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Structural engineering of catalysts for ammonia
electrosynthesis from nitrate: recent advances
and challenges
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Guihua Yu @ *°

Ammonia (NH3) is an indispensable industrial chemical used in fertilizer production and energy carriers.
However, its production through the Haber—Bosch process requires high temperature and high
pressure, consuming significant energy and releasing large amounts of CO,, rendering it unsustainable.
As a result, sustainable approaches for ammonia synthesis powered by renewable electricity have gained
significant attention, such as the electrocatalytic N, reduction reaction (N,RR) and nitrate reduction
reaction (NitRR). This review summarizes recent advancements in the design strategies of electrocata-
lysts for the NitRR, highlighting synthetic methods such as doping, alloying, single-atom engineering,
nanoconfinement, size-regulation, and tandem catalysis. These strategies aim to tune the adsorption of
reactants and intermediates or enhance proton-electron transfer. Future studies could explore new
electrocatalysts for efficient NitRR based on the strategies summarized in this review to improve nitrate
pollution removal efficiency and ammonia production rates. Furthermore, the challenging questions
raised at the end of the paper, such as optimizing the reaction kinetics of the NitRR and improving
catalyst selectivity and stability, can provide new directions and insights for future catalyst design.

The production of ammonia (NH;) under mild conditions utilizing renewable energy sources without CO, emissions is a promising solution to the energy crisis
and environmental concerns. NH; electrosynthesis powered by electricity has emerged as an alternative to the Haber-Bosch process, which is energy-
consuming and environmentally unfriendly. However, the electrocatalytic nitrate reduction reaction (NitRR) involved in this process is complex and involves a

nine-proton and eight-electron transfer process, lowering the overall kinetic rate, lifting the overpotentials, and resulting in unexpected byproducts.

Additionally, the competing hydrogen evolution reaction (HER) leads to low faradaic efficiency. Therefore, designing catalysts with good activity and selectivity
is crucial. To ensure high performance, research focuses on advancing catalyst design strategies. This review presents the recent advances in designing
strategies to construct improved electrocatalysts for the NitRR, highlighting alloy, doping, single-atom engineering, nanoconfinement, size-regulation, and
tandem catalysis. These strategies aim to tailor the adsorption of reactants and intermediates or strengthen proton-electron transfer. Although the strategies

have shown potential to boost NitRR catalytic activity and efficiency, there are still challenges in the future development of this field, as illustrated at the end of

the review.

Introduction

balance of elements in the biosphere and has a direct impact
on human life."” Unfortunately, anthropogenic activities are

Nitrogen is an essential element for life in living organisms. severely damaging the nitrogen cycle.® For instance, the exces-
The nitrogen cycle plays a crucial role in maintaining the sive release of nitrate into the environment poses a significant
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threat to both the ecological environment and public health.*
The accumulation of nitrate in rivers and lakes can cause water
eutrophication, which is detrimental to aquatic life.> In addition,
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human endocrine system and leads to severe diseases.®” More-
over, nitrite, produced from nitrate, is a carcinogenic compound
that can cause cancer.® Therefore, removing nitrate from water is
910 Traditional biological, physical, and
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chemical methods have been used to remove nitrate from water,
but they generate secondary pollution and require post-treatment,
which limits their widespread use.'’™ Compared with these
technologies, the electrocatalytic nitrate reduction reaction
(NitRR) is a promising alternative approach as it uses renewable
electricity and operates under mild conditions without producing
harmful residues.**>™"”

Electrocatalytic nitrate reduction is a promising approach
for mitigating and upcycling nitrate pollution by producing
ammonia (NH;), a valuable chemical commodity."®"® NH; is
not only a crucial synthetic chemical for nitrogen-containing
compound production but is also recognized as a carbon-free
energy carrier for hydrogen storage.”’®*' Currently, large-scale
ammonia production is achieved via the energy-intensive
Haber-Bosch (H-B) method, which converts N, and H, to
NH; under high pressure and temperature. However, the H-B
process consumes 1-2% of the world’s annual fossil energy and
results in roughly 1% of the global annual CO, emissions.??
The electrochemical synthesis of ammonia is a promising
alternative that can reduce energy consumption and carbon
runoff during industrial production. However, the low solubi-
lity of nitrogen in aqueous electrolytes, the difficulties in
breaking the triple bond of N, (941 k] mol "), and the suppres-
sion of the hydrogen evolution reaction (HER) lead to poor
efficiency and limit the further reliable application of the
electrochemical nitrogen reduction reaction (NRR). Nitrogen
oxides,”** including NO;~, NO, ™, NO, and N,O, are consid-
ered more potential ammonia synthesis pathways due to the
lower dissociation energies of the N—0O bond (204 kJ mol™")
and/or N-O bond (176 kJ mol'). However, nitrogen oxide
concentrations are generally lower than those that have been
reported. For example, the concentrations of nitrate in indus-
trial wastewater, textile wastewater, and polluted groundwater
were only 41.6 mM, 7.4 mM, and 0.9-1.2 mm, respectively,
whereas the other nitrogen oxide concentrations were lower.
Consequently, potential solutions include concentrating diluted
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nitrogen-containing reagents prior to reduction and design-
ing highly selective catalysts suitable for treating low-
concentration wastewater. In addition, with the consideration
of disturbing species and complex components in real
wastewater, the design of electrocatalysts with high anti-
interference is more conducive to its practical application.
As the major nitrogen pollutant in surface and groundwater,
converting NO;~ into more valuable ammonia is an effective
way to manage the disturbed nitrogen cycle, which has
attracted much attention in past decades. However, the NitRR
involves the transfer of nine protons coupled with eight elec-
trons, which is a kinetically sluggish process.”® Moreover, unde-
sired by-products, such as NO, ™, N,H,, and N,, generated during
the NitRR can affect the selectivity of ammonia production.>”
Additionally, the hydrogen evolution reaction (HER) competes
with the NitRR at high overpotential, leading to low faradaic
efficiency. To address these challenges, researchers have been
focusing on designing efficient electrocatalysts with high selec-
tivity for producing NH;.?®

A large number of catalytic materials have been intensively
studied as potential electrocatalysts for the NitRR, including
noble metals,* transition metals,*>* and metal-free catalysts.>?
Recent advances in catalysts have emphasized the importance
of catalysts’ structure and composition at the nanoscale or even
at the atomic level. In this review, we summarize the latest
developments in the NitRR for NH; production and structural
engineering strategies such as electronic structure optimization
and mass transport regulation to improve the NitRR activity
and selectivity. First, we discuss the possible reaction pathways
for nitrate electroreduction to NH;. We then categorize a series
of design strategies into six sections, alloying, doping, single-
atom engineering, size regulation, nanoconfinement, and tan-
dem catalysis as shown in Fig. 1 and Table 1. These strategies
aim to either tune the adsorption of reactants and inter-
mediates or enhance proton-electron transfer. Hence, it is
necessary to understand in-depth the reaction pathways
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Fig. 1 The schematic illustration of electrocatalyst design strategies for
promoting the NitRR performance.

through theoretical calculations and advanced characteriza-
tion, which can guide the design of enhanced electrocatalysts
for the NitRR. Finally, we offer an overview of the current
challenges and prospects associated with the design strategies
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Reaction mechanisms
Pathways and mechanisms

