fig. 8a—c) [118]. The alloyed
CuAu adjusted the electronic structures and led to an increased d-
band center of copper atoms for the CuAu surface compared with
other surfaces, leading to a stronger binding of *NOs. Simulta-
neously, the subsurface gold in the catalytic system interacts pri-
marily in a repulsive manner due to its fully occupied d-band and
large d-orbital radius. The repulsive interaction between the sub-
surface gold and nitrogen-bonded species contributes to the
observed facile removal of these species during the catalytic pro-
cess. This CuAu alloy system showed a high selectivity toward NH3
from the electrocatalytic nitrate reduction reaction. Due to their
abundance and natural roles in nitrogen transformations, late-
transition metals like cobalt, nickel, and iron are attractive alloy
partners [127]. Alloys pairing noble metals with these have
exhibited synergistic promotional effects through electronic in-
teractions. Sun et al. reported CuCo alloy nanosheets to mimic the
behavior of the two catalytic centers in Cu-NIRs [58,128]. The
CuspCosq alloy exhibits the highest current density of NH; and FE
compared with monometallic Cu and monometallic Co catalysts
(Fig. 8d and e). Through DFT calculations, the Co species could
efficiently balance the adsorption energy between *H and *NOj
species. The synergy between Cu and Co can reduce the high energy
barrier in eNO3RR and make the *H preferentially adsorbed on the
Co surface to avoid excessive *H occupation of the active sites
(Fig. 8f and g). The enhanced eNOsRR activity can also be observed
by doping ruthenium (Ru) into Cu, where Fig. 8h shows the yield
rate of NH3 enhanced with the increase of the Ru/Cu molar ratio
from 0.06 to 1 [85]. The turnover frequency (TOF) results demon-
strate the markedly synergetic effect of Ru and Cu, in which the Cu
promotes the conversion from NO3 to NO3 while Ru exhibits the
superior activity for NO3 to NH3 (Fig. 8i). Similar works are reported
about alloy Cu with Pd and Ni [129,130], in which Pd alloying could
act as active sites for adsorption of H-atoms, thus promoting the
hydrogenation of eNO3RR (Fig. 8j). In the meantime, both Ni and Pd
could tune the d-band center of Cu, which leads to a modulation of
intermediates adsorption during eNOsRR (Fig. 8k). Besides the
excellent Cu cathode, other alloys, such as RuFe bimetallic alloy
[131], also attract much interest from researchers. The RuFe bimetal
alloy loaded on nitrogen-doped carbon with a single Fe atom
(RuFe—FeNC) ranks at the top of the state-of-the-art in the report
from Yan et al. (Fig. 81). The RuFe—FeNC catalysts have a higher
selectivity to NH3 than other by-products and show excellent sta-
bility (Fig. 8m and n).

Therefore, alloying engineering presents a pathway to design
bimetallic or multimetallic catalysts with enhanced catalytic ac-
tivity and selectivity. Combining different metals in alloys can
result in synergistic effects, where the overall catalytic performance
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Fig. 8. Alloying engineering of catalysts in eNO3RR. (a) Schematic illustration of the core/shell Cu/CuAu SAA synthesis. (b) Activity volcano plot using the binding energies of *NO3
and *N as descriptors. (c) Gibbs free energies for different intermediates over Cu(100), strained ordered Cu/CuAu(100) SAA, and Cu/CuAu SAA. Reproduced with permission [118].
Copyright 2023, Springer Nature. (d) FE of NH3 and NO3, and (e) current density and products yield for NH; of the samples. (f, g) Gibbs free energies for different intermediates in
eNOsRR and HER at —0.2 V vs. RHE on CuCo (111), pure Cu (111), and pure Co (111) surfaces, respectively. Reproduced with permission [58]. Copyright 2022, Springer Nature. (h) The
catalyst mass-normalized yield for NH; and turnover frequency (TOFg,, after deducting surface-exposed Cu contribution) for eNO3RR of Ru,/Cuy0/rGO. The inset shows the catalyst
model: golden and dark green spheres represent Cu and Ru atoms, respectively. (i) The TOF of Ru/rGO and Cu/rGO for converting NO3/NO3 to NHs. Reproduced with permission
[85]. Copyright 2023, John Wiley and Sons. (j) Schematic illustration showing the eNO3RR mechanism over CuPd alloy. Reproduced with permission [129]. Copyright 2021, Royal
Society of Chemistry. (k) The relation between eNO5RR activity and intermediates adsorption on different CuNi alloys. Reproduced with permission [130]. Copyright 2020, American
Chemical Society. (1) Performance comparison of RuFe—FeNC with other reported electrocatalysts. (m) FE of different products of RuFe—FeNC obtained in 0.5 M K5SO4 + 0.1 M KNOs.
(n) eNO3RR activity of RuFe—FeNC in durability test at —1.4 V vs. RHE. Reproduced with permission [131]. Copyright 2023, John Wiley and Sons.

