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Ammonia is gaining recognition as a promising energy carrier due to its high energy density, ease of liquefaction,
and existing robust production and distribution infrastructure, particularly within the agricultural sector. The
electrochemical nitrate reduction reaction (NO3RR), conducted under ambient conditions, offers a sustainable
alternative to the energy-intensive Haber-Bosch (H—B) process, addressing both environmental and energy
challenges. Recent advancements in understanding catalytic mechanisms, optimizing catalytic systems, and
designing advanced catalysts have substantially enhanced the efficiency of nitrate-to-ammonia conversion.
Among these, cobalt (Co)-based electrocatalysts have emerged as a cost-effective and efficient alternative to
noble metals, owing to their earth abundance, low cost, and favorable catalytic properties. This review provides a
comprehensive overview of recent progress in NOsRR, emphasizing Co-based electrocatalysts. It delves into
NO3RR mechanism analysis, critical considerations for system optimization, and innovative Co-based catalyst
design strategies. Additionally, we explore current challenges and propose future directions for improving Co-
based electrocatalyst performance, aiming to advance the rational design of efficient catalysts for sustainable
ammonia synthesis.

1. Introduction transforming them into harmless or valuable compounds. Various sep-

aration technologies are employed for removing nitrates, including

Nitrate (NO3) is a key nitrogen-containing compound, essential for
plant growth and soil fertility within the nitrogen cycle [1]. However,
excessive use of nitrogen-based fertilizers in agriculture can lead to ni-
trate leaching into groundwater and surface water bodies, resulting in
eutrophication and harming aquatic life [2,3]. Moreover, increased ni-
trate concentrations in drinking water have been linked to methemo-
globinemia, commonly referred to as “blue baby syndrome,” which
impairs oxygen transport in the blood [4]. Given the potential detri-
mental effects of nitrate pollution on ecosystems and human health,
addressing it is imperative. Efforts to mitigate nitrate pollution typically
focus on two main approaches: separating nitrates from water and
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reverse osmosis [5], ion exchange [6], adsorption [7], and electrodial-
ysis [8]. Despite being favored for their simplicity and cost-effectiveness,
physical separation methods still encounter challenges such as fouling,
scaling, and the need for post-treatment steps [9-11]. On the other hand,
nitrate conversion methods involve biological denitrification [12],
chemical catalytic reduction [13], electrocatalytic reduction [14], and
photocatalytic processes [15]. While these methods can achieve high
nitrate conversion efficiency and reduce post-treatment costs compared
to separation technologies, they still have drawbacks. For instance,
biological denitrification is pH-dependent and time-consuming, chemi-
cal catalytic methods incur high operational costs, and photocatalysis
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exhibits low stability. In contrast, electrocatalytic reduction emerges as
a promising approach due to its advantages in green chemistry, versa-
tility, and scalability [16,17]. Electrochemical processes could effi-
ciently reduce nitrates to harmless nitrogen gas (N2) or valuable
compounds like ammonia (NH3), offering a more sustainable solution to
nitrate pollution.

Ammonia is a crucial chemical in modern agriculture and industry,
primarily due to its extensive use in fertilizers, which are essential for
maintaining soil fertility and supporting global food production [18].
Beyond its agricultural importance, ammonia is the focus of ongoing
research as a possible energy carrier due to its remarkable energy den-
sity and the ability to store and transport hydrogen in a stable form,
contributing to sustainable energy solutions [19]. Ammonia is tradi-
tionally synthesized through the Haber-Bosch process, despite its
effectiveness, highly energy-consuming and contributing substantially
to greenhouse gas emissions [20]. This process operates at high tem-
peratures and pressures, consuming about 1-2 % of global energy stock
and producing large quantities of COy [21]. In contrast, electrochemical
methods for ammonia synthesis offer several advantages, including
lower energy consumption, milder operating conditions, and the po-
tential for integration with renewable energy sources, thus reducing the
overall carbon footprint [22].

During the NO3RR, nitrate ions undergo reduction at the cathode
while the oxygen evolution reaction typically occurs at the anode. This
process can induce the generation of multiple products, with energeti-
cally stable No and NH3 being the primary ones. The reaction processes
are described by the following equations: [14,23].

