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Nitrate contamination has prompted global concern due to its far-reaching effects on human health and
the ecosystem. As an emerging technology, electrochemical nitrate reduction reaction (eNO3;RR) provides
a promising approach for converting nitrate to valuable ammonia (NH3) or harmless nitrogen gas (N;).
However, the conversion efficiency of eNO3RR is still constrained by the mismatch between catalysts and
the reaction microenvironment at lower nitrate concentrations (<0.1 mol/L). In this review, we have sys-
tematically discussed the feasibility of electrochemical methods in treating low-concentration nitrate by
summarizing recent advances and their reaction mechanisms. Meanwhile, the selection between NH; and
N, pathways was evaluated based on the nitrate concentration range and safety considerations associated
with each scenario. Finally, the dominant factors for applying eNO3RR to real-world scenarios were also
thoroughly discussed. We hope this review can provide comprehensive insights into the design of optimal
catalysts and systems for treating low-concentration nitrates in practical scenarios, thereby promoting the
environmental sustainability of electrocatalytic technologies.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Nitrate contamination has become a critical challenge to wa-
ter safety in countries worldwide [1-4]. The overuse of syn-
thetic fertilizers, discharge of inadequately treated wastewater
from industrial activities and municipal sewage, have collabora-
tively led to progressive accumulation of nitrate in aquatic ecosys-
tems, which triggered imbalance in the nitrogen cycle and caused a
series of environmental issues [5]. The World Health Organization
(WHO) has recommended restrict criteria for nitrate-N (NO3~-N,
10 mg/L), nitrite-N (NO,~-N, 0.03 mg/L), and ammonium-N (NH4*-
N, 0.4mg/L) in drinking water [6]. Since nitrate exhibits high
solubility and strong chemical stability in aquatic environments,
achieving effective nitrate removal remains challenging by using
conventional co-precipitation and adsorption methods.
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wenleizhu@nju.edu.cn (W. Zhu).
1 These authors contributed equally to this work.
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Biological denitrification, ion exchange, and reverse osmosis
methods have demonstrated efficient nitrate remediation across di-
verse application scenarios over the past decades. However, each
technology has its limitations or potential environmental concerns
[7-9]. The biological denitrification method is heavily reliant on
external carbon sources to sustain metabolic activity of denitrify-
ing bacteria, which may contribute to secondary pollution in the
treated aquatic systems and exacerbate difficulty in treating sludge
[10]. With regards to the ion exchange method, the anion ex-
change resins preferentially adsorb sulfate ions over nitrate ions
[11]. Consequently, the adsorption-desorption cycles will be pro-
longed when nitrate-containing wastewater is coexisting with sul-
fates to ensure effective removal of nitrates, while additional treat-
ment is also required for the displaced salty waste. For the reverse
osmosis system, the high operational and maintenance costs con-
strain its large-scale implementation, further treatment processes
are also necessary for the concentrated brine [12]. Accordingly, re-
cent investigations have focused on the development of efficient
and sustainable approaches for nitrate remediation that integrate
ecological conservation with source recovery capabilities.

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Concentration ranges of nitrate-containing water samples and their possible
treatment directions in practical applications.

Among emerging technologies, the electrochemical nitrate re-
duction reaction (eNO3RR) method shows great potential for ni-
trate remediation through two entirely distinct pathways to pro-
duce ammonia (NH3) or nitrogen gas (N,) under ambient con-
ditions [13,14]. The product selectivity, energy-saving attributes,
and environmental sustainability of the eNO3RR method make
it a disruptive technology, which is expected to be widespread
in practical applications. With the deepening of the study, the
near-industrial level conversion of nitrate to ammonia has been
achieved at high-concentrations (>0.1 mol/L, 1400 mg/L) [15-19].
Since the underlying mechanisms of eNO3RR have been effectively
elucidated, current studies have shifted their focus to the reme-
diation of lower concentration nitrates, to align with the require-
ments of the practical applications [20]. According to the descrip-
tions in relevant studies (Table S1 in Supporting information), the
concentrations of nitrate can be categorized into four ranges (Fig.
1): (1) Ultralow concentration (Cpjtrate-ny < 10mg/L), (2) low con-
centration (10mg/L < Cyjtrate-n < 140 mg/L), (3) medium concentra-
tion (140 mg/L < Cpjtrate-N < 1400 mg/L), and (4) high concentration
(Chitrate-n = 1400 mg/L).

Theoretically, the eNO3RR undergoes two key processes, in-
cluding the deoxidation of NOy and hydrogenation of active N-
intermediates [12]. In addition to the valence state transitions of
nitrogen, both deoxygenation and hydrogenation processes necessi-
tate the involvement of reactive hydrogen species, while the gener-
ation of reactive hydrogen species is related to the adsorption and
dissociation of H,O on the catalyst surface [19]. However, in the
media containing lower concentration nitrates, the mass transfer
limitation of nitrate impeded their adsorption and activation, mak-
ing the hydrogen evolution reaction (HER) the dominant compet-
ing process [21]. Even for high concentration nitrates, the nitrate
concentration will continuously decrease to a lower level during
the electrocatalytic process. Therefore, regulating the surface ad-
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sorption of nitrate ions and reactive hydrogen species has become
the key role to realize effective nitrate treatment at lower concen-
trations.

Notably, nitrate-containing wastewater at low concentration
levels is more commonly encountered in industrial activities (Ta-
ble S2 in Supporting information). Beyond the performance dif-
ferences arising from the above two factors, the practical environ-
mental applications of eNO3RR in these scenarios may also be in-
fluenced by multiple interrelated factors, including the coexistence
of diverse wastewater constituents, the intrinsic activity of the cat-
alyst, and the characteristics of the reactor system. Hence, the de-
velopment and selection of suitable eNO3RR strategies should be
tailored to the specific demands of distinct application contexts. In
this review, recent advances of eNO3RR for treating lower concen-
tration nitrates are summarized and discussed by focusing on their
key strategies and underlying mechanisms. Taking into account the
specific microenvironment of actual water samples, the challenges
in practical applications are also evaluated. We hope this review
can offer insights to inspire more substantial initiatives for treating
nitrate contaminants at lower concentrations and advancing cata-
lyst design.

2. Mechanisms for electrochemical nitrate conversion

eNO3RR can be categorized into direct reduction and indirect
autocatalytic pathways based on the nitrate concentration and the
acidity of electrolytes. When nitrate concentration is over 1 mol/L,
a highly acidic (>1mol/ L) environment will promote an indirect
nitrate reduction pathway in the presence of nitrite [22]. In this
reaction pathway, nitrate does not participate in electron transfer;
the system tends to generate NO, and NO radicals through the Vet-
ter and Schmid mechanisms, thereby promoting the autocatalytic
cycle of nitrate [23].

Conversely, when nitrate concentration is lower than 1mol/L,
the eNO5RR process tends to undergo a direct reduction pathway
via the electron transfer or the atomic hydrogen pathway (Fig. 2)
[12]. Regardless of which of the two mechanisms is involved, the
adsorption of nitrate onto the cathode plays a crucial role in de-
termining the rate and selectivity of the following reaction steps
[24]. Based on Fick’s law, the diffusion rate of nitrate is propor-
tional to its concentration in the solution. At relatively higher con-
centrations, nitrate ions exhibit improved mass transfer toward the
cathode, where the intrinsic reactivity of the active site becomes
critical to the reaction rate. However, at low concentrations, the
mass transfer limitation of nitrate significantly affects the overall
performance of eNO3sRR [23]. This is also one of the fundamental
reasons why most systems suffer from a decline in performance
at the middle-to-late stages of the reaction. Therefore, increasing
the localized nitrate concentration on the cathode surface is one
of the paramount priorities to address low-concentration nitrate
treatment.

Considering that most eNO3RR systems are operated under
neutral or alkaline conditions, NH; and N, are identified as major
thermodynamic products according to the Frost-Ebsworth diagram
(Fig. 3) [23], owing to their high thermodynamic stability among
the possible intermediates and end-products [25,26]. Within this
pH range, the influence of mass transfer on the thermodynamic
stability of the products remains to be further investigated.

The equations for NH; and N, generation are listed as follows,
where E0 denotes the potential relative to the standard hydrogen
electrode (SHE) [26]:

2NO; + 12H* 4 10e” — N, + 6H,0, E9 = 1.17 V vs. SHE
(1)
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Fig. 3. Frost-Ebsworth diagram of nitrogen species at pH 0 and pH 14. Reproduced
with permission [23]. Copyright 2020, Wiley-VCH GmbH.