is significantly enhanced compared to individual metal compo-
nents. Synergies can arise from alloy-induced electronic in-
teractions, lattice strain effects, or modified surface chemistry.
These synergistic effects can improve the catalytic activity, selec-
tivity, and stability in eNO3RR. The systematic investigation of alloy
compositions and their structure-property relationships offers
valuable insights into the underlying mechanisms. It can guide the
development of highly efficient catalysts for nitrate reduction
applications.

4.3. Defect engineering

While alloying focuses on optimizing electronic structure
through compositional tuning, defect engineering provides another
handle to tailor catalyst properties. Defect sites, including va-
cancies, interstitials, and irregular coordination environments, can
strongly influence adsorption behavior [132].

Among various defect types, oxygen vacancies on metal oxide
catalysts have attracted significant interest for eNO3RR due to their
ability to tune the electronic properties and surface adsorption
behavior. Taking the cation substitution strategy, abundant oxygen
vacancies were introduced into LaFeOs3_j (LF) by replacing the Fe
site with metal element M (M = Co, Ni, and Cu) to form
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LaFepgMp103_5 perovskite submicrofbers [133]. Combined with
the results of KPFM and COMSOL multiphysics simulations, the
results indicate LaFeg gMg103_3 has a higher surface potential and
work function than that of LF, which means a more minor energy
barrier for electron transfer to the NO3 and induces NO3 enrich-
ment than H* (Fig. 9a—f). Sun et al. [134] also reported defective
Fe,TiOs in eNO3RR. The generated oxygen vacancy due to the Fe
element having high reducibility of randomly displacing Ti** could
enhance conductivity and cause an extremely low free energy
(—0.28 eV) of nitrate adsorption (Fig. 9¢g) [135]. Constructing sur-
face metal atomic vacancies has recently been another effective
defect engineering method for promoting eNO3RR properties. For
example, Cu vacancies were introduced into Au;Cu single-atom
alloys (Vcy—AuiCu SAAs) via a facile galvanic replacement with a
subsequent dealloying process (Fig. 9h), which regulates the local
electronic and geometric structure with the help of Au single-atom,
showing an FEnys of 98.7% with a yield rate of 555 pg/h/cm
at —0.2 V vs. RHE (Fig. 9i—k) [136]. Therefore, combining defects
with other catalytic strategies, such as alloying or surface modifi-
cations, can result in synergistic effects that further enhance the
performance of catalysts in eNO3RR. The interaction between de-
fects and other catalytic features can create cooperative effects,
improving catalytic activity, selectivity, and stability. Doping is
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another effective defect strategy to tune the catalytic properties.
Experimental studies found that interstitial C dopant in Co304
could induce a local electric field and thus efficiently facilitate the
conversion from NO3 to NHs, which exhibits an FE of nearly 100%
for NH3 production in a wide potential window from —0.1 V
to —0.6 V vs. RHE (Fig. 91 and m) [137]. The faster nitrite reduction
to ammonia has a valuable guiding significance for eNO3RR. Besides
the vacancies and doping defects, grain boundaries (GBs) represent
a particular defect within polycrystalline metal and oxide catalyst
materials [138]. As interfaces between misoriented crystalline
grains, GBs disrupt the periodic lattice and generate locally dis-
torted coordination environments. Fu and his coworkers proposed
a GB defect engineering in Ni nanoparticles to trap *H from quickly
releasing hydrogen to form hydrogen [139]. The presence of
abundant GBs not only regulates the *H adsorption but also pro-
motes the rate-determining step of NOs* to NO»* in eNO3RR, thus
achieving a high FEnys of 93.0% and yield rate of 15.49 mmol/h/cm?
(Fig. 9n—q). Lattice strain is also essential when intentionally
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engineering defects into catalyst materials. Distorting bond angles
and lengths near defect sites can strongly influence local adsorption
and catalytic properties [140]. In our previous work, we took
advantage of the strong interaction of Pt—Ce pairs to successfully
tailor the interlayer spacing of 2D SnS nanosheets, including both
expansion and compression [82]. The doped Pt and Ce elements
contribute to the expansion of interlayer spacing from
5672 + 0019 A to 6.040 + 0.034 A and shrinkage from
5.898 + 0.028 A to 5.220 + 0.031 A) (Fig. 9r and s). Interestingly, the
DFT results indicate that smaller spacings intensify the delocaliza-
tion of p electrons in Sn-5p orbitals, resulting in an increased
chemical affinity toward NO3 and NO3 while concurrently inhib-
iting hydrogen generation (Fig. 9t—v). Consequently, the designed
Pt-intercalated Ce-doped SnS (Ptgg/Ceg5-SS) shows a good FEnu3
(94.12%) and yield rate (0.3056 mmol/cm?/h).