Understanding the electrocatalytic nitrate reduction reaction
mechanism is essential for designing efficient electrocatalysts.
This complex process involves the transport of multiple electrons
and protons, with various nitrogen oxidation states ranging from
—3 to +5. Among them, N, and NH; are the most thermodyna-
mically stable forms,*** with N, being harmless and environmen-
tally friendly. From the perspective of “upcycling waste to value”,
NHj; is the desirable product. These species are obtained from the
following Reactions (1) and (2), respectively. Nitrate electroreduc-
tion is divided into two parts, including the indirect autocatalytic
reduction pathway and the indirect electrocatalytic reduction
pathway.”® The pathway without nitrate participation is called
indirect autocatalytic reduction.*® Direct nitrate electroreduction
involves the regulation of active adsorbed hydrogen atoms (H,q.)
and the electron reduction from the cathode. In the adsorbed-
hydrogen-mediated pathway, H,O is adsorbed on the electrode
surface and then reduced to produce H,q. Then, Hyq, and nitrate
are gradually converted into NH," via intermediates such as
NO, ad, NOuq, Naq, NHuq, and NH,,q, among others.”” It is
worth noting that two N,q4 species combine to form N,. The
migration barrier of N,q, (0.75 €V) is significantly higher than that
of Hag, (0.10 eV). Therefore, the N-N bond is generated less
kinetically than the N-H bond.*®

NO,™ +9H' + 8¢~ — NH; + 3H,0 E°=—0.12 Vvs. SHE

for NitRR catalysts. (1
Table 1 The performance of different catalysts for the NitRR

Catalyst Electrolyte Faradaic efficiency Ammonia yield rate Ref.
Alloying CuNi alloys 1.0 M KOH + 0.1 M KNO; 99.0 + 1% at —0.15 Vvs. RHE N.A. 31

CuNi Ns/CF 1.0 M KOH +44.3 g Lt NO;~ 97.03% at —0.48 V vs. RHE 94.57 mg h™' cm 2 at —0.48 V vs. RHE 85

PdCu/Cu,0 0.5 M Na,SO, + 100 ppm 94.32% at —0.8 V vs. RHE 0.19 mmol h ' em 2 at —0.8 Vvs. RHE 86

hybrids NO; -N
Doping N-C-1000 0.1 M KOH + 0.1 M KNO; 95% at —0.7 V vs. RHE 1.30 mg h™' em % at —0.7 V vs. RHE 85

B-MoS,/CC 0.5 M Na,SO,4 + 0.1 M NaNO; 92.3% at —0.7 V vs. RHE 10.8 mg h™ em™2 at —0.7 V vs. RHE 95

Fe/Ni,P 0.2 M K,SO, + 0.05 M NO,~  94.3% at —0.4 V vs. RHE 417 mg h™' em™2 at —0.4 V vs. RHE 96
Single- Fe-PPy SACs 0.1 M KOH + 0.1 M KNO; ~100.0% at —0.30 Vvs. RHE ~ 2.75 mg h™' ecm™> at —0.7 V vs. RHE 78
atom Fe SAC 0.25 M K,SO,4 + 0.50 M KNO3; 75% at —0.66 V vs. RHE 20.0 mg h™' em 2 at —0.85 V vs. RHE 79
catalysts Cu-cis-N,,O, 0.5 M Na,SO, + 1000 ppm N.A. 27.84mgh ' em™?at —1.6 Vvs. RHE 111

KNO;-N

Gdga-D-NiOy00 1.0 M KOH + 1.0 M KNO, 97% at —0.1 V vs. RHE 0.628 mg mg.. ' h™'at —0.1 Vvs. RHE 77

Ru;-TiO,/Ti 1.0 M KOH + 0.5 M NaNO; 87.6% at —0.3 V vs. RHE 2.2 mol g71 h™* at —0.3 V vs. RHE 124

VeuAu;Cu SAAs 1.0 M KOH + 0.1 M KNO; 98.7% at —0.2 V vs. RHE 0.55 mg h™" em™2 at —0.2 V vs. RHE 125
Size Ru NCs/TiO, NTs 0.05 M Na,SO, >90% from —0.1 to 600 g h ' ecm 2 at —0.4 V vs. RHE 132
regulation +100 ppm KNO3;-N —0.4 Vvs. RHE

Rh@Cu-0.6% 0.1 M Na,SO, + 0.1 M KNO; 93.0% at —0.20 V vs. RHE 1.27 mmol h™* em 2 at —0.4 Vvs. RHE 133
Nano- TiO, NTS/CuO, 0.5 M Na,SO, 92.23% at —0.75 V vs. RHE 1.24 mg NH; em > h™' at 138
confinement + 100 ppm KNO3;-N —0.75 V vs. RHE

Cu SAG 1.0 M PBS + 20 mM NO; 78% at —0.8 V vs. RHE 440 pg em™ 2 h™' at —0.8 V vs. RHE 144

PdCu-H 0.1 M KOH + 0.1 M KNO; 87.3% at —0.3 Vvs. RHE 0.551 mmol h™* Ingf1 at —0.3 Vvs. RHE 140
Tandem CuCoSP 0.1 M KOH + 0.1 M KNO; 93.3% at —0.175 V vs. RHE 19.89 mg NH; ecm ?h!at 142
catalysis —0.175 V vs. RHE

Cu nanosheets 1.0 M KOH + 0.2 M KNO; 95% at —0.36 V vs. RHE 1.41 mmol h™* em 2 at —0.59 Vvs. RHE 143

FeB, 0.1 M KOH + 0.1 M KNO;, 96.8% at —0.6 V vs. RHE 25.5 mg h™' em™2 at —0.6 V vs. RHE 158
204 | EES Catal, 2024, 2, 202-219 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Reaction pathway diagram for nitrate electroreduction.

2NO;~ + 12H' + 106~ — N, + 6H,0 E°=1.17 V vs. SHE

(2)

Fig. 2 displays the electron-mediated pathway of nitrate
electroreduction. Initially, nitrate is transformed into nitrite.**™*"
The first step of the NitRR is the adsorption of nitrate on the
active sites, which is considered to be the rate-determining
step.”>** Adsorption energy plays a pivotal role in the initiation
of the reaction and the adsorption efficiency is related to the
nitrate concentration, cathode materials, and the mass transfer
rate of reactants.*>*> After the absorption step, the electroreduc-
tion of NO; .4 to nitrite is depicted as Reaction (3), which
comprises a proton-coupled double-electron transfer and another
proton coupling process successively. This three-step reaction
follows an electrochemical-chemical-electrochemical (ECE)
mechanism and is known as one of the rate-determining steps
during the overall reaction. The first electron transfer reaction
(NO; aq. to NO;* ,4) occurs at a significant negative potential
with estimated Tafel slopes of 120 mV dec™*.** Through the initial
electrochemical reduction, a shortlived (20 ps) NO;* .4 is
generated according to Reaction (4).°>*® Then, with further
homogenous chemical reduction, NO;> 4. is hydrolyzed to a
nitrogen dioxide radical (Reaction (5)).*”*® Consequently, the
second electron transfer reaction converts NO,* to NO, as shown
in Reaction (6).*