NO; + 9H* + 8e~ — NH3 + 3H,0, E® = —0.12 V vs. SHE
(2)

After NO3™ is adsorbed on catalyst surface and forms NO3™(44q),
NO3(4¢5) €an react with proton-electron pairs or adsorbed hydro-
gen atoms (H,qs)) to form NO,(,q45) through one-step deoxidation
processes [8,27], which is considered as the rate-determining step
for the eNO3RR process [22,23].

The generation of NO(,qs) from NO,™ (545 is another key step,
where the subsequent reactions of NO,qs) play a decisive role in
directing the product distribution of the electron transfer pathway.
Through a successive hydrogenation-coupled electron transfer pro-
cess, the NO intermediate tends to gradually convert into HNO,qs),
HyNO(,qs), and H;NOH(,qs), eventually forming NH3 as the prod-
uct. On the other hand, three different pathways have been pro-
posed for generating N,. In pathway I, the NO(,4,) reacts with des-
orbed NO(,q), one proton, and one electron to form HN;O,(,4s) and
further reduces to N;O,qs) and N,. Pathway II involves a multi-
step hydrogenation from NO(,qs) to NHy(,q5), Where the generated
NHy(,45) couples with NO(,qs) to form NONH,(,4s) that can decom-
pose into N [23]. Moreover, the conversion of NO,qs) t0 Niags)
by proton-electron pairs offers another route to facilitate the N-N
coupling process, which requires the simultaneous generation of
two N(,qs) atoms on adjacent active sites [28].

For the atomic hydrogen pathway, instead of receiving electrons
from the electrode, the adsorbed nitrate undergoes a series of hy-
drogenation steps with H,qs) (produced through the Volmer pro-
cess) on the electrode surface to generate NO(yqs), Niads), NHads),

NHy(,4s) intermediates. In the presence of H,qs), the generated
N(ads) is more likely to react with H,qs) to form N-H bonds, mak-
ing this pathway favorable for NH; production [26].

As mentioned earlier, nitrate ions exhibit poor mass transfer
capability toward the cathode surface under low concentrations.
In the meantime, water dissociation may become the dominant
cathodic reaction [29,30]. Once excessive hydrogen occupies the
cathode surface, the performance of eNO3RR may be constrained
by the competing HER [20]. It is reported that the concentrations
between NO(,q5) and H,qs) can determine the direction of hydro-
genation steps for generating Hp, NH3 or N, [31]. Matching the rel-
ative concentration between H,qs) and NO(,qs) is conducive to the
formation of N,, while the mismatch between the concentration
of H(ags) and NO(,4s) induces the nitrate-to-ammonia pathway [31].
Therefore, regulating the surface adsorption of nitrate ions and re-
active hydrogen species has become the key role to realize effective
nitrate treatment at lower concentrations.

3. In-situ characterization of intermediates in eNO3RR

The advancement of in-situ characterization techniques has en-
abled a deeper understanding of the reaction pathways in the
eNO3RR process and provided guidance for the further optimiza-
tion of catalysts. Techniques are allowed for the detection of short-
lived intermediates and the observation of dynamic transforma-
tions under actual operating conditions.

3.1. In-situ Fourier-transform infrared (FTIR) spectroscopy

In-situ FTIR is a powerful tool for the rapid detection of ad-
sorbed intermediates on the surface of catalysts during the cat-
alytic reaction. Through the design and modification of electrolytic
cells, the infrared laser can realize a total reflection at the interface
of electrolyte, which is referred to as attenuated total reflection-
FTIR (ATR-FTIR) [32]. In the eNOsRR process, ATR-FTIR is com-
monly employed to monitor the evolution of nitrate and nitro-
gen intermediates (Fig. S1a in Supporting information). It should
be noted that the strong absorption band of hydroxyl groups in
water can severely interfere with signal detection. Therefore, ap-
propriate adjustments and instrumental optimization are necessary
before measurement to minimize such interference.

3.2. In-situ Raman spectroscopy

In-situ Raman spectroscopy is another method for monitoring
dynamic changes in catalyst structure, surface adsorbed interme-
diates, and the redox process of active sites by the frequency dif-
ference between inelastically scattered and the incident ray [32].
In comparison with the in-situ FTIR technique, in-situ Raman spec-
troscopy provides less information on nitrogen-containing interme-
diates, but it can serve as complementary evidence to support the
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deduction of the overall reaction pathway (Figs. S1b and c in Sup-
porting information).

3.3. Differential electrochemical mass spectrometry (DEMS)
measurement

By using the DEMS method, the volatile gaseous products can
be directly introduced into the mass spectrometer in real time and
quantified based on their mass-to-charge ratios (Fig. S1d in Sup-
porting information) [33]. The DEMS device primarily consists of
an electrolytic cell, a membrane interface, and a quadrupole mass
spectrometer, where the membrane interface is the most critical
component of the DEMS system [32]. Volatile gaseous species gen-
erated at the electrode surface are required to cross the interface
and be transferred into the vacuum chamber of the mass spec-
trometer under ambient pressure. Since the method is highly sen-
sitive, the volatile intermediates from the eNO3RR system, such as
NO (m/z 30), N,O (m/z 44), NH3 (m/z 17), Hy (m/z 2), can be de-
tected by DEMS.

3.4. In-situ electron spin resonance (ESR)

In-situ ESR is generally employed to quantify the existence and
changes of H,qs), while 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
is always used as a standard trapping agent to extend the lifetime
of Hiads)- Once Heagsy is produced in the electrocatalytic system, a
nine-peak ESR signal could be observed (Fig. S1e in Supporting in-
formation) [34]. This would serve as strong evidence in support of
the atomic hydrogen pathway.

As shown in Table S3 (Supporting information), the advantages
and disadvantages of the in-situ characterization methods are
systematically summarized, revealing that no single characteri-
zation is sufficient to provide comprehensive insights or rational
explanation for certain mechanisms. Therefore, the integration
of multiple complementary characterization methods becomes
necessary. For instance, Xiao et al. identified the potential inter-
mediates over meso-i-AuCus@ultra-Au during the electrocatalysis
process by using ATR-FTIR spectroscopy. With shifting the ap-
plied potential from 0.25 to -0.55V, the characteristic absorption
peaks for NO3™(a45), NO3 7 (ads), NO(ags)» NHOH, and NH3 can be
observed (Fig. Sla in Supporting information) [21]. According
to the in-situ ESR results, Hq was effectively generated over
meso-i-AuCuz@ultra-Au under 1 mol/L KOH. Nevertheless, through
the introduction of 0.5 mol/L nitrate, the ESR signals corresponding
to DMPO-H disappeared. This indicates that the eNO3RR system
effectively consumes H,qs) during the reaction process (Fig. Sle
in Supporting information). At open circuit potential (OCP), in-situ
Raman spectra indicate a robust affinity of meso-i-AuCus@ultra-
Au for nitrate adsorption through the characteristic peak of
NO37(aq5) at near 1028 and 1372 cm™! (Figs. S1b and c). On the
other hand, the band at 1200 cm™! in the time-resolved Raman
spectra verified a strong adsorption of NO;™(,q5), Which further
demonstrated the considerable performance for eNO3RR over
meso-i-AuCus@ultra-Au. Integrating experimental results with in-
situ characterization data, the eNO3RR pathway was identified as:
NO3_ — NO3_(ads) — NOZ(adS) — NO(adS) — NOH(adS) — NH2 OH(ads) —
NH3(adS) — NH3

4. Strategies for remediating nitrates at lower concentrations

To achieve high-performance nitrate reduction at lower concen-
trations, numerous strategies have been performed to improve the
localized concentration of NO3™~, and to regulate the generation and
adsorption characteristics of H,qs). Focusing on the above features,
the relevant strategies are categorized into NHs-selective and Nj-
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selective pathways to discuss their advantages in treating nitrate at
lower concentrations.

4.1. NH3-selective pathway

4.1.1. Build localized electric field

The negative charge of NO3~ hinders its localized accumulation
on the cathode catalyst surface. By creating positively charged re-
gions on the catalyst surface, effective NO3~ enrichment can be
achieved via electrostatic attraction.

4.1.1.1. Constructing matrix with positive charges. Sheng et al. pro-
posed a CuCo bimetallic nanoparticle/nitrogen-doped carbon com-
posite (CuCo/CN) for a wide range of nitrate conversion (20-
2000mg/L), where the CN matrix is derived from the car-
bonization of a positively charged 4,4’,4”,4"”-porphine-5,10,15,20-
tetrayltetrakis benzoic acid (TCPP, Fig. 4a) [35]. In addition to the
nitrate adsorption function given by the positively charged CN ma-
trix, results indicate the incorporation of Co into Cu structure pro-
vides optimal sites for H,qs generation and stabilization. More-
over, the activity of Cu sites is also preserved by regulating the
binding strength of intermediates and the proton/electron transfer
process (Fig. 4b).