Overall, defect engineering offers a powerful approach to tailor
the eNOsRR activity. By introducing or manipulating defects, it is
possible to enhance activity and selectivity in eNO3RR significantly.

Fig. 9. Defect engineering of catalysts in eNO3RR. (a, b) Surface potential distribution of LFygCug1 and LF submicrofbers. (c) The extracted surface potential values from (a, b). (d, e)
Top view of the variation model of NO3 and H" concentrations on the fiber surface. (f) Schematic illustration of the ion movement on the catalyst surface with more positive
potential. Reproduced with permission [133]. Copyright 2023, American Chemical Society. (g) Pathway for eNO3RR over the Fe,TiOs nanofiber. Reproduced with permission [134].
Copyright 2022, John Wiley and Sons. (h) Schematic diagram of the Vc,—Au;Cu SAAs synthesis. (i) Nyquist plots, (j) FEnuys and (k) selectivity of NH3 over various samples.
Reproduced with permission [136]. Copyright 2022, Elsevier. (1) Optimized Co304 and C/Co304 structures along the (311) plane. (m) The corresponding electron contour maps of the
(311) slice in (1). Reproduced with permission [137]. Copyright 2022, Royal Society of Chemistry. (n) Schematic diagram of GB defect-engineered Ni NPs synthesis. (0) In situ ATR-
FTIR spectra of different intermediates in eNO3RR. (p) The built structure model of GB Ni and pristine Ni for DFT calculations. (q) Adsorption energy of the three key species on GB Ni
and pristine Ni. Reproduced with permission [138]. Copyright 2023, Royal Society of Chemistry. (r) TEM, STEM image, corresponding EDX mappings, and SAED pattern of Pty o/Ceg5-
SS. (s) HAADF-STEM image of Pty 9/Ceq5-SS and the corresponding line intensity profiles in the selected regions marked by the gray dashed line. The green and white arrows point to
the Ce and Pt atoms, respectively. (t) The PDOS diagrams of Sn-5p orbitals. (u) The PDOS diagrams of Sn-5p and O-2p orbital for NO3 adsorbed on the models. (v) Adsorption
energies of NO3 and NO3. Reproduced with permission [82]. Copyright 2023, John Wiley and Sons.
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The synergistic effects of defects with other catalytic strategies
further expand the potential of defect engineering in advancing
eNOsRR and contributing to sustainable nitrogen cycle management.

4.4. Heterostructures

Heterostructures, composite materials composed of two or
more distinct components with different properties, have gained
considerable attention in nitrate reduction due to their unique
structural and functional advantages [141]. By combining mate-
rials with tunable electronic structures and reactive sites, hetero-
structures open unprecedented opportunities to tailor
functionality. The critical advantage of heterostructures is the
synergistic catalytic activity, which combines the favorable prop-
erties of different components. The interface between the two
materials in a heterostructure can promote charge transfer, modify
the electronic structure, and enhance the adsorption and activa-
tion of nitrate species [142,143]. Early studies coupling metals to
metal oxides found synergistic promotion effects exceeding
monolithic counterparts. A heterostructured electrocatalyst was
created by coupling CuCl (111) and rutile TiO, (110) [144]. As
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shown in Fig. 10a, a built-in electric field was formed in the
interface of TiO,/CuCl (CuCI_BEF), leading to the electron transfer.
The authors utilized molecule dynamics to simulate the liquid
status. It could be observed that the maximum concentration of
NO3 close to the side of CuCI_BEF is higher than that on pure CuCl
surface (Fig. 10b and c). The finite element analysis also revealed
an accumulation of 140 mg/L of NO3 near the junction after 0.1 ns
due to the built-in electric field. In contrast, pure CuCl did not
exhibit this effect (Fig. 10d). In another work, Schuhmann et al.
[145] presented a design for the electrochemical transformation of
CuCo binary sulfides into potential-dependent core-shell Cu/CuOx
and Co/CoO phases (Fig. 10e and f). The inner Cu/CuOy and Co/CoO
heterostructures catalyze to converse NO3 to NOz and NHs,
respectively. This unique tandem catalyst system leads to an FEnys3
of 933 + 2.1% and a high NH;3 yield rate of 1.17 mmol/cm?/h in
0.1 M NO3 at —0.175 V vs. RHE.