NO,~ +2H' +2e~ - NO, +H,0 E°=0.93 Vvs. SHE

(3)
NO; ,q. € — NO;* g E°=-0.89Vvs. SHE (4)
NOs* .+ 2H" — NO,* + H,0 k=55 x10*s'  (5)

NO,%q. + € — NO, 4. E°=1.04Vvs. SHE (6)

Moreover, nitrite can be reduced to NO by direct electron
transfer and a deoxidation process.** This step is a divergent
center for generating dinitrogen or ammonia. The selectivity of
the subsequent pathway is determined by nitric oxide.”® There
are multiple pathways to form N,, while the NO,q4, intermediate
undergoes a continuous charge-transfer path to produce
ammonia. One pathway involves the reaction of NO.q with
aqueous NO to generate the N,0,q4. intermediate.>’>* N,O,q.
can be reduced to N, instead of desorbing from the cathode
surface.”>*®> The hydrogenation of NO.4. produces HNO,4. as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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per Reaction (7). The produced HNO,4. obtains an electron and
yields H,NO,q4, according to Reaction (8). Next, the reduction
of H,NO,q4 occurs (Reaction (9)), releasing hydroxylamine
(NH,OH,q). Finally, the absorbed hydroxylamine is rapidly
deoxidized to ammonia by Reaction (10).>® Many simulations
support the large energy barrier in the step of NO,4. to NHO,q,,
making this step the rate-determining step. Another reaction
for HNO,4, involves rapid dimerization to produce hyponitrous
acid (H,N,0,).>”*® However, the monoanionic form (HN,O,")
is unstable and easily decomposes to give N,O in a pH-
dependent process. Consequently, N,O can be reduced to N,.*°

NO.q + H + e~ — HNO.q (7)
HNO,q + H" + e~ —» H,NO,q. (8)
H,NO,q + H" + e~ > NH,OH,q4. 9)

NH,OH,q + 2H" + 2~ - NH; + H,0 (10)

Catalyst chemical composition

The selectivity of the electrocatalytic reduction-to-nitrate reac-
tion highly depends on the chemical composition of catalysts.
Several studies have summarized the activity trends and selec-
tivity of the NitRR on various metals, providing guidelines for
catalyst design.>*>>7>> Experimental results have demonstrated
the NitRR performance on noble metals in sulfuric acid solu-
tions. Rh has the highest NitRR activity, with the activity
decreasing in the order of Rh > Ru > Ir > Pt ~ Pd.>”*° The
high coverage of hydrogen on the active sites of the catalyst
could hinder the adsorption of NO;~ and its reduced inter-
mediates, resulting in a low FE for the NitRR. Therefore, noble
metals are not desirable catalysts for this reaction. Pt has low
activity for the NitRR because of the weak adsorption for
NO, .°""® vet, NH; FE on the Pd surface is low because of a
serious competing HER and complicated intermediates, such
as NO,, N,H,, and NH,OH produced during the pathways from
NO;~ to NH,.** However, Ru shows a significant increase in
NH; FE from 0 V vs. RHE.*> To optimize the activity for the
NitRR, the surface of noble metals can be modified with
adatoms or alloys and the synergistic effect is beneficial for
nitrate reduction in a tandem catalysis process, such as simul-
taneous acceleration of sequential NO; -to-NO,” and NO,~
reduced to N,, NH; or other products.>*>*”

The premise for achieving high conversion of nitrate to NH;
is the moderate H adsorption ability of active sites. Several
transition metals are preferred, such as Cu-, Ti-, Co- and
Ni-based materials. Among these, Cu dominates and presents
the highest activity toward the nitrate reduction reaction, as it
can manage the competing HER better than others, including
Ag, Au, Ni, Zn, Al, Sn and Bi.****”7° However, undesirable
byproducts, such as nitrite, are usually generated during the
NitRR when using Cu as the catalyst. The efficiency of Cu-based
materials can be improved by modifying or alloying other
metals. For instance, Li et al reported a metasequoia-like
nanocrystalline CuyoFe; catalyst for the NitRR in a neutral

EES Catal., 2024, 2,202-219 | 205
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medium. CuyeFe, achieved a faradaic efficiency of up to 94.5%
and a good NH; selectivity of 86.8% due to the enhanced
adsorption of the intermediates via a Fe-shifted Cu d-band
center.”*

Electronic structure

The electronic structure of the catalyst determines the adsorp-
tion strength of NO; ™~ and other reaction intermediates, which
considerably influence the NitRR catalytic activity. We could
change the electronic structure of catalysts based on various
design strategies. With the introduction of other metals,”>”*
elements,*”>7® or a single atom,”””° the electronic structure
of the catalyst surface and the outermost orbital electronic
properties can be regulated due to the different properties of
dopants and host atoms. These changes include valence, electro-
negativity, charge density and polarization, which can strengthen
orbital hybridization between the electrocatalyst and nitrate or
intermediates, thereby improving its adsorption strength.*® In
single-atom catalysts, the surrounding matrix is an effective
parameter for modulating the electronic states of the single metal
atom due to strong interaction with the coordinated elements.
Similarly, regulation of the size of the catalyst to clusters can tune
the electronic states of active sites, leading to better activity.

Catalyst geometry

In addition to chemical composition, geometry is another
crucial factor in designing high-activity catalysts, as it closely
correlates with reactant delivery and gas diffusion during the
catalytic reaction. The electrocatalytic nitrate reduction reac-
tion involves charge transfer and liquid-solid phase mass
transport. The development of catalysts with two-dimensional
(2D) or three-dimensional (3D) structures is expected to provide
liquid channels and gas channels. Pak et al.®' reported that the
Ti plate with TiO, nanotube arrays showed improved nitrate
reduction efficiency. The nanotube array geometric structure
helps the diffusion of nitrate and intermediates. The arrays of
vertically aligned metal nanowires leads to high electrocatalytic
activity due to their geometry. Napolskii et al.®* prepared highly
ordered rhodium nanowire arrays with an average diameter of
55 nm and a length of 1.5-11 pm via a template method and
used them for the nitrate reduction reaction. The much-
increased current density was achieved due to the enhanced
mass transport in the shortest Rh nanowires catalyst. To
evaluate the effect of layer morphology on transport, Cattarin
et al.®® reported that a spongy Cu-Ni alloy layer with bimodal
porosity was deposited from vigorous hydrogen evolution using
a large current. The Cu-Ni alloy featured in macroscopic pores
tens of micrometers in diameter. The porous Cu-Ni alloy
electrode showed a higher current due to the enhanced
transport.

Design strategies for electrocatalysts

The dependency of NitRR on the composition and geometry of
the electrode has been reported, and therefore the catalyst

206 | EES Catal, 2024, 2,202-219
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design strategies must take these critical factors into account
for achieving excellent selectivity and efficiency. In this section,
we aim to provide a summary of recent advances in the
investigation of nitrate reduction electrocatalysts, with a focus
on design strategies that consider cross-scale interactions over
the surface and interface. Our goal is to categorize the design
strategies for promoting the intrinsic activity of catalysts based
on changes in the local electronic environment of the active
centers. In the sections below, we discuss different strategies
and provide insights into the structure-activity relationship of
electrocatalysts.