4.1.1.2. Constructing built-in electric field. The construction of built-
in electric field is typically achieved by integrating two materials
with distinct properties, while at least one material is a semicon-
ductor [36]. Through the redistribution of charges at the interface,
the Fermi level of two dissimilar materials tends to align and form
a built-in electric field in the composite material.

In 2021, Sun et al. created a built-in electric field CuCl catalyst
(CuCI-BEF) by linking CuCl with MXene-generated TiO, through
the formation of Cu-O chemical bond (Fig. 4c). With a built-in field
strength of 8 x 108 V/m, effective accumulation of K+ and NO;3~
ions was identified by molecular dynamics simulation at the solid-
liquid interface (Figs. 4d and e) [36]. Benefiting from the built-
in electric field and high release barrier given by CuCI-BEF, it is
difficult for negatively charged NO,~ to desorb from the catalyst
surface. The electric field also raises the free energy of NO(,4s),
thus reducing the energy barrier for NO(,qs hydrogenation. Ow-
ing to the higher energy barrier for H, formation on CuCl-BEF, a
98.6 % ammonia selectivity was achieved in 100 mg/L NO3~ (equal
to 22.5mg/L NO3~-N) with low NO,~ production.

Similarly, Zhu et al. developed a Mott-Schottky electrocatalyst
by constructing cobalt borides (Co-B)/cobalt oxides (CoOx) hetero-
junction [37]. The energy level discrepancy between two materi-
als induces the electron transfer from Co-B to CoOx, thus forming
an internal electric field in the heterojunction Co-B@CoOx and en-
hancing NO3~ affinity at the Co-B site (Fig. 4f). Moreover, since Co-
B barely has the capability to adsorb H,0, the optimal moderation
of H,O adsorption capability on the electrophilic CoOx region fur-
ther avoids the unwanted HER process. Meanwhile, the generated
Heads) is sufficient for the hydrogenation processes (Fig. 4g). As a
result, 95% of nitrate can be eliminated from a 100 mg/L NO3~-N
solution in 40 min at -0.90V vs. RHE. Base on similar approaches,
CuyNij /NiFeP/Nickelfoam (NF) nanosheet [38], CuO/NiO hetero-
junction structure [39], CoCuOx@CuOx/copper foam (CF) core-shell
catalyst [40], and Cu@CuCoO, [41] are also performed effective ni-
trate mass transfer and Hy,q) provision, which further verified the
application prospects of built-in electric field strategy.

Both of “constructing matrix with positive charges” and “con-
structing built-in electric field” strategies rely on the formation
of positively charged regions to accumulate NO3~ through elec-
trostatic attraction. However, their underlying mechanisms diverge
significantly. In positively charged matrix, the charges are origi-
nated from the functional groups introduced by the precursors,
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while the matrix themselves does not act as catalytic sites [35]. In
contrast, the positively charged regions in built-in electric field are
generated from charge redistribution at the interface between two
materials with distinct electronic structures. Moreover, the posi-
tively charged regions in built-in electric field not only facilitate
nitrate accumulation but also can serve as active sites for NO5~
deoxidation, thereby participating into the overall eNO3RR path-
way [37]. Since NO3;~ can be effectively transported from posi-
tively charged matrix to adjacent catalytic sites, integrating posi-
tively charged matrix with optimal built-in electric field materials
holds considerable promise for synergistically enhancing both ni-
trate enrichment and the overall eNO3RR performance.

4.1.2. Pulsed potential electrolysis

In comparison with potentiostatic/galvanostatic methods,
pulsed potential electrolysis can overcome certain difficulties
during the electrocatalytic processes [42]. Therefore, the pulsed
potential method has been widely employed in electrocatalysis
for hydrogen peroxide production [43], organic synthesis [44],
and CO, reduction [45-47]. During the eNO3;RR process, pulsed
potential can realize periodic modulation of the local microen-
vironments at the catalyst’s surface. When a positive voltage is
applied to the system, NOs;~ is expected to be accumulated in
the Nernst diffusion layer via electro-sorption, which significantly
improves the mass transfer capability in nitrate solution with
low concentrations. Subsequently, the enriched nitrates will be
reduced to desired products after the applied potential is switched
to a negative voltage (Fig. 5a).

Huang et al. proposed a carbon-supported Ruln; intermetallic
compound (Ruln3/C) as the model catalyst for pulsed electrolysis
of nitrate [42]. The results demonstrate that the pulsed potential
method can effectively enhance the mass transfer efficiency of ni-
trates at lower concentrations. In addition to the positive voltage,
they found the surface oxidation of low-coordinated indium atoms
also provided positive effects on nitrate adsorption over the active
RuO sites (Figs. 5b and c). By employing cathodic potential of -0.1V
and anodic potential of 0.6V, higher Faradaic efficiency and NH;
partial current density were obtained by the pulsed system (97.6 %,
27.3mA/cm?) than potentiostatic system (65.8%, 8.9mA/cm?) in
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Fig. 5. (a) Schematic illustration of the mass transport mechanism by using pulsed
voltage. Charge density of NO;~ over Ru sites on (b) Rulns/C and (c) Ru/C. Repro-
duced with permission [42]. Copyright 2023, The authors. Springer Nature. (d) SEM
and elemental mapping images for Cu foils after pulsed electrolysis. (e) EPR spectra
to evaluate H,q4s) generation in various systems. Reproduced with permission [48].
Copyright 2024, Elsevier B.V.

10 mmol/L nitrate (140 mg/L NO3~-N). To achieve complete removal
of nitrate at low concentrations, Liu et al. provided an oxide-
derived copper (CuO/Cu,0) as the model catalyst, which can in-
duce redox reactions on Cu foil during the pulsed electrolysis [48].
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The Cu foil can generate a rough surface through the dynamic ox-
idation/reduction of Cu, and provide more active sites for eNO3RR
(Fig. 5d). In Raman spectra, the characteristic peak for NO3~ ap-
pears and gradually increases at +0.2V vs. RHE, which can be at-
tributed to the accumulation of NO3~ near the positively charged
cathode. By using quenching agent and electron paramagnetic res-
onance (EPR) analyses, the authors also proved the existence and
the key role of H,qs) in their proposed system (Fig. 5e). Based
on the characterization results, they deduced that CuO facilitates
the transformation of NO3~ to NO,~, while Cu,0 tends to produce
Hads) and accelerate the production of NH4*.

Besides the periodic replenishment of NO3~ on the cathode sur-
face, the pulsed potential method is capable of preventing the
morphology or phase changes of catalysts under long-term ca-
thodic potential and maintaining their intrinsic activities [49]. Con-
sequently, an optimal regulation of applied anodic/cathodic time
and voltages is crucial for realizing efficient nitrate conversion in
different scenarios [50].

4.1.3. Bimetallic catalysts with synergistic catalytic effects

Improving the intrinsic properties of catalysts is a more at-
tractive strategy for achieving effective nitrate remediation at
lower concentrations. As the most widely used transition metal in
eNO3RR process, Cu has performed capability for NO3~ adsorption
and conversion (NO3~ to NO,~) [51]. However, due to the infe-
rior adsorption of Hi,qs) on Cu active sites, the further reduction
of NO,~ was restricted and led to the accumulation of NO,~ [52].
Combining the advantages of Cu with other functionalized metal
structures is a promising way to overcome their respective draw-
backs and improve the overall performance of the hybrid catalyst.

The key strategy to overcome this limiting step lies in reduc-
ing the energy barrier for the hydrogenation of nitrogen-oxygen
intermediates [53-55]. Theoretically, Cobalt (Co) can effectively re-
alize the hydrogenation process of NO,~ to NH3. However, its poor
capacity for NO3~ adsorption limits the initial deoxidation pro-
cess of NO3~ to NO,~. On the other hand, the intrinsic adsorp-
tion capability of Cu species is insufficient to effectively enrich
nitrate around the catalyst surface when nitrate is under low-
concentration ranges. In this case, studies have emerged in con-
structing Cu-Co tandem catalysts for NO5;~ treatment at lower con-
centrations.

For the Co304/CuOx tandem catalyst proposed by Yu et al,
metallic Cu was in situ generated during the electrocatalytic pro-
cess and provided sites to adsorb/activate NO3~. The authors also
found that the generated *NO, on Cu sites will spillover to the
Co304 site and perform subsequent reactions to form NHj3 (Fig.
6a) [53]. As a result, the proposed catalyst performed a 93.77 % FE
for treating 5mmol/L NO3~. Meanwhile, the alkaline environment
in catholyte also induced an optimal working potential (-0.1V
vs. RHE) for the eNO3RR process (Fig. 6b). Similar synergistic ef-
fects are also verified on Cu-CoP [54], Cu@Fe1-NC [55], Cu/Co(OH),
[15,56], Vo-CuCo LDH/SrGO [57], and Cu3Co;-NC catalysts [58]. In
addition to build a tandem catalysis system, the introduction of Cu
species is also expected to improve the NO3~ adsorption/activation
activities on their surrounding hetero-atomic sites.