Therefore, heterostructures are a promising design strategy
for nitrate reduction catalysts. Their intricately tunable multi-
phase interfaces hold tremendous promise to address the grand
challenge of selectively producing value-added nitrogen
products.

Fig. 10. Heterostructures and surface functionalization design of the catalysts in eNO3RR. (a) Illustration of the CuCI_BEF on the MXene surface. (b) Molecular dynamics simulation
of CuCl and CuCI_BEF in 100 ppm KNOs. Scale bar, 0.5 nm. (c) Distribution of NO3 along the z-axis electrode distance based on (b). (d) Finite element analysis of ions distribution
difference near CuCl and CuCl_BEF in KNOj5 solution. Reproduced with permission [144]. Copyright 2021, John Wiley and Sons. (e) The potential range for tandem reduction of NO3
to NHs. (f) The ECSA-normalized yield of NH; in 0.01 M NO3 + 0.1 M KOH. Reproduced with permission [145]. Copyright 2022, Springer Nature. (g, h) Gibbs free energy diagram for
HER and eNO3sRR. Reproduced with permission [150]. Copyright 2021, American Chemical Society. (i) HAADF-TEM image, (j) aberration-corrected HAADF-STEM image (inset: cluster
size distribution), (k) IFFT, and (1) FFT image of RuOy/Pd. (m, n) Snapshots for the dynamic process of NO3 adsorption on RuOx/Pd before and after molecule dynamics simulations
and corresponding (o) RDF curves of PdA—NO3 and RuOx—NOj3 interactions. Reproduced with permission [70]. Copyright 2023, American Chemical Society. (p) Schematic diagram of
PA-induced enhanced interfacial mass transfer process by the electrostatic interaction during eNO3sRR. (q) FE and yield of NH3. Reproduced with permission [152]. Copyright 2022,

John Wiley and Sons.
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4.5. Surface functionalization

Tailoring the catalyst surface through functionalization or
modification can improve its catalytic activity and selectivity.
Techniques like electrodeposition, atomic layer deposition, and
surface ligand exchange can introduce desired functionalities,
control catalyst morphology, and enhance catalytic performance
[146].

Negatively charged species, such as chloride anions on surfaces,
are reported to capture protons, limiting the hydrogen evolution
reaction, and enhancing the selectivity of cathodic reductions
[147—149]. Utilizing this surface modulation strategy to create
advanced eNOs3RR catalysts, shows promise. Consequently, re-
searchers synthesized ultrathin CoOyx nanosheets with abundant
adsorbed oxygen on the surface to modulate the eNO3RR perfor-
mance [150]. The higher free energy of *H adsorption of O-covered
CoOy than clean CoOy indicates the stronger interaction between
*H and the O-covered surface and suppressed HER, as shown in
Fig. 10g. In the meantime, CoOx with an oxygen-modified surface
could also lower the energy barriers to producing ammonia
(Fig. 10h). Chu et al. [70] found that the sub-nm RuOx clusters
anchored on a Pd metallene (RuOx/Pd) serve as a highly effective
eNOs3RR catalyst. As shown in the HAADF-TEM and STEM images
(Fig. 10i and j), the numerous subnanometer clusters with a size of
~0.92 nm were distributed on the graphene-like Pd metallene.
From the inverse fast Fourier transform (IFFT, Fig. 10k) and fast
Fourier transform (FFT, Fig. 101) analyses, they showed that the
lattice fringes and diffraction spots observed in RuOx/Pd which can
all be attributed to Pd crystal structures, specifically Pd (111) and Pd
(200) with a crossing angle of 55° [151]. No crystalline features of
RuO, were detected, indicating that RuOy clusters with sub-
nanometer size are epitaxially grown on the Pd metallene, ruling
out the formation of RuO,. They also found a higher NO3-coverage
on RuOy/Pd than on Pd substrate and the corresponding higher
radial distribution function (RDF) of NO3-RuOy interaction than
NO3-Pd interaction (Fig. 10m—o). In another work, Chen et al. [152]
suggested a design of polyallylamine (PA)-functionalized frame-
like concave RhCu bimetallic nanocubes (PA-RhCu c¢NCs). Upon
the PA functional molecule, PA-RhCu cNCs show a higher electro-
chemically active surface area (72.8 m?/g) than Rh NPs. Positively
charged PA-Rh cNCs attract negatively charged NO3 ions through
electrostatic attraction, enriching NO3 ions at the electrode/solu-
tion interface. Additionally, PA-Rh cNCs with —NH3$ groups
efficiently repel NH4 ions formed on the Rh surface due to elec-
trostatic repulsion, which aids in the mass transfer of products
(Fig. 10p). The system exhibits a FExy3 of 93.7% with a high yield
rate of 2.40 mg/h/mg., (Fig. 10q).