Alloying engineering

Alloy catalysts with metal elements can provide different and
active centers,®* while the multiple compositions of alloy cata-
lysts can tune the d-band center and surface potential,®”%°
influencing the adsorption of reactants and intermediates.
In the NitRR field, the alloying catalyst is also a promising
design strategy.”>”*>%°°™%% Wang et al.”* synthesized a series of
CuNi alloys by adjusting the concentration ratio of Cu and Ni.
When Cu:Ni = 50: 50, the Cus(Nis, exhibited the highest NitRR
catalytic activity. The d-band center of CuNi alloys shifts 0.14,
0.28, and 0.32 eV towards the Fermi level with the increase of Ni
composition ratio, enhancing the adsorption energy of inter-
mediates (Fig. 3a). From Fig. 3b, the volcanic-type relationship
between NO;~ adsorption energy and experimental overpoten-
tial on all CuNi alloys indicates the introduction of Ni atoms
leads to a higher adsorption energy of NO; . However, with
increasing Ni concentration, the Cu site decreases, and the
adsorption energy of *NH, intermediates exceeds the optimal
value, resulting in a decline in the NitRR performance. Notably,
the ratio of two metals in copper—nickel alloy has an important
effect on the catalytic performance. To explore the relationship
between the proportion of copper-nickel metal and catalytic
performance, a series of copper-nickel alloys with different
proportions have been reported with carbon substrate. For
instance, Dong et al.°* fabricated a series of CuNi alloy nano-
particles embedded in a nitrogen-doped carbon matrix (CuNi/
NC) with different Cu-Ni ratios; Liu et al.®® reported a series of
Cu-Ni catalysts with component-controllable Cu,Ni, nano-
particles encapsulated in N-doped carbon film (Cu,Ni,/NC).
Except for traditional chemical synthesis, the laser irradia-
tion method is also a fast and facile strategy, which is con-
ducive to the formation of alloys due to the characteristics of
rapid heating and cooling during the preparation. Yu et al.®®
synthesized CuNi alloy nanoparticles (CuNi NPs/CF) using a
laser irradiation method. As shown in Fig. 3¢, when the Ni foil
located in the upper layer was irradiated by the laser beam, the
Ni atoms on its surface absorbed the laser energy and instantly
evaporated to produce Ni plasma gas. After the laser treatment,
a black CuNi alloy was formed in the corresponding region of
the Cu foil surface in the lower layer. CuNi NPs/CF showed
excellent NitRR activity with a maximum FE of 97.03% and a
highest yield rate of 94.57 mg h™" cm™>. By comparing the free
energies of NO; ™ reduction on CuNi(111), Ni(111), and Cu(111)
(Fig. 3d), the energy barrier of the hydrogenation reduction step

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the intermediate *NH was significantly reduced after intro-
ducing Ni atoms, which could be attributed to the surrounding
Ni sites providing sufficient H* to Cu sites. Besides, the Gibbs
free energy change (AG) of the potential-determining step (PDS)
on CuNi(111) was 0.28 eV, while the AG of PDS on Ni(111) and
Cu(111) was 0.44 eV and 0.37 eV, respectively (Fig. 3d), implying
a more favorable reaction path on CuNi(111).

Alloying has presented a unique strategy to tailor the elec-
tronic structure of catalysts. Noble metals such as Pd, Pt, Rh
and Ag show high activity for nitrate reduction, and many noble
metal alloys for the NitRR have been reported, such as PdAg
alloys, PtRh alloys, PtIr alloys and PdN alloys. However, due to
the high cost and resource scarcity of precious metals, the
choice of non-metallic elements is considered more promising.
Alloying precious metals with non-metals is an effective
option.”” Yin et al.®® reported a PdCu/Cu,O hybrid with a
mesoporous hollow sphere structure obtained by depositing
Pd species on Cu,O (Fig. 3e). Benefitting from the highly
dispersed PdCu alloy on the ultrathin Cu,O shell, the PdCu/
Cu,O hybrid exhibits excellent NitRR activity. As shown in
Fig. 3f, the maximum values of Faraday efficiency, selectivity,
and conversion rate of PACu/Cu,0 hybrid reach 94.32%, 96.7%,
and 99.82% respectively, which are superior to those of
Cu,O and commercial Cu,O. Further theoretical evidence
demonstrates that the existence of PdCu alloy is more condu-
cive to the formation of intermediate *N to regulate the reaction

© 2024 The Author(s). Published by the Royal Society of Chemistry

path of ammonia synthesis. Given the advantages of alloys,
fabricating commercial catalysts at an industrial scale should
be explored extensively. Their composition should be con-
trolled and studied.’®

Doping engineering

Doping is considered to be an important approach to optimize
the electronic structure of catalysts, thus improving catalytic
performance.”® "% The different electronegativity among ele-
ments induces electron transfer and shifts the Fermi energy
level of the catalysts, which is crucial for intrinsic activity.
Besides, the crystal structure of the catalyst is destroyed once
the intrinsic atoms are substituted by heteroatoms. Hence,
defects arise along with the change in the crystal structure
and give more sites for the reaction intermediates. Additionally,
doping is a significant method to increase the number of active
sites. Carbon materials with many advantages are employed as
catalysts.>>’%1%¢ Initial studies have reported that carbon-based
catalysts doped with heteroatoms can modulate their physico-
chemical properties and enhance catalytic activity.”>"%”*°
Li et al.** developed a group of carbon-based aerogel catalysts
doping different N species for highly efficient nitrate-to-
ammonia reduction. Fig. 4a depicts the constructions of four
N moieties which are defined as pyridinic-N (N1), pyrrolic-N (N2),
graphitic-N (N3), and pyridinic-N-oxide (N4). The adsorption
energy of NO;~ on each N-C site was determined as —3.10 eV,
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—3.25 eV, —5.66 eV, and —3.84 eV, respectively (Fig. 4b). The
highest adsorption energy of NO;~ on N3 suggests this site was
favorable for the nitrate reduction reaction. The electrochemical
experiments further discovered that N-C-1000 with a maximum of
N3 absolute content (1.55 at%) exhibited the highest FE of 95%
and YR of 1.3 mg h™" em™2 at —0.7 V vs. RHE.

This work emphasized the effect of the doping element
species on catalytic behaviors in the NitRR.

Compared to the N element, the B element possesses a
smaller atomic radius and moderately suitable electronegativ-
ity, providing it with a certain capacity to suppress the HER.
Luo et al.®® reported a B-doped MoS, nanosheet array on carbon
cloth (B-MoS,/CC, Fig. 4d). The B-MoS,/CC reached a max-
imum FE of 92.3% and YR of 10.8 mg h™" ecm ™2 at —0.7 V vs.
RHE, while the MoS,/CC without doping B element only
delivered a poor FE of 56.2% and YR of 5.1 mg h™! ecm ™2,
suggesting that the B-doping effectively improved the catalytic
activity of the NitRR. DFT calculations further provided a
theoretical understanding of the developed NitRR performance
originating from B-doping. The NOH pathway (*NO-*NOH) and
NHO pathway (*NO-*NH) were determined both on B-MoS,/CC
(Fig. 4e) and MoS,/CC. Compared to the two pathways on MoS,/
CC, the NOH pathway on B-MoS,/CC with the lowest rate-
determining step energy barrier (0.90 eV) is more favorable for
the conversion of NO;~ to NHj.