In addition to build a tandem catalysis system, the introduc-
tion of Cu species is also expected to improve the NO3~ adsorp-
tion/activation activities on their surrounding hetero-atomic sites.
In 2024, another Cu-Co304/nickel foam (NF) catalyst system was
proposed by Hu et al. [59]. On Cu-Co30,4 catalyst, the energy bar-
rier for H(,qs) formation is deduced to -1.30eV, which facilitates
the eNO3RR process as well as inhibits the unwanted HER at neu-
tral pH (Fig. 6d). Moreover, NO3~ is favorable to adsorb and react
on Co sites owing to the charge redistribution of Co by the intro-
duction of Cu (Fig. 6¢).
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For another bimetallic catalyst proposed by Chen et al, the in-
teractions between Ru and Cu favor the adsorption of NO3~ on
isolated Ru sites. Additionally, the generated *N atom prefers to
restrict on Ru sites for further hydrogenation rather than pro-
ceed N-N coupling due to the higher reaction energy required
for its migration from Ru-Cu to Cu-Cu sites [60]. With a higher
NO,~ desorption barrier and the inert HER activity on Cu sites, the
Ru-CuNW catalyst displayed excellent performance for nitrate-to-
ammonia conversion (Fig. 6e). As a result, the proposed system
achieved efficient capability for converting nitrate from industrial
wastewater level (451.61 mg/L NO3~-N) to a drinkable water level
(WHO regulation, <11.3 mg/L NO3™-N).

4.14. Nitrate enrichment by porous structure

The porous structure can provide high surface area, enhanced
mass transport, and enrichment effect for NO3~. Building upon
this phenomenon, recent studies have demonstrated nitrate enrich-
ment and the subsequent reduction process on the catalysts with
porous structures. In 2022, Song et al. proposed a porous Cu@C
catalyst for treating nitrate across a wide concentration range
(70-1400 mg/L NO3~-N) [61]. By encapsulating Cu nanoparticles
(50nm) into the porous carbon framework (Fig. 7a), the porous
Cu@C catalyst exhibits 27.5 times higher NO3~ adsorption capac-
ity than Cu nanoparticles, and facilitates the reduction of NO3~ to
NH; (Fig. 7b).

Structure engineering of micro-/mesoporous nitrogen-doped
carbon is also feasible to improve the performance for ammonia
production in the eNO3RR process. In comparison with the con-
ventional Cu(I1)-Ny4 sites, Cu(I)-N3C; has been shown to reduce the
activation energy of rate-determining steps (HNO3(,4s) — NOy(ags),
NHZ(ads)%NHB(ads)) [62] Since H(ads) and NO3(ads) are identified
to be adsorbed on the C site and its adjacent Cu(I) site with bal-
anced adsorption energies (Fig. 7c), the hydrogenation process for
N-species on Cu(I)-N3C; is strengthened, while the competitive
HER process and unwanted desorption of intermediates are sup-
pressed.

Beyond matrix engineering, the direct construction of catalysts
with a porous structure is another strategy to enhance localized
NO3;~ concentration at the active sites of tandem catalysts. By us-
ing a scalable alloying/dealloying method, Feng et al. synthesized
a phased-segregated Ag/Ag-Co tandem catalyst with a hierarchical
nanoporous structure [63]. In comparison with Ag/Ag-Co nanopar-
ticles, the nanoporous Ag/Ag-Co tandem catalyst demonstrates su-
perior eNO3RR performance, which can be attributed to the NO3~
enrichment within nanopores and the accelerated mass transport
of reactants and products by the large pores (Fig. 7d). As a re-
sult, the cascade catalysis of Ag (NO3~ to NO,~) and Ag—Co phases
(NO,~ to NH3) on nanoporous Ag/Ag-Co tandem catalyst exhibits a
94 % NH; Faradaic efficiency in 10 mmol/L NO3~ electrolyte.

Moreover, the inherent porosity of certain materials can also fa-
cilitate efficient surface enrichment of NOs~. Kim et al. reported
a Cu foam electrode decorated with layered double hydroxides
(LDHs) to evaluate the roles in H,qs) production/transportation by
varying transition metal combinations in LDHs [64]. In the hybrid
catalyst, Cu foam acts as the active site for eNO3RR process, and
facilitates the adsorption of NO5~ through its highly porous sur-
face and the intrinsic NO5~ affinity of Cu species. Meanwhile, LDHs
served as an H,q) supplier for Cu active sites and mitigated the
poisoning effect of N-intermediates on Cu sites. With the high ki-
netic energy barrier for the Volmer reaction (H adsorption) and a
rate-determining Heyrovsky reaction (H-H coupling) on NisFe-CO3
LDHs, the composite catalyst exhibits an 8.5-fold higher NH3 yield
than that of pristine Cu surface in the presence of 70 mg/L NO3™-N,
which further highlights the critical role of H,q4s) supplementation
at Cu active surface for the eNO3RR process (Fig. 7e).
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Oxygen vacancies (OVs) have demonstrated their ability to
modulate the electronic structure of catalysts, thereby facilitating
the adsorption and activation of reactants [65-67]. The combina-
tion of porous structures and oxygen vacancies holds great poten-
tial for further enhancing the adsorption capacity of reactants [68].

A Cu foam supported Ce(IV)-CO304 structure was proposed by
Zhou et al., where the oxygen vacancies originate from the strong
“oxytropism” of Ce(IV) in CO304. In Ce(IV)-CO304, the negatively
charged Ov can promote the proton adsorption and lower the en-
ergy barrier for the Volmer step through the regulation of the d-
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band center (Fig. 7f) [69]. Combining the advantages of copious
positively charged Ce-Co dual sites and the porous structure for
NO3~ enrichment (Figs. 7g and h), Ce(1v)-CO304 exhibits high per-
formance in the remediation of practical wastewater over a wide
nitrate concentration range.

4.2. N,-selective pathway

At the current stage, studies have primarily focused on realiz-
ing effective N recovery by converting NO3~ to valuable NHs. How-
ever, owing to the biological toxicity of NH3, the established water
quality standards by China and other countries/authoritative orga-
nizations have limited the concentration of NH3-N to 0.5mg/L in
drinking water. Although NH;5-N is expected to be completely re-
moved from water by the chlorine disinfection method in water-
works, the rationality for transforming NOs;~ to NH3 in some sce-
narios remains debatable. For surface water and groundwater with
low-level NO3~ contamination, the reduction of NO;~ to nitrogen
gas (N,) by the electrocatalytic method is regarded as a prefer-
able approach. In eNO3RR process, N is typically produced via two
distinct pathways: the indirect generation pathway assisted by the
addition of chloride ions (Cl7), and the direct generation pathway
through the N-N coupling.

Generally, the three-electrode cell for the indirect transforma-
tion process is not equipped with an ion-exchange membrane. Two
separate steps are involved in the indirect transformation process:
the generation of NH4* on the cathode and the oxidation of CI-
on the anode. By adding optimal concentrations of Cl~ to the re-
action system, active chlorine species will be generated and will
react with NH4*(Egs. 3-8) [70].

2C1- — Cl + 2e” (3)
Cl, + H,0 - HCIO + CI- + H* (4)
HCIO « ClO~ + H* (5)
3HCIO + 2NH; — N, + 3CI~ + 5H* + 3H,0 (6)
HCIO™ + 2NH; — N, + 3ClI" + 2H' + 3H,0 (7)
NO, + HCIO — NO; + CI- + H* (8)