In summary, functionalizing surfaces through atomic-scale en-
gineering of surface terminations and anchored complexes present
exciting avenues to optimize eNOsRR catalysts. With further
exploration, it could yield new materials surpassing conventional
bulk-oriented designs.

5. Summary and outlook

Electrochemical nitrate reduction is rapidly gaining significance
in nitrogen cycle management, agriculture, and environmental
remediation. It is emerging as a promising pathway for the pro-
duction of green ammonia. Consequently, acquiring a compre-
hensive understanding of the reaction mechanism and developing
electrocatalysts with superior activity and faradaic efficiency is
paramount. This review encapsulates the latest developments in
understanding the nitrate reduction mechanism and the rational
strategies for catalyst design. In situ characterization studies have
been instrumental in shedding light on reaction intermediates and
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pathways, thereby guiding the design of catalysts with enhanced
activity and selectivity. Specifically, we delve into various innova-
tive approaches employed to optimize catalyst performance, such
as alloying, defect engineering, and surface functionalization.
While advanced materials boasting high activity, selectivity, and
stability have been developed, the journey toward realizing
industry-scale applications is still ongoing, with several unresolved
issues warranting attention. The following descriptions provide a
detailed exploration of these aspects:

1) Although more and more in situ electrochemical measurements
are developed to study the reaction mechanism of eNO3RR, the
nitrate reduction reaction involves multiple steps and in-
termediates, making it challenging to identify and characterize
each species. In situ measurements often require high sensitivity
to detect and identify low-concentration intermediates and re-
action products. The limited concentration of these species,
combined with potential interference from background signals
or other electrochemical processes, can hinder accurate detec-
tion and characterization. Therefore, selecting the appropriate in
situ measurement techniques that can provide relevant infor-
mation about the reaction mechanism is crucial. Different ap-
proaches have limitations and strengths, and it is essential to
choose complementary methods to address the specific chal-
lenges associated with nitrate reduction. Overcoming these
challenges requires combining electrochemistry, spectroscopy,
and data analysis expertise. It often involves the development of
advanced experimental set-ups, using state-of-the-art instru-
mentation, and integrating complementary techniques to
obtain a more comprehensive understanding of the eNOsRR
mechanism.

2) The surface of the catalyst undergoes dynamic changes during
eNO3RR. Adsorption and desorption of reaction intermediates
can induce surface reconstruction, resulting in modifications to
the active sites and surface morphology. Capturing and com-
prehending these dynamic changes in real-time poses signifi-
cant challenges. Surface reconstruction during nitrate reduction
can involve changes in surface composition, crystallographic
orientation, and atomic arrangement. Therefore, using advanced
characterization techniques with exceptional spatial resolution
and sensitivity is essential. Meanwhile, surface reconstruction
processes can be influenced by reaction time and temperature.
Different reaction conditions can lead to variations in recon-
struction dynamics, making it crucial to carefully control and
characterize these parameters to assess surface changes
accurately.

3) It is required to set standardized criteria for assessing eNO3RR
performance. The absence of standardized criteria makes it
challenging to compare the effectiveness of different catalysts.
Without uniform metrics or protocols, researchers may use
different performance indicators, such as current density,
selectivity, or energy efficiency, making it difficult to draw
meaningful conclusions or establish direct comparisons be-
tween catalysts. Additionally, variations in experimental setups,
electrode materials, and testing conditions can further
contribute to inconsistencies in reported performance. Stan-
dardized criteria would facilitate more accurate and reliable
comparisons, enabling a better understanding of catalyst per-
formance and the identification of promising materials for
eNO3RR.

4) Controlling and optimizing reaction conditions are the way to
achieve reproducibility and relevance to practical applications.
The choice of reaction conditions, including pH, temperature,
and electrolyte composition, can significantly influence the
eNO3RR mechanism and the formation of intermediates.
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However, determining the optimal reaction parameters can be References
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