208 | EES Catal, 2024, 2,202-219

Except for popular non-metal elements, metal dopants have
attracted attention owing to their high activity. Zhang et al.*®
synthesized an iron-doped nickel phosphides catalyst (Fe/Ni,P)
for efficient NitRRs. As depicted in Fig. 4f, Fe doping regulated
the electronic structure of Ni atoms with an obvious downshift
of the d-band center from —1.73 eV (Ni,P) to 0.36 eV (Fe/Ni,P).
Besides, the charge density differences of Fe/Ni,P and Ni,P
after adsorption of NO; ™ illustrated different energy distribu-
tions around the active center Ni sites, implying the electronic
structure of Ni,P was regulated (Fig. 4g). As a result, Fe/Ni,P
reached a maximum FE of 94.3% with a corresponding YR of
4,17 mg h™' em™? for NH; at —0.4 V vs. RHE, which was far
higher than that of Ni,P (Fig. 4h). Although all types of dopant
atoms have their advantages, it is difficult to design and
coordinate their respective advantages rationally. More studies
should be conducted to achieve quantitative control of heteroa-
tom doping.

Single-atom engineering

Except for the above polyatomic doping, single-atom doping is
a desirable design strategy to develop single-atom catalysts
(SACs). SACs demonstrate high atomic utilization, distinct
activity, and selectivity,">™*'® which opens up a new avenue
for designing efficient catalysts."'”""** Electronic structures of
SACs are highly dependent on the electronegativity and ionic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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radius of metal centers, affecting the adsorption of reactive
species. Additionally, the coordination environment, e.g., coor-
dination atoms and numbers, greatly contributes to tailoring
the electronic structure of SACs.?® Notably, carbon materials
have the advantage of the support being sustainable and
environmentally friendly,">® which are considered as important
factors for SACs.'” Fe single-atom catalysts (Fe-PPy SACs)
derived from ferric acetylacetonate-polypyrrole hydrogels were
reported by Li et al.,”® possessing densely populated Fe active
sites and demonstrated high activity for electroreduction of
nitrate to ammonia. The Fe(u)-N, sites as active centers in
Fe-PPy SACs were embedded in carbon support, which were
preferentially occupied by NO; ™ before being reduced to Fe(0)-
N,. Thus, the competitive hydrogen evolution reactions were
inhibited for the lack of active sites to provide water molecules,
while the Fe(0) sites in Fe nanoparticles (Fe NP) suffered from
fierce competition. The single metal atoms were indicated by
the HAADF-STEM image, which showed isolated bright spots
with a diameter of ca. 0.1 nm. The electron energy loss
spectrum (EELS) was collected at a local area of one atom
marked in Fig. 5a. Iron, carbon and nitrogen elements were
mainly distributed in the selected region in Fig. 5b. Addition-
ally, SI-SECM was employed to time-dependently analyze the
site density of the single-site Fe moiety with a dynamic oxida-
tion state toward nitrate reduction and water dissociation at
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given potentials (Fig. 5¢). Fe-PPy SACs reached a maximum FE
of nearly 100% at —0.3 V vs. RHE with a corresponding YR of
2.75 mg NH; h™* cm 2. Besides, at least a twelve-fold turnover
frequency difference was observed in Fe-PPy SACs and Fe NP,
suggesting the higher producing-NH; rate on isolated Fe atoms
compared with bulk Fe. Single atomic Fe-N-C catalysts have
attracted wide interest for different reactions."*"*° Particu-
larly, Fe active sites are found in both Haber-Bosch catalysts
and nitrogenase enzymes."*! Inspired by the single-site of iron,
Wu et al.”® also designed a Fe single-atom catalyst (Fe SAC) with
isolated Fe atoms uniformly embedded in the carbon matrix for
reducing NO;~ towards NH;. The observed results of EXAFS
and STEM (Fig. 5e) both demonstrated the Fe-N, construction
in Fe SAC. In detail, a single Fe atom was coordinated by
surrounding four N atoms (Fig. 5d), implying the Fe active sites
were atomically dispersed in the N-doped carbon (NC)
substrate.

Electrochemical tests showed that the Fe SAC delivered an
impressive YR for NH; of ca. 20000 ug h™' mg., *, while Fe
nanoparticles only exhibited poor catalytic behaviors (Fig. 5f).

Metallic Cu has relatively high activity for nitrate reduction,
but it suffers from poor stability and nitrite accumulation."**"*>
Fortunately, Cu incorporated on carbon support has been studied
as a Cu SAC, which presents a superior catalytic performance in
comparison to bulk Cu. Cu has been incorporated into PTCDA
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(3,4,9,10-perylenetetracarboxylic dianhydride) for the NO;™ -to-
NH; reduction reaction with the properties of the proton/electron
transfer regulation and HER suppression.'*® More importantly,
Feng et al. found that Cu single-atom anchored on nitrogenated
carbon nanosheets (Cu-N-C) enabled significant alleviation of
nitrite production. Nitrite is often observed for metallic Cu
catalysts."®” Furthermore, Cheng et al.'"' regulated the locally
coordinated atoms of the center Cu single atom from four N
atoms to two N and two O atoms, forming a cis-configuration Cu
single-atom catalyst (Cu-cis-N,O,, Fig. 5g). Moreover, the control
catalysts Cu-trans-N,O, in the trans-configuration (two N atoms on
opposite sides) were prepared to better investigate the coordina-
tion symmetry effect. In situ online differential electrochemical
mass spectrometry (DEMS) was employed to investigate the
proposed reaction pathways. The intermediate species NH3, NO,
ONH; and NO, as shown in 5 h, confirmed the reaction pathways.
Furthermore, a comparison of the partial density of states of the
Cu 3d orbitals in Cu-trans-N,O, and Cu-cis-N,O, indicated that
Cu-cis-N,0O, was more polar due to the asymmetric structure. The
high polarity sites of Cu-cis-N,O, could accumulate more NO;~
around the surface and lower the energy barrier for the limiting
step of *NO-*ONH by forming a n-complex. Therefore, Cu-cis-
N,O, exhibited outstanding NitRR activity with the highest YR of

Intensity (a.u)

Y - Highor NH,
A - Hio s
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27.84 mg h™' ecm™> and impressive durability of continuous
operation for more than 2000 h.