In 2018, Teng et al. proposed an ordered mesoporous carbon
(nZVI@OMC) supported nanoscale zero-valent iron catalyst to eval-
uate the feasibility of the electrocatalytic denitrification process
(Fig. 8a) [71]. Reaction parameters, including preparation temper-
atures, Fe contents (0%—45%), encapsulation effects, and the con-
centration of NO3~ (3.29-32.9mg/L NO3~-N) have been systemati-
cally investigated to reveal the conversion mechanism from NO3~
to N, in the presence of CI~. The author inferred that H, and Cl,
were produced at the cathode and anode, respectively. Benefiting
from the advantages of large surface area, pore volume, and good
conductivity of OMC, the encapsulated Fe(0) sites are inclined to
maintain activity and react with NO3~ and other N intermediates
with the assistance of in-situ generated H,. Furthermore, the pro-
duced NH4* undergoes an oxidation process to yield N, in accor-
dance with Eq. 6. However, the N, selectivity is limited to 74%
even in the presence of Cl-, suggesting that the nZVI@OMC cata-
lyst has unsatisfactory electrocatalytic performance in NH4* gener-
ation. Nonetheless, this work represents a successful attempt at the
electrocatalytic NO3~-to-N, pathway and provides valuable guid-
ance for the research in this field.
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Su et al. hypothesized that increasing the dispersion and load-
ing of iron nanoparticles within a carbon framework could further
promote the efficiency of the electrochemical denitrification pro-
cess [72]. By fabricating CL-Fe@C microspheres with ~74% Fe con-
tent, they declared a ~98% N, selectivity and ~100% nitrate re-
moval rate can be obtained (Fig. 8b). Although a higher N, selec-
tivity is observed in the presence of Cl-, the nitrate conversion ca-
pability is restricted (Fig. 8c). In 2024, Ma et al. proposed another
Fe-doped porous catalyst named iron-doped zeolite imidazolium
framework derived defective nitrogen-doped carbon (d-FeNC) to
investigate the effect of ZIFs-derived porous nitrogen-doped carbon
substrates on the electrocatalytic denitrification process [73]. In ad-
dition to optimizing the denitrification efficiency by adjusting basic
parameters, the authors also investigated the generation and roles
of H,qs) 0n the denitrification process by using in situ ESR analysis
and chemical trapping agents (Fig. 8d). The results indicate H,qs
can be effectively generated and stored on the defective CN struc-
ture, which facilitates the NO, -to-NH4* pathway in the reduc-
tion process. By introducing Cl- into the electrolyte, a 97 % NO3™-
N removal and nearly 100% N, selectivity are achieved by d-FeNC
(3% Fe loading, Fig. 8e). Furthermore, the indirect pathway has
been verified by utilizing multiple cathode catalysts, including self-
supported Cu/CuO microspheres on Ni foam (Cu/CuOms/NF) [74],
cubic Cu,0 film with predominant (111) orientation [75], amor-
phous Cu® nanorods [76], boron-iron nanochains (B-Fe NCs) [77],
and Ni foam/CNTs/Cu composite electrode [78].

As previously mentioned, the indirect process involves the oxi-
dation of ClI~ to Cl,, which makes the anode reaction another cru-
cial factor to influence the overall efficiency of the electrocatalytic
NO3~to-N, pathway. Based on the various issues encountered in
using carbon nanotubes as the anode at the current stage, Zheng
et al. developed titanium suboxides (TiSO) functionalized CNTs to
extend the electrochemical window of CNTs and promote HCIO
generation for the oxidation of NH4*[79]. As a result, a 99.0% N,
selectivity is achieved by employing TiSO-CNT as the anode cata-
lyst, whereas the Pt and pristine CNT anodes only exhibit 5.2 % and
64.6 % N, selectivity, respectively.

In addition to the activity of the anode and cathode, the nitrate
removal efficiency is also influenced by the concentration of CI-.
As investigated by Duan et al, the selectivity of N, in their reac-
tion system is gradually increased to 100 % with the addition of Cl~
from 0 to 2 g/L (Fig. 8f) [70]. Nevertheless, once the concentration
of Cl~ exceeds a certain threshold, a decline in the nitrate removal
proportion will be induced by the side reaction between CIO~ and
NO,~ (Eq. 8).

Since the chlorination process may induce the formation of
harmful chlorinated by-products (e.g., per- and polyfluoroalkyl sub-
stances, PFAS) [80], the direct reduction process without the addi-
tion of CI~ is more eligible for nitrate management to ensure the
security in some practical scenarios. Generally, the direct genera-
tion of N, requires the dimerization step through the coupling of
two N-intermediates, which were generated and adsorbed on ad-
jacent active sites [81].

In previous studies, platinum group metals (Pt, Pd) were con-
sidered as efficient materials for N, generation and inhibition of
unwanted site poisoning caused by the excessive accumulation of
N-intermediates [82,83]. Although Pd has intrinsic limitations in
converting nitrate to nitrite, combining Pd with secondary pro-
moter metals (Cu, Sn, In) is identified to be an efficient way to
improve the overall performance for N, generation [84]. To eval-
uate the roles of Pd and the promoter metal Cu in Pd-Cu bimetal
catalysts, Lim et al. developed a Pd NC catalyst with tunable cop-
per surface coverage [85]. By comparing the product distribution
among the bare PANC, partial Cu coated (p-Cu PdNC), and fully Cu
coated PdNC (f-Cu PANC), the authors deduced that Cu(100) is se-
lective to ammonium production, while Pd(100) contributes to N,
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Fe microspheres (CL-Fe@C). (c) Influences of Cl- to nitrate conversion and N, selectivity by using CL-Fe@C as the catalyst. Reproduced with permission [72]. Copyright 2019,
American Chemical Society. (d) In-situ EPR measurement for the generation of H,4s) on d-FeNC. (e) Product distribution and reaction rate constant of d-FeNC with different
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production (Fig. 8g). In the p-Cu PANC catalyst, NO3~ prefers to be
adsorbed onto Cu(100) domains and further reduced to *NO inter-
mediate. Since the *NO adsorption energy on the Pd (100) surface
is more exergonic than that on the Cu(100) surface, *NO tends to
migrate to adjacent Pd(100) domains and is selectively converted
to N, through the N-N coupling between *N (from *NOH) and *NO
(Fig. 8h).

However, the practical implementation of platinum group met-
als is hindered by two major limitations: (1) The significantly in-
creased catalyst costs for using noble metals, and (2) undesir-
able byproducts (especially nitrite and ammonium) are inevitably
generated during the reaction process, making N, unavailable to
achieve ~100% selectivity.

Generally, the cost of an element is determined by its crustal
abundance and the complexity of its purification process. In this
case, promising earth-abundant alternative elements for electro-
catalytic nitrate reduction were investigated by quantifying their
NO3;~ degradation rates and evaluating their selectivity for NO,,
NH4*, and N, in 100 mg/L NO3~-N [86]. By considering the elec-
tron configurations of candidate elements, the authors selected
first-row transition metals (e.g., Ti, Fe, Co, Ni, Cu, Zn), carbon, and

tin (Sn) materials as the model catalysts. As a result, the Sn-based
and boron-doped diamond electrodes show considerable N, selec-
tivity and nitrate degradation rates compared to the selected first
row transition metals, which preliminarily validates the feasibility
of earth-abundant elements in treating nitrate to N,.

In addition to element selection, macro structure, and crystal
engineering, rational design of the reaction system is also crucial
to achieve high N, selectivity in the electrocatalytic denitrification
process. For the conventional flow-cell, the flow-by mode fails to
accumulate nitrate near the electrode due to mass transfer limi-
tations, especially under ultra-low nitrate concentrations. To over-
come this limitation, Wang and Wu et al. developed carbon nan-
otube (CNT) electrified membranes (EMs) incorporated with cat-
alysts (CuyNC and N-doped carbon black supported Sn catalyst)
to achieve a permeate flow-through mode, thus improving mass
transfer and the reaction kinetics of the eNO3RR process [31,87].
The CNT interwoven framework provides high conductivity, water
permeability, and flexibility for the free-standing EM, which facil-
itates direct contact between nitrate ions and the active sites of
incorporated catalysts to enhance the reaction rate and N, selec-
tivity (Figs. 9a and b). However, due to the inherent limitations
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of the proposed catalysts, achieving nearly 100% N, selectivity re-
mains challenging in the absence of additional chloride ions in the
reaction system. Nonetheless, EMs are expected to provide addi-
tional electrochemical features for traditional membrane technolo-
gies, which may benefit the development of next-generation mem-
brane technology/equipment for nitrate remediation at low con-
centrations.

For practical applications, the selection of indirect or direct
pathway should be guided by the specific characteristics of the
treatment scenario to ensure the rationality of the strategy. From
the perspective of actual water environments, the indirect gener-
ation pathway is particularly suitable for wastewater containing a
certain concentration of chloride ions, such as effluents from the
fertilizer industry and municipal sewage [88,89]. In the case of ni-
trate polluted freshwater and groundwater that may serve as po-
tential drinking water sources, as well as other scenarios requiring
strict effluent quality standards, the direct generation pathway rep-
resents the more appropriate option.

5. Practical applications and challenges for nitrate remediation
at lower concentrations

In the context of electrochemical nitrate remediation, both
NH;3-selective and Nj-selective pathways are of significant prac-
tical importance, each offering distinct advantages and potential
application scenarios. As discussed above, an increasing number
of catalysts and strategies have emerged for the treatment of ni-
trate at lower concentrations. Under this premise, it is necessary to
evaluate the scalability and feasibility of these techniques in treat-
ing real wastewater. In this section, the practical applicability and
technical challenges for electrochemical methods across four con-
centration ranges were further evaluated.