2NO; +12H" +10e” —N, + 6H,0 E° = 1.17 V vs.SHE (€D)

NO; +9H" 4+ 8e"—NH; + 3H,0 E® = —0.12V vs.SHE (2)

The reduction of nitrate to Ny involves N—N bond assembly via a
second-order mechanism, which faces competition from reactions with
first-order kinetics to produce alternative products like NH3 or hy-
droxylamine (NH,OH), thereby impacting the selectivity of the reaction
[24]. Despite reducing nitrate to ammonia requires two more electrons
compared to N, the catalytic process for nitrate reduction to ammonia is
generally more promising. This is because the N—N bond generation,
which is necessary for N emergence, is energetically less advantageous
than the reactions yielding [25,26]. Furthermore, the conversion of ni-
trate into ammonia (Eq. 2) requires a lower standard reduction poten-
tial, making it thermodynamically favorable under certain conditions
[27]. Notably, ammonia has gained attention as a potential energy
carrier owing to its high storage capacity and ease of liquefaction,
making it a promising candidate for storing and transporting hydrogen
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[28]. Overall, achieving selective ammonia synthesis via nitrate elec-
troreduction is crucial for both the nitrate pollution remediation and
sustainable ammonia supply.

While electrochemically reducing nitrate to ammonia, it is indis-
pensable to avoid the formation of environmentally benign N5 and
harmful offshoots like nitric oxide (NO), nitrite (NO3), and nitrous oxide
(N20) [29]. Additionally, minimizing the competitive hydrogen evolu-
tion reaction (HER) is essential to maximizing the yield of ammonia
[30]. The selectivity of the electrochemical nitrate reduction process
towards NHj3 can be influenced by various factors including reaction
conditions (such as pH and temperature), electrolyte composition, and
electrode catalysts [31-36]. Catalyst materials play a critical role in
achieving high selectivity towards ammonia, as well as high efficiency.
Various types of electrocatalysts have been explored for this purpose,
including novel metals, transition metals, and carbon-based materials
[37-40]. The comparative analysis of different electrocatalysts for
NO3RR reveals notable differences in performance across key parame-
ters such as activity, NHj selectivity, cost-effectiveness, stability, and
HER suppression. As illustrated in the radar chart (Fig. 1a), Co-based
electrocatalysts demonstrate a unique balance of high NHj selectivity,
moderate cost-effectiveness, and good stability, positioning it as a
promising candidate for efficient and sustainable ammonia synthesis. In
comparison, Fe-based electrocatalysts exhibit the highest cost-
effectiveness due to its low cost and abundance, but its moderate ac-
tivity and selectivity limit its overall efficiency [41,42]. Cu-based elec-
trocatalysts show moderate cost-effectiveness and competitive NHj
selectivity, but it struggles with stability issues due to the formation of
passivation layers under alkaline conditions [43,44]. Novel metal elec-
trocatalysts (e.g., Pt, Pd, Rh, and Au) provide high activity but suffer
from low cost-effectiveness due to their high cost and scarcity [45-47].
Metal-free electrocatalysts excel in HER suppression performance and
cost-effectiveness, yet they exhibit lower activity and stability for
NO3RR [48,49]. Furthermore, theoretical and experimental studies both
provided strong evidence for the outstanding performance of Co-based
catalysts over other catalysts. Theoretical calculations indicated that
Co304 exhibited an ultralow rate-determining free energy change, sug-
gesting superior catalytic activity for NO3RR compared to metals such as
Pd, Ni, Zn, Cu, Ru, Fe, and Rh. In addition, Wu et al. made a comparison
of twelve common transition metal oxide catalysts under a high cathodic
current density of 0.25 A cm ™2, wherein Co304 catalyst achieved the
highest ammonia Faradaic efficiency (85.15 %) and moderate activity
(—0.25 V vs. Reversible hydrogen electrode (RHE)) (Fig. 1b) [50].

Despite notable progress (see Table 1), challenges such as improving
selectivity, enhancing stability, and optimizing catalyst-support in-
terfaces persist. Addressing these issues is essential for guiding the
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Fig.1. (a) The comparative analysis of different electrocatalysts for NOzRR. (b) Polarization curves and faradaic efficiency of ammonia and nitrate production of
twelve transition metal oxide catalysts. Reproduced with permission [50]. Copyright 2024, Springer Nature.
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Table 1