Due to strong interactions between a single-atom and sub-
strates, the composition of the substrate is another factor
influencing the electronic structure of SAC catalysts. Stable
metals and metallic oxides have been investigated as promising
candidates to replace the carbon support for anchoring single
atoms. The metal oxides possess poor crystallinity with abun-
dant dangling bonds and defects, providing hosts for the
dispersion of single atoms."*" Lee et al.”” reported a highly
electron deficient (electrophile) f-block Gdg, stabilized on the
surface of an oxygen-defect-rich NiO (denoted as Gdga-D-
NiO,00) support for efficient NO;~-to-NH; reduction. The syner-
gistic coupling between the highly electron-deficient Gdga and
the defective NiO substrate can significantly enhance the NH;
selectivity and yield rate by facilitating stronger NO;~ adsorp-
tion, effectively stabilizing the NitRR intermediates and
improving the protonation kinetics by capturing H* from water
dissociation with a suppressed HER (Fig. 6a). As compared to
D-NiOyg9, the Gdga-D-NiO4o, with higher adsorption of NO;™
was revealed by in situ/operando Raman measurement (Fig. 6b).
The Gdgs-D-NiO,qo achieved a maximum NH; FE of ca. 97% at
—0.1 V vs. RHE and yield rate of ca. 628 pg mgc,..~ " h™" for the

400
Raman shift (em'y

§ NN'Fa.udnlc yf Ibl Gd,,-D-NiO,, | go0 ‘=
= efficiency I - _
g so{ = 1 3
g ooy, [s0 5
2 €
&£ o i 00 o
@ 1 NH, Yield =
o rate 300 8
g« || 5, g
o 20 B
S 20 o * 2
o A1 5 b0 >,
T 1= ) o T
Z ol BTyl 1y el e z

01 00 01 -02 03 -04
Potential vs RHE (V)

o
o

™ Ru,-TiO/Ti
| ™ TioTi

[+
o

3
(=]
T

N
o
T

N
o
T

Faradaic Efficiency (%)

o
T

01 02 03 04
Potential (V vs. RHE)

Free Energy (eV)
b

NO, *NO,

—Cu
——V-Cu
V,,-Au,Cu

“NO,

Reaction Pathway

Fig. 6 Single-atom engineering. (a) The proposed electrocatalytic nitrate reduction mechanism for the Gdsa-D-NiO surface assisted via fast proton
capture from H;O. (b) In situ Raman spectra for Gdsa-D-NiO400 and D-Nisgo recorded under dry conditions and after immersion in electrolyte (KOH +
NO3"). (c) FE and mass-normalized YR of Gdsa-D-NiO400 and D-NiQ4e0.”” Copyright 2022, American Chemical Society. (d) Schematic illustration of the
work functions of Ru;—TiO,/Ti and TiO,/Ti. E; refers to the Fermi level. (e) Structural model of Ru,—TiO,/Ti. (f) FE of NH3 at various potentials.*2* Copyright
2022, Wiley. (g) Schematic illustration of the reaction mechanism for the NitRR on the V,-Au;CuSAAs surface. (h) Free energy diagrams for the NitRR to
NHz on Cu NSs(111), V-Cu NSs(111) and V,-Au;CuSAAs(111) surfaces.*> Copyright 2023, Wiley.

210 | EES Catal., 2024, 2, 202-219

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00184a

Open Access Article. Published on 26 September 2023. Downloaded on 3/10/2026 5:11:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

alkaline NitRR, significantly outperforming the Gd nanoparticles
(Gd-NPs), D-NiO, and defect-free Gdsa-P-NiO,, (Fig. 6¢).

Similarly, Yao et al.*** proposed an inherent oxide anchoring
strategy to synthesize a Ru single-atom monolithic electrode by
fastening isolated Ru atoms on the amorphous layer of the Ti
support (Ru,-TiO,/Ti). This method enhanced the metal-sup-
port interactions (MSI) effect between Ru single atoms and the
Ti support, which played a key role in catalytic performance.
Compared with TiO,/Ti (4.9 eV), the work function of Ru;-TiO,/
Ti was reduced by 0.23 eV and accompanied by the upward shift
of its Fermi level, indicating that metal Ru populated with more
electrons into TiO,/Ti (Fig. 6d). The charge density difference of
Ru;-TiO,/Ti in Fig. 6e further visualized the enhanced electro-
nic MSI owing to a Bader charge transfer of 0.66 e from the Ru
atom to the Ti support. Meanwhile, Ru,-TiO,/Ti exhibited
impressive improvement in electrocatalytic behavior for the
NitRR. As shown in Fig. 6f, Ru;-TiO,/Ti reached a maximum
FE of 87.6% at —0.3 V with a superior YR of 22.2 mol g ' h™?,
far higher than that of TiO,/Ti.

Additionally, Zhang et al.'*® synthesized a highly active Au
single-atom catalyst for the NitRR by dispersing Au atoms on
a Cu(111) surface with further construction of Cu vacancies
(Vcu-Au;Cu SAAs). The Cu vacancies and Au atoms coordinate
to regulate the local electronic structure so that V,-Au;Cu SAAs
has a stronger ability to capture and crack H,O molecules into
*H. As shown in Fig. 6g, the obtained *H can be devoted to the
hydrogenation processes of NO;~ and intermediates to ammo-
nia. The free energy on V¢,-Au;Cu SAAs surfaces is decreased
gradually without any uphill step (Fig. 6h), demonstrating that
the formation of NH; from NO;™ on the V¢,-Au;Cu SAAs(111)
was thermodynamically favorable. However, there were energy
barriers on the reaction pathways of pure Cu nanosheets (Cu
NSs) and Cu NSs with vacancies (V-Cu NSs), resulting in poor
NitRR activity and selectivity. Moreover, Vg,-Au;Cu SAAs(111)
exhibited a maximum FE of 98.7% and the highest NH;
selectivity of 94.5%, much higher than that of Cu NSs (72.9%,
64.6%) and V-Cu NSs (81.1%, 81.4%). Overall, the rapid devel-
opment of single-atom catalysis in the NitRR field suggests that
it is reasonable to obtain robust SACs with high stability,
selectivity and activity for industrial important reactions. The
development of SACs as tunable catalysts is interesting and
promising.

Size regulation

The catalytic behaviour of ammonia electrosynthesis is dependent
upon the electronic structure of the catalyst, determining the
adsorption of reactants and other reaction intermediates.'*®
Previous literature showed that the N, conversion into NHj
catalyzed by metal nanoparticles (NPs) and nanoclusters (NCs)
was relevant to the size of the catalyst."*>™*® With the size of
active sites decreasing, more unsaturated coordination sites are
exposed and a more efficient atom-utilization rate is achieved.
Metal clusters with sizes below about 2 nm show a discrete
electronic structure and molecule-like properties. These features
are crucial for the performance of catalysts. From the perspective
of nitrate electroreduction, electrocatalysts should be designed for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the simultaneous enhancement of the M-N bond and activation
of nitrate. The regulation in the size of the catalyst would cause a
dramatic tuning in the electronic environment of active centers,
which could affect the intrinsic activity of the catalyst for the
NitRR. Recently, Li et al."** reported that Ru-based catalysts with
sizes ranging from nanoparticles to nanoclusters demonstrated
different performances. The photo-deposition of size-defined Ru
nanoclusters (NCs, average size: ca. 1.66 nm) on TiO, nanotubes
(NTs) showed enhanced activity for NO; ™ -to-NH; conversion with
a maximum yield of ca. 600 ug h™" ecm™? and a Faradaic efficiency
(FE) of >90% across a broad range of potential in comparison
with electrodeposited Ru nanoparticles (NPs, average size:
ca. 23.78 nm) on TiO, NTs (Fig. 7b and c). In particular, the
theoretical calculations revealed that the Ru nanoclusters catalyst
with the strong metal/substrate interaction and unsaturated
coordination state enabled stronger NO; affinity, the lower
energy barrier of *NHO intermediate, and the suppressed HER
compared with Ru nanoparticles, facilitating the NO; -to-NH;
conversion.