High or medium concentrations of nitrate are commonly found
in fertilizer industry wastewater [88], low-level nuclear wastewater
[90], and stainless steel wastewater [91]. Under these conditions,
the NHs-selective pathway offers greater economic viability than
the N,-selective pathway. However, it is important to carefully as-
sess the cost-benefit balance in practical systems. In addition to
achieving high NHs yields, the further development of technologies
for NO3~ collection, NH3 separation, purification, and compression

10

is essential to reduce the financial burden of NH3 recovery from
wastewater.

The air stripping method is recognized as an efficient physi-
cal process for separating and recovering ammonia from ammonia-
rich streams. Under alkaline conditions (10.8-11.5), NH4* will react
with hydroxide ions to produce NHs3. With the continuous gen-
eration of NH3 in the eNOsRR system, the high vapor pressure
of NH3 in the liquid phase promotes the migration of NH3 to
the gas phase to equilibrate the saturated vapor pressure of am-
monia at the gas/liquid interface. Air stripping can disrupt this
equilibrium and separate NH3 from aqueous solution with high
efficiency. Benefiting from these characteristics, the air stripping
method has been successfully implemented in multiple application
scenarios.

For instance, Chen et al. demonstrated that over 99.7% of the
NHj3 could be stripped from the effluent stream and subsequently
collected via acid trap or cold condensation (Fig. 9¢) [60]. In prac-
tical scenarios for wastewater treatment, the operation of this
method is relatively simple and would not be affected by wastew-
ater fluctuation and toxic loads [92]. One potential concern is the
formation of calcium carbonate under alkaline conditions, which
often leads to unwanted fouling in the packed beds. Moreover,
in scale-up applications for ammonia recovery from eNO3RR sys-
tems, the floor space of packed towers and the techno-economic
aspects still require further investigation and optimization. On the
other hand, given that most of the ammonia from the Haber-
Bosch process is utilized for synthesizing nitric acid, which in turn
serves as the feedstock for nitrate synthesis, the direct nitrate sep-
aration and purification process from high-concentration nitrate-
containing wastewater (e.g., fertilizer industrial wastewater, low-
level nuclear wastewater) is also a rational strategy.

In a representative case for eNOsRR, Zhang et al. performed
a systematic techno-economic assessments (TEA) of their pro-
posed system [93]. According to the reported model [94], the
cost of nitrate-containing wastewater treatment was comprehen-
sively evaluated from multiple perspectives, including electrolyzer
cost, balance of plant cost, electricity cost, maintenance cost, water
cost, electrolyte cost, air stripping cost, materials cost, and elec-
trodialysis cost (for concentrating nitrate). The results indicated
that when the electricity price is $0.03/kWh (target announced
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by United States department of energy), the treatment cost of
nitrate-containing wastewater is approximately $3.15 per kg N (Fig.
S2 in Supporting information). In comparison with the treatment
costs of $15.56 per kg N for the nitrification/denitrification pro-
cess [95] and $14.60 per kg N for ion exchange [96], the well-
established eNOs;RR method offers a low-cost and efficient ap-
proach for the remediation of nitrate containing wastewater, while
simultaneously enabling ammonia recovery as a value-added prod-
uct. With the continuous advancement of renewable energy tech-
nologies, the associated decline in electricity prices is expected to
further strengthen the economic competitiveness of eNO3RR.

Low concentration nitrate is commonly present in polluted sur-
face water, groundwater [97], municipal wastewater [98], electro-
plating wastewater [51], Integrated circuit packaging wastewater
[99], and textile wastewater [6]. The nitrate concentration in con-
taminated groundwater and surface water is close to the permis-
sible limit of environmental quality standards. Consequently, al-
though an efficient NHj-selective pathway can be achieved un-
der these concentrations, the separation and recovery of NHj3 at
low concentrations would impose substantial cost burdens. Since
groundwater and surface water are commonly used as drinking
water sources, converting NO3~ contaminants into environmentally
benign N, aligns with ensuring water safety in such scenarios. As
a critical chemical additive, ammonia solution is employed in tex-
tile and electroplating industries to improve the mechanical prop-
erties of cotton textiles and the quality of electro-deposited layers,
respectively [100,101]. In this case, nitrates in electroplating and
textile wastewater may have the possibility for recovery and reuse
in the form of ammonia.

The ultralow nitrate concentration falls within the safety
limits set by WHO (Cpjgrate-n <11.3mg/L) and China’s national
(Chitrate-N < 10mg/L) drinking water standards, which generally do
not need further treatment for nitrate removal. However, nitrate
can trigger unwanted eutrophication in aquatic systems even when
the NO3~-N is as low as 2mg/L [31]. Accordingly, in practical ap-
plications, the necessity for further nitrate treatment should be de-
termined based on the functional classification of the water body.
Under ultra-low nitrate concentrations, the N,-selective pathway
is recommended to prevent secondary pollution of water bodies
caused by ammonia.

Besides the NHj-selective and N,-selective pathways, innova-
tive strategies are also expected to provide new insights into the
treatment of nitrate-contaminated water samples. For instance,
electrocatalytic C-N coupling has demonstrated its capability to
produce diverse organonitrogen compounds by the co-reduction of
CO, and nitrogen species [102-106]. By integrating CO, fixation
with nitrate utilization, this strategy offers a promising alterna-
tive for nitrogen recovery from nitrate-contaminated wastewater.
Meanwhile, the strategic integration of C-N coupling with the car-
bon capture, utilization, and storage (CCUS) technology could also
provide carbon mitigation functionalities for the industrial activ-
ities that simultaneously emit nitrate and carbon dioxide [107].
However, considering the inherent toxicity and aqueous solubil-
ity of organonitrogen compounds, the C-N coupling strategy is not
suitable for treating contaminated surface water or groundwater.
So far, the studies on the electrocatalytic C-N coupling process re-
main at an early stage. The rational design of catalysts is urgently
needed to improve the selectivity and reaction rates toward target
organonitrogen compounds.

Taking urea synthesis as an example, Luo et al. reported a 3D
Zn/Cu hybrid catalyst which have the capability for relay cataly-
sis [108]. They found the key intermediate *CO,NO, for C-N cou-
pling preferentially formed on Zn sites, while the protonation steps
occurred on the adjacent Cu sites. As a result, a 75% FEyrea was
achieved at 1000 ppm NO5;~-N (wastewater concentration level).
However, this system still suffers from relatively low current den-
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sity under optimal working potentials, leading to an unsatisfactory
overall urea yield (60 mmol h™! ge,~1). Catalyst surface engineer-
ing has been demonstrated to further enhance urea yield and the
stability of the catalyst. By incorporating amino ligand into copper
phthalocyanine (CuPc), Li et al. optimized the electronic structure
of CuPc-amino, which enabled more efficient adsorption and ac-
tivation of CO,/NO5~ and their intermediates [109]. Moreover, the
amino substitution also strengthened the binding energy between
Cu and N atoms in CuPc-amino, thus suppressing the electrochem-
ically induced demetallation during the reaction process. Conse-
quently, a 103.1 £ 5.3 mmol h™! ge,! yield rate can be achieved in
their proposed system. Despite the fact that the proposed system
requires a relatively negative working potential (-1.6 V vs. RHE) and
suffers from limited Faradaic efficiency (11.9% + 0.6 %), it provides
a rational design concept that may guide the development of cata-
lysts for urea synthesis in future studies. In addition to catalyst en-
gineering, regulating the local reaction environment has also been
recognized as an effective strategy to optimize the selectivity and
activity of the C-N coupling process. Building on this concept, Hu
et al. utilized pulsed potential electrolysis strategy for electrochem-
ical urea synthesis [110]. They found the pulsed potential electrol-
ysis can modulate transient mass transport dynamics and adjust
the local pH of active sites, thereby suppressing by-product gen-
eration and enriching the coverage of C/N intermediates. In ad-
dition, they further validated the universality of pulsed potential
electrolysis by employing it to previously reported ZnO and PdCu
catalysts for urea synthesis. In comparison with conventional po-
tentiostatic strategies, pulsed potential electrolysis demonstrates a
remarkable reduction in energy consumption, thereby offering en-
hanced prospects for scalable applications.

In addition to urea, methylamine can also be synthesized
through the electrocatalytic C-N coupling between CO, and nitrate.
Wu et al. proposed a cobalt S-tetraaminophthalocyanine (CoPc-
NH,), which demonstrated the capability to simultaneously cat-
alyze the reduction of CO, and NO3~ [105]. The generated HCHO
and NH,OH intermediates tend to undergo a coupling process to
form formaldoxime, which serves as the key intermediate for gen-
erating methylamine. The proposed system pioneered the direct
electrosynthesis of methylamine by using CO, and NO3~. However,
competing reactions at the single active site hinder the concurrent
formation of key intermediates, resulting in a Faradaic efficiency of
only 13% for methylamine production.

The electrochemical synthesis of glycine is another way to re-
alize nitrogen source recovery. By using oxalic acid as the carbon
source, glyoxylic acid can be generated in acidic media and sub-
sequently attacked by the NH,OH intermediate to form glyoxylic
oxime [111]. To avoid competitive HER under highly acidic condi-
tions, Kim et al. fabricated a Cu-Hg alloy electrode to enlarge the
overpotential of HER. As a result, a FE of 43.1% for glycine was
achieved with a current density up to 90 mA/cm?. Although a rel-
atively high nitrate concentration (0.25mol/L) is employed in this
system, this method may serve as a potential strategy for nitrogen
recovery from acidic wastewater under practical conditions.

It is worth noting that the vast majority of published studies
are focused on demonstrating their catalysts or technologies un-
der ideal conditions, namely, conducting lab-scale electrocatalytic
reactions utilizing prepared nitrate-containing electrolytes with
controlled concentrations. There is no doubt that these catalysts
or technologies have demonstrated impressive conversion perfor-
mance under ideal reaction conditions. However, once wastewa-
ter from practical scenarios is introduced into the reaction sys-
tem, the conversion performance often declines due to the com-
plex microenvironment in practical wastewater. Beyond the essen-
tial techno-economic assessments, several challenges still need to
be addressed before the electrochemical nitrate remediation tech-
nologies can be applied in real-world scenarios.
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5.1. Byproduct control in treating low-concentration nitrate

For further applications of the eNO3RR strategy, the types, se-
lectivity, and controllability of byproducts are pivotal factors deter-
mining its safety, environmental compatibility, and industrial vi-
ability. Firstly, the HER is the dominant competing pathway due
to its intrinsic kinetic advantages under low nitrate concentrations.
This competition will significantly undermine the electron utiliza-
tion efficiency of the eNO3RR system. In addition, variations in the
micro-environment of the active surface may trigger the generation
of unwanted nitrogenous byproducts, thereby altering the product
distribution. The excessive generation of H; also introduces safety
concerns in scaled-up systems, leading to increased maintenance
costs. Viewed from the standpoint of environmental applications,
the byproducts including NO,~, NH,OH, NO, and N,O act as sec-
ondary pollutants, posing risks to both aquatic and atmospheric
systems. Moreover, the uncontrollable formation of these byprod-
ucts implies additional separation burdens, critically undermining
the industrial viability. Accordingly, when designing eNO3RR sys-
tems for treating real-world low-concentration nitrate wastewa-
ter, a comprehensive consideration of catalyst design, electrolyzer
modification, and the complex constituents of practical wastewater
is strongly warranted.

5.2. Rational design of electrocatalysts

The rational design of catalysts is crucial for the efficient re-
moval and recovery of low-concentration nitrates. Further modifi-
cation and optimization of the catalyst structure should be con-
ducted under specific environmental conditions to meet the re-
quirements of practical applications [112]. To this end, strategies
like d-orbital electronic configuration modulation [113], coordi-
nation shell modification [114,115], interfacial polarization [34],
intra-particle atomic arrangement modification, and spillover ef-
fects modification [116] from other electrocatalytic systems may
offer valuable guidance.

Although most of the aforementioned studies do not have a di-
rect connection with eNO3RR, these strategies still provide valu-
able insights that can be adapted to advance this field. As dis-
cussed above, regulating the adsorption of reactants and interme-
diates represents a common challenge encountered in most reac-
tion systems. A deep understanding of the interactions between
active sites and nitrate or nitrogen-containing intermediates is cru-
cial for the rational modulation of catalyst properties and overall
reaction performance.

Innovative technologies can be utilized to gain a thorough com-
prehension of these key parameters. In comparison with the con-
ventional trial-and-error method and DFT calculations, the ma-
chine learning method provides a fast and efficient approach for
multidimensional catalyst screening. Through the model training,
material screening, experimental verification, and DFT calculations,
numerous studies have demonstrated the feasibility of machine
learning methods in designing optimal catalysts for specific appli-
cation scenarios [117-119]. With the assistance of improved algo-
rithms and high-throughput experimentation, ML is expected to be
trained on practical wastewater models and provide reliable pre-
dictions for low-concentration nitrates treatment [120]. This ne-
cessitates a collaborative effort within the community to construct
accurate and high-quality databases that can enhance the univer-
sality of machine learning models for catalyst design [121].

5.3. The electrolyzer requires tailored modifications to meet the
demands of practical applications

Advancing electrolyzer design is also essential for enabling
eNO3RR to address practical environmental challenges. It is worth
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noting that most strategies for low-concentration nitrate remedia-
tion in the above sections have employed H-type cells as the elec-
trolyzers, where the two-chamber configuration facilitates precise
control over reaction conditions, thereby enabling more effective
elucidation of the reaction mechanism. However, the mass trans-
port limitation issue in H-cell makes it unsuitable for scale-up
and continuous operation (Fig. S3a in Supporting information) [8].
Serving as a more viable solution, flow cells can effectively improve
the performance of eNO3RR by offering enhanced mass transfer
characteristics at the solid-liquid interface [122]. Given the high
toxicity of ammonia, its direct release from the electrolyzer raises
environmental concerns, thus hindering the practical applicability
of such systems in environmental remediation. Therefore, real-time
collection of the produced ammonia is critical for minimizing envi-
ronmental impact and enhancing the sustainability of nitrate elec-
troreduction systems. Mi et al. designed a “two-in-one” flow cell
for eNO3RR and simultaneous ammonia capture. The two cham-
bers were separated by a gas diffusion electrode (GDE, Fig. S3b in
Supporting information) [123]. Unlike conventional flow cells, sul-
furic acid was introduced into the opposite chamber of the “two-
in-one” flow cell. Accordingly, most of the in-situ generated am-
monia molecules tend to diffuse across the GDE, where they are
subsequently trapped by sulfuric acid to form ammonium sulfate.
By connecting the two chambers with an external gas tube, the
overflowed ammonia gas can also be captured. Among flow cell
configurations, the flow-through reaction mode can further en-
hance mass transfer while effectively mitigating catalyst degrada-
tion and deactivation during continuous operation [33,85]. Zhou
et al. found that inter-electrode distance significantly affects the
selectivity of reaction products under the flow-through reaction
mode, where the 0.1 mm inter-electrode distance (zero-gap elec-
trochemical reactor) favored N, generation without the addition of
external chloride ions (Fig. S3c in Supporting information) [124].
In-situ electrochemical characterizations revealed that the conver-
sion of NO(,4s) t0 N(ags), as well as N-N coupling, exhibited higher
selectivity in the zero-gap electrochemical reactor, thereby pro-
moting efficient N, production. Once the pressure buildup issues
caused by channel clogging and confined flow-through spaces are
resolved, the zero-gap electrochemical reactor could serve as an ef-
fective route for nitrate-to-nitrogen conversion. Moreover, owing to
the low ohmic resistance, high mass transfer efficiency, and high
energy efficiency, the membrane electrode assembly (MEA) config-
uration holds great potential for industrial-scale applications (Fig.
S3d in Supporting information) [125,126]. Although the MEA con-
figuration is also referred to as a zero-gap cell, the anolyte and
catholyte in the MEA system operate in a flow-by mode during the
reaction. Through continuous advancements in cathode catalyst de-
sign, impressive eNO3RR performance has been achieved in MEA
electrolyzers, thereby offering great potential for practical applica-
tions [93,127]. Technical parameters of aforementioned works are
listed in Table S4. It can be observed that these technologies are
capable of achieving nearly 100% nitrate removal efficiency along
with a long-term stability for over 100 h. In terms of energy con-
sumption, the zero-gap electrochemical reactor proposed by Zhou
et al. exhibits a higher energy demand per kilogram of nitrogen
removed, primarily due to its low-concentration nitrate application
contexts [124]. Nevertheless, the efficient conversion of nitrate into
dinitrogen endows flow-through reactors with greater environmen-
tal significance for treating natural surface and groundwater. For
the flow cell and MEA configuration, the relatively lower energy
consumption makes these systems more attractive for nitrate-to-
ammonia conversion, thereby generating certain economic value
[93,123,127]. Accordingly, the development of these reactors is ex-
pected to diversify technological pathways and expand practical
solutions for the treatment of nitrate-containing wastewater in fu-
ture applications.
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5.4. The electrolyte for treating lower concentration nitrates requires
further optimization