Additionally, Lou et al. prepared Rh clusters and Rh single-
atoms dispersed onto Cu nanowires (NWs) for the NitRR.
Rh@Ru-0.6% delivered the highest performance with an FE
of 93% at —0.2 V vs. RHE and the highest ammonia yield rate of
1.27 mmol h™" em ™2 compared with other catalysts with both
lower and higher Rh loadings (Fig. 7d)."** Higher loading of Rh
led to nanoparticles and lower loading resulted in too little Rh
doping. In situ infrared spectroscopy (IR) results (Fig. 7e)
showed an obvious -NH, peak when Rh@Cu-0.6% catalyzed
the NITRR. On-line differential electrochemical mass spectro-
metry (DEMS) was used to detect the intermediates during the
NITRR (Fig. 7h). DEMS, in situ Raman and theoretical calcula-
tions proved that the high activity was attributed to the syner-
gistic catalytic cooperation between Rh and Cu sites. Rh single
atoms and Rh clusters provided H to *NO intermediates
absorbed on Cu, thus promoting the hydrogenation step and
ammonia formation. Ammonia synthesis is sensitive to the
electronic states. Regulation of the catalyst’s size would cause a
dramatic change in electronic structure, which would promote
the activity. However, the small size of catalysts might degrade
into larger-sized aggregates during the catalytic process, lead-
ing to a decline in activity. So, it is crucial to explore a suitable
support to immobilize the clusters and keep them stable.

Nanoconfinement

The fabrication of various nanostructures brings significant
opportunities for electrocatalyst designs. One should take notice
of the fact that the nanoconfinement effect of an electrocatalyst
stems from a unique spatial environment, which would confine
the reactant and thus promote interaction between the reactant
molecule and the catalyst surface.’**™>® This section induces the
nanoconfinement effects in electrocatalysts for confining inter-
mediates during the NitRR and the recent progress in this field.
Li et al."*® reported the incorporation of CuO, active species into a
TiO,-nanotube reactor for the NitRR (Fig. 8a). With the help of the
experiment and finite element simulations, the nanotubular
electrode exhibited remarkedly diminished NO, ™ in contrast to
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planar geometry, confirming the confinement effect toward inter-
mediates (Fig. 8c). Thus, the nanoreactor performed a FE of
92.23% and yield rate of 1241.81 pg h™' em™ > for ammonia
production (Fig. 8b). Furthermore, theoretical calculations were
used to give insight into the NitRR mechanism, where TiO,/Cu,O/
Cu active species with a lower energy barrier of *NHO formation
facilitated more favorable NO; -to-NH; conversion efficiency as
well as inhibited the HER. Given the confinement effect in
strengthening reaction kinetics, Li et al.* prepared a Cu single-
atom gel (Cu SAG) electrocatalyst with spatial confinement. The
aberration-corrected high-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) ana-
lysis with the bright spots marked in red circles confirmed the
carbon-supported isolated single Cu atoms (Fig. 8d). Cu SAAs
revealed a higher NitRR performance in comparison with Cu foil
and PPy-C (Fig. 8e). In addition, finite element simulations were
performed to demonstrate how the nanoconfinement effect
promoted the transformation of the intermediate NO,~ within
3D channels of the SAA catalyst during the NitRR.

Moreover, the PdCu hollow (PdCu-H) catalyst was prepared
via in situ reduction and nucleation of PdCu nanocrystals along
a self-assembled micelle of a well-designed surfactant,"*° which
aimed to confine the intermediates and promote selective NH;
electrosynthesis from nitrate (Fig. 8g). The PdCu-H catalyst
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disclosed a high NH; FE of 87.3% and a remarkable NH; yield
rate of 0.551 mmol h™' mg ' at —0.3 V vs. RHE (Fig. 8h).
Mechanism studies were investigated to provide details of the
PdCu-H promoted selectivity of NitRR of PdCu-H for NitRR,
suggesting that the confinement of a hollow structure not only
activated NO; ™ but also facilitated the deeper electroreduction
to NH;.

With the development of nanomaterials, nanoconfinement
is becoming more important in electrochemistry. The above
studies have investigated how the nanoconfinement tunes the
NitRR reaction. There should be more studies on the influence
of nanoconfinement on the kinetics and selectivities of electro-
chemical reactions.

Tandem catalysis

Electroreduction of nitrate to ammonia in microorganisms is a
tandem process: combining nitrate reductase enzymes redu-
cing NO;~ to NO,™ and nitrite reductase converting NO, -to-
NH;.">*°® The enzyme tandem system allows efficient NH;
generation based on coordination binding with NO;~ and
NO,,"*” meanwhile the concept of tandem reaction is imple-
mented in electrocatalyst design for the NitRR. Schuhmann
et al. coupled the potential-dependent intermediated phase of
transition metals as cooperative catalytic sites for cascade NO; ™~

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to NH; conversion, demonstrating the tandem catalyst design
strategy (Fig. 9a)."*> In this work, Cu/Co-base binary metal
sulfides were electrochemically transformed into Cu/CuO,—
Co/CoO hybrids. The rate constants k; and k, of each catalyst
for NO; -to-NO,  and NO, -to-NH; reactions were evaluated to
validate that Cu and Co active phases synergistically catalyze
the tandem NitRR (Fig. 9b).

Recently, a tandem catalyst has been developed for enhan-
cing NH; selectivity. Inspired by Cu facets with different
adsorption of reactants and intermediates, Wang et al.*** devel-
oped Cu nanosheets in situ derived from CuO nanosheets to
catalyze the NitRR for NH; production. The catalyst delivered
an improved NH; yield rate of 1.41 mmol h™" cm™? and FE of
ca. 88% at 365 mA cm ’. Electrochemical studies and DFT
calculations featured the tandem interaction of the Cu(100) and
Cu(111) facets. The Cu(100) facets were responsible for the
absorption of NO; ™~ and conversion of NO; -to-NO, , while the
Cu(111) facets contribute to the hydrogenation of NO, ,
thereby promoting the tandem catalysis from NO;~ to NH;
(Fig. 9¢). As further proof of the advantages of tandem catalysts,
Li et al. constructed a Cu single-atom gel electrocatalyst for

© 2024 The Author(s). Published by the Royal Society of Chemistry

highly efficient nitrate-to-ammonia conversion enabled by tan-
dem catalysis of unfavorable intermediates.'** A pulse electro-
synthesis strategy was proposed (Fig. 9d) to accumulate the
localized nitrite. A locally concentrated NO,™ enabled tandem
accumulation-conversion  process promoted nitrate-to-
ammonia electro reduction (Fig. 9¢). In summary, the develop-
ment of materials for tandem electrocatalysis has attracted
attention. Tandem catalysts with multifunctional active sites
can promote the selectivity and efficiency of production, by
eliminating the unnecessary separation steps and reducing the
cost and energy consumption. Additionally, toxic or unstable
intermediates can be decreased during tandem catalysis.

Summary and outlook

The imbalance in the global nitrogen cycle has attracted wide
attention, as it causes considerable environmental and human
health problems. The removal of nitrates from wastewater
has been achieved using different processes including
physical, chemical, and biological technologies. Among them,
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electrocatalytic nitrate reduction has attracted much attention
because of various advantageous features, such as mild opera-
tion conditions, high efficiency, and no sludge generation.
Besides, this process does not depend on fossil fuels but uses
renewable electricity without carbon dioxide emission. Addi-
tionally, NH; is a key commodity product, which can be used in
fertilizers, promising energy carriers, and chemical precursors.
From the perspective of addressing environmental pollution
and converting waste into value-added products, electroreduc-
tion of nitrate to NH; opens up the field for an alternative,
sustainable route for ammonia synthesis. The storage of large
amounts of ammonium nitrate poses a serious explosion
risk. Hence, the electrocatalytic NO; -to-NH; conversion can
facilitate the production of ammonia on demand, lowering the
risk of storage of ammonium nitrate. However, the nitrate
reduction reaction is a complicated process including multiple
proton and electron transfer. It is hoped to construct catalysts
with stability and specific geometric structures, facilitating
activation of nitrate and enhancing the mass transfer of pro-
tons and electrons. Currently, it is necessary to explore design
strategies for electrocatalysts for the practical application of
electrocatalytic nitrate reduction technology. The composition,
geometric structure, and size of the catalyst are all key factors
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that affect the activity of the catalyst. In this review, we have
summarized catalyst design strategies for improving the activity
and efficiency of the nitrate reduction reaction. First, we dis-
cussed the electrocatalytic nitrate reduction reaction mecha-
nism. Then, recent catalyst design strategies for the NitRR were
summarized including alloying, doping, single-atom engineer-
ing, size regulation, nanoconfinement effect, and tandem
catalysis, which are highlighted in the development of efficient
catalysts as shown in Table 1. In particular, doping and alloying
engineering change the surface electronic structure of active
sites, while single-atom engineering and size regulation not
only increase the exposure sites but also regulate the electronic
structure. Besides, confinement controls the mass transport
and tandem catalysis involves cooperative sites that facilitate
the proton-electron transfer. Although such strategies enable
boosting catalytic efficiency and activity, challenges remain in
the future development of this field.

(1) Insight into the mechanism of the nitrate reduction
reaction on catalysts provides meaningful guidance for choos-
ing appropriate design strategies. More attention should be
paid to tailoring the adsorption strength of NO;~ and Hgq.
Strong adsorption of NO;~ on the catalyst would be favorable
for the NitRR. When the proton affinity of catalyst active sites is
high, the competing HER dominates the majority of active
sites. The favorable adsorption of H,q. not only supplies pro-
tons for deoxygenation and protonation steps but also prohibits
the formation of H,. Thus, the coverage of H,q should be
adjusted by regulating the electronic structure of catalysts.
Theoretical calculation is one of the most important methods
to describe the electronic structures of catalysts. Therefore, one
would focus on the rational theoretical simulation, which could
optimize the adsorption of active intermediates and thus sup-
press the competing side reactions.

(2) During the NitRR process, in situ and operando charac-
terization methods are significant for monitoring the change of
catalyst structure and intermediate generation at a molecular
level. For example, attenuated total reflectance surface-enhance
infrared absorption spectroscopy,'®® surface-enhanced Raman
spectroscopy,'® and differential electrochemical mass
spectrometry*® would contribute to providing the adsorption
states and conformation of intermediates on the catalyst sur-
face. Additionally, scanning electrochemical microscopy and
scanning electrochemical cell microscopy have been recognized
as powerful tools for studying the local information at the
catalyst surface during various reactions, including products,
intermediates, active sites, kinetic rates, etc.'®* ' Investigating
real-time working state information of the catalyst is crucial for
understanding the effects of structure-activity relationships for
the nitrate reduction reaction and giving directions for the
future electrocatalyst design strategies, thereby promoting the
efficiency of this reaction.

(3) with regard to designing an electrocatalyst, stability is
another important parameter. It is evaluated by consecutive
recycling tests at the optimal potential, and a slight fluctuation
in the yield rate and faradaic efficiency of the product ammonia
represents the good stability of the catalyst. Good stability of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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catalysts is a prerequisite for industrial applications, while the
reported catalysts hardly meet the durability standard. After
long-time operation, catalysts may encounter related problems
e.g., geometric structure collapse, active sites losing activity,
corrosion, and others. Along with high efficiency and selectiv-
ity, enhancing stability should be considered as part of catalyst
designing. We should choose the cathode material with high
stability and excellent chemical and physical properties.
Besides, we aim to achieve a controllable morphological struc-
ture to give good stability and high activity through tuning the
edge structure, doping and some other methods."***°®

(4) Hydrogen from the competing HER at a large-scale
nitrate electroreduction should not be ignored. From the
perspective of safety, a mass of hydrogen is prominent. When
the concentration of nitrate is low, the HER becomes serious.
More research on the selectivity of catalysts for hindering H,
generation is required. The change in the electronic structure
of catalysts could regulate the adsorption of hydrogen to favor
ammonia production with suppressed hydrogen evolution.

(5) Moreover, upcycling of nitrate wastes into value-added
ammonia is very interesting. It is necessary to extract and
collect high-purity ammonia products. Designing catalysts with
industrial-relevant current density is one of the key factors for
the green and large-scale production of ammonia. Meanwhile,
researchers should try to design superior reaction and produc-
tion conditions, feasible solutions with low energy consump-
tion and low carbon for ammonia collection due to the original
intention of environmental protection.

(6) Nowadays, 90% of synthetic ammonia is produced using
the Haber-Bosch process, which consumes about 500 kJ to
produce 1 mol of NH3, equivalent to nearly 4 kW h per kilogram
of ammonia produced. The application of reported electroca-
talysts to the actual ammonia synthesis industry requires
assessing their power consumption in terms of their cell
voltage, partial current density, and productivity. For example,
the strained ruthenium nanocluster catalyst requires about
22 kW h per kilogram of ammonia produced. However, the
price of electricity will constitute a large part of the overall
expenses, thus, the cost required for the electrochemical synth-
esis of marketable NH,NOj; can be directly assessed according
to the local electricity price. As a result, the production cost of
electrocatalytic ammonia synthesis (approximately $776 per
metric ton ammonium nitrate) is very close to that of the
current Haber-Bosch process ($560 per metric ton). On the
other hand, the electricity supply can be replaced by renewable
energy in the future, which promotes the reduction of produc-
tion costs. Overall, the electrochemical synthesis of ammonia
has potential economic benefits and is a promising candidate
to replace the Haber-Bosch process.

By taking a forward outlook, further advancing the field of
electroreduction of nitrate to ammonia may be decisive for
an environment compatible energy economy. A well-designed
electrocatalyst can boost the activity and selectivity of the
NitRR."”%'®® We hope this review helps researchers to develop
new catalyst strategies to realize green ammonia electrosynthesis
from nitrate under mild conditions. In addition, outstanding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrocatalysts are encouraged to promote the nitrate electro-
reduction technology from the laboratory to industry, thereby
managing nitrate-rich wastewater.
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