To reduce the ionic resistance in electrocatalytic systems, high
concentrations of salts are typically added to the electrolyte along
with nitrate to prepare electrolytes. In practical applications, apart
from the industrial wastewater and contaminated Salt Lake water,
the salt concentration in surface and ground water rarely meets
the conditions proposed in reported systems. It is impractical to
add additional salts to surface water and groundwater that are al-
ready contaminated, as it would significantly increase salinity lev-
els and threaten the existing aquatic ecosystem. Therefore, an opti-
mized electrolyte is required to enhance the feasibility of eNOsRR
system for the practical implementation. For instance, Chen et
al. recently reported a porous solid electrolyte (PSE) reactor to
promote eNO3RR performance, thus eliminating the need for re-
covery of high-salinity electrolytes (Figs. S3e and f) [128]. Un-
like traditional membrane electrode assemblies (MEAs), the PSE
reactor incorporates two cation exchange membranes. Moreover,
an extra layer of polymer-based porous solid ion conductors is
capable of preventing the HER reaction by tuning the ion flux
through the CEM on the cathode side. With the assistance of the
air stripping method, the generated NH3 can be removed from
the alkaline Na*stream, while the remaining Na*stream is recir-
culated to the PSE layer to continuously supply Na*™ across the
cation exchange membrane (CEM) and maintain the ionic bal-
ance of the cathode chamber. This innovative approach enabled
the electrocatalytic nitrate removal in an electrolyte solution-free
system. In addition to its applications in N-recovery from indus-
trial nitrate-containing wastewater, subsequent research on the PSE
reactor could focus on the nitrate-to-N, pathway to further en-
hance its environmental potential in treating surface and ground
water.

5.5. The complex micro-environment in wastewater should be
considered in practical applications

In addition to the influence of electrolytes, the composition
of real water samples (e.g., dissolved oxygen, biomacromolecules,
metal ions, suspended solids) is far more complex than that
of laboratory-prepared solutions, which may lead to undesirable
treatment performance and unwanted byproducts in practical sce-
narios. In the traditional denitrification process, dissolved oxy-
gen can suppress the activity of anaerobic bacteria and compete
with nitrates for electron donors, thus inhibiting the overall per-
formance of the denitrification process [129]. Similar phenomena
were also observed in the eNO3RR system proposed by Ma et al.
and Ni et al. [73,77]. In the presence of dissolved oxygen, both sys-
tems exhibited reduced efficiency in nitrate conversion, illustrating
the detrimental role of dissolved oxygen in the reaction system.
On the other hand, in electroplating wastewater, competitive ad-
sorption between metal ions and nitrate can impede nitrate mass
transfer to the cathode surface, while the deposition of metal ions
on the cathodes may poison the intrinsic active sites and further
reduce the conversion efficiency of nitrates. Therefore, utilizing
metal ions from wastewater to construct efficient catalysts may of-
fer a promising strategy for simultaneously achieving metal recov-
ery and nitrate remediation. Wang et al. proposed a self-corrosion
strategy to synthesize MFe-LDHs (M= Ni, Co, Zn, Mn) for nitrate
remediation [130]. By immersing an Fe substrate into electroplat-
ing wastewater, surface corrosion induced an enlarged and turbu-
lent region, which enhanced the contact between active sites and
nitrate ions. As a result, electron transfer, H,4s) generation, and ni-
trate remediation performances were improved on the functional
bimetallic active sites. The above cases highlight the pivotal role of
catalyst design in the remediation of nitrate from real water sam-
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ples. For practical applications, structural and functional optimiza-
tion of catalysts should be tailored to the characteristics and com-
ponents of target water samples, rather than focusing on maximiz-
ing conversion efficiency or selectivity.

5.6. Catalyst stability requires further improvement to meet the
demands of practical applications

Catalyst stability is another critical parameter for evaluating the
overall performance of a catalytic system. Generally, catalyst stabil-
ity is evaluated by two methods: One involves long-term operation
under a fixed potential/current, and the other assesses the num-
ber of operation cycles under defined reaction conditions. From our
perspective, the number of cycles serves as a more effective indi-
cator of catalyst stability under defined conditions, since the rapid
depletion of nitrates may occur under low-concentration condi-
tions. In contrast, long-term operation under either a fixed po-
tential or current is more appropriate for evaluating catalyst sta-
bility in high-concentration nitrate systems. Table S1 summarizes
the stability profiles of various catalysts under different strate-
gies. It can be observed that catalyst stability does not exhibit
a consistent trend associated with a specific strategy. Although
some eNO3RR systems have demonstrated promising reaction per-
formance, their limited durability in terms of cycling or continuous
operation remains a major obstacle to practical application. From
the perspective of catalyst design, strategies for battery engineer-
ing may offer valuable insights to effectively enhance catalyst sta-
bility. For instance, inspired by the concentration gradient mate-
rials for lithium batteries, Chen et al. reported a gradient-doped
Co-based catalyst (G-RuCo) to address the rapid deactivation of
precious metal-doped Co-based materials during the reaction pro-
cess [131]. By constructing the G-RuCo catalyst, a dynamic equi-
librium between Co(OH), and metallic Co was established during
the eNO3RR process. When the electrolyte comprised 1.0 mol/L and
2000 ppm NO3™, the proposed G-RuCo catalyst achieved 720h sta-
bility at —300 mA/cm? in a H-cell. More importantly, G-RuCo also
maintained stable performance for over 100h at 1.2 A/cm? in a
MEA device.

Moreover, catalyst self-corrosion should be taken into account
during long-term operation [132]. Corrosion-induced metal ion
leaching can lead to the loss of active sites and result in secondary
contamination of the water samples. This risk is particularly signif-
icant when treating surface water and groundwater samples. Given
that the existing standards impose strict limits on the concentra-
tions of commonly used Cu, Zn, Fe, Mn, Al, Co, and Ni in surface
water and groundwater, the leaching kinetics of these metal ions
should be considered as a necessary indicator for evaluating the
stability of proposed catalysts. Meanwhile, since the community
has proposed various strategies to achieve efficient conversion ca-
pacity at lower nitrate concentrations, it is essential to establish a
unified standard for evaluating catalyst stability to ensure consis-
tency and comparability across these studies. However, due to the
variability in instruments, reagents, and other experimental param-
eters, such standardization may be difficult to achieve in the short
term.

6. Conclusion and perspectives

Electrochemical nitrate remediation approaches have garnered
increasing attention due to their high conversion efficiency as well
as the potential for practical water treatment. With the further
development of renewable energy, the feasibility of electrocat-
alytic methods for treating practical water samples is expected to
become increasingly favorable. Consequently, recent studies have
shifted their focus from converting high concentrations of nitrate
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to the remediation of nitrate at low concentrations, which is more
relevant to real-world applications.

To enable the effective conversion of low-concentration nitrate
in the eNO3RR system, various strategies have emerged to enhance
nitrate mass transfer, modulate the reactive intermediates, and
guide the reaction pathway. However, developing catalysts that si-
multaneously possess high electrochemical performance and long-
term stability remains a significant challenge. On the other hand,
most reported strategies have demonstrated favorable eNO3;RR per-
formance only under controlled laboratory conditions, lacking fur-
ther validation in complex application scenarios. Therefore, the
practical application of nitrate remediation at low concentrations
is still in its early stage.

In addition to maximizing energy efficiency, nitrate conver-
sion efficiency and product selectivity under laboratory condi-
tions, it is necessary to select optimal eNO3RR pathways and
anti-interference strategies according to the application scenarios
(Fig. S4 in Supporting information), thereby enabling the trans-
lation of low-concentration nitrate eNO3RR from laboratory re-
search to engineering applications. For instance, the fundamen-
tal principle of enrichment strategies (build localized electric field,
pulsed potential electrolysis, porous structure) is to increase the
local concentration of nitrate within the active region. Once cer-
tain impurities in actual water samples are preferentially ad-
sorbed over nitrate, the efficiency of eNO3RR will be significantly
reduced.

In bimetallic catalytic systems, particular concern lies in the ac-
cumulation of unwanted byproducts resulting from the poisoning
of the active sites. With respect to flow-through strategies for N,
generation, attention should be paid to the influence of pressure
variations on performance during long-term operation. Therefore,
before practical applications, it is essential to evaluate the compo-
sition of water samples, followed by suitable pretreatment steps
and system modifications to minimize the interference of complex
constituents to active regions in real wastewater.

On the other hand, the practical application of various elec-
trolyzer systems also relies on continued advancements in mem-
brane science, where the stability and ionic conductivity of the
membrane are crucial determinants of overall electrolyzer perfor-
mance, directly influencing ion transport efficiency, selectivity, and
long-term operational durability.

Upon achieving efficient and stable eNO3RR performance un-
der defined reaction conditions, a developed separation technol-
ogy is also essential for cost control, which necessitates sub-
stantial advancements driven by fundamental research. As long
as the aforementioned issues and challenges are solved, the
eNO3RR approach will become a revolutionary strategy to support
the management of wastewater and contribute to environmental
conservation.
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