Faradaic efficiency and yield rate of ammonia for various Co-based electrocatalysts in NO3RR.
Catalysts Electrolyte Applied Potential /V vs. RHE Ammonia Yield Rate Ammonia Faradaic Efficiency/% Ref.
C0304 0.1 M NaOH 0.1 M NO3 —0.5 0.72 mmol h™! ecm™2 96.90 [68]
Co304/Co 0.1 M NaySO4 1000 ppm NO3 -0.8 0.26 mmol h™* em ™2 88.70 [69]
Fe-Co304 0.1 M PBS 0.05 M NO3 -0.7 36.47 mmol h™! g~! 95.50 [70]
Cu-Co304 0.1 M NayS0O, 500 ppm NO3 —0.6 36.71 mmol h™! g! 86.50 [71]
CuCo,0,4 1 M KOH 0.1 M NO3 —0.3 394.5 mmol h! g~? 81.90 [72]
C02A10,4 0.1 M PBS 0.1 M NO3 -0.7 0.36 mmol h™! cm™2 92.60 [66]
C0304-Mn, 0.5MK5S0, 0.1M NO3 —0.6 0.7 mmol h™! cm~2 99.50 [73]
NiC0204 0.1 M NaOH 0.1 M NO3 —0.3 0.45 mmol h™! ecm™2 99.00 [671
FeC0,04 0.1 M NaOH 0.02 mM NO3 -0.5 0.29 mmol h™* em ™2 95.90 [74]
ZnCoy04 0.1 M NaOH 0.1 M NO3 —0.6 0.63 mmol h™! cm ™2 98.33 [75]
CoMn,04/NC 0.1M NaySO,4 0.1 M NO3 -0.7 144.5 mmol h™! g~! 92.40 [76]
CoP 0.5M NazS04 ~05 1770 mmol h~1 g1 92.40 771

0.05 M NO3

CoP 1 M NaOH 0.005 M NO3 —-0.4 0.018 mmol h™! em—2 65.00 [62]
CoP 0.5 M K50, 0.05 M NO3 —0.5 1134 mmol h™! g7} 94.00 [78]
CoP-CNS 1 M KOH 0.1 M NO3 -0.63 1.6 mmol h™! em™2 100.00 [56]
Fe/CoP NHs 1 M KOH 0.05 M NO3 —0.25 1623 mmol h~! g~! 93.30 [79]
CoP/TiO, 0.1 M NaOH 0.1 M NO3 —-0.3 0.5 mmol h™! cm™2 95.00 [80]
Co-P 0.2 M Na,yS0O, 200 ppm NO3 -0.3 0.019 mmol h™! cm™2 95.00 [81]
CoP 1.0 M NaOH 1.0 M NO3 —-0.3 9560 mmol h™! cm~2 100.00 [61]
Co@NC 0.1 M NaOH 0.1 M NO3 —0.5 500 mmol h™! g~* 96.50 [59]
Co/NC-800 0.1M NaySO4 0.1 M NO3 -1.2 44 mmol h ! g7t 81.20 [60]
MR Co-NC 0.1 M KOH 0.1 M NO3 -0.7 1.25 mmol h™! em ™2 95.35 [82]
CuCoSP 0.1 M KOH 0.1 M NO3 —0.18 1.17 mmol h™! em ™2 90.60 [83]
Co@TiO, 0.1 M PBS 0.1 M NO3 -0.7 0.371 mmol h™* cm™2 96.70 [84]
ZnCo,0,4 0.1 M KOH 0.1 M NO3 0.4 70 mmol h™! g1 95.40 [85]
C01.,Cuy 1 M KOH 0.05 M NO3 —0.03 176 mmol h™! g~! 95.40 [86]
Co/PN-C 0.1 M NaOH 0.1 M NO3 —0.2 1.41 mmol h™! em™2 97.80 [871
Co@CC 0.1 M NaOH 0.1 M NO3 -0.8 0.60 mmol h™! cm™2 93.40 [88]
Co-NCNT 0.1 M NaOH 0.1 M NO3 0.6 0.35 mmol h™! cm™2 92.00 [89]
Co@JDC 0.1 M PBS 0.1 M NO3 -1 2800 mmol h! g~! 96.90 [90]
COZICFNgg p 1 M KOH 0.1 M NO3 -0.6 2.26 mmol h™! ecm™2 90.00 [91]
CoB@TiO, 0.1M Na,SO, 400 ppm NO3 -0.70 0.23 mmol h™! cm™2 95.20 [92]
Co-CNP 0.02 M NaySO,4 100 ppm NO3 —0.69 0.025 mmol h™* cm™2 92.00 [93]
Fel/Cu2-Cos04 0.2 M Na,S0O, 100 ppm NO3 —-0.79 0.175 mmol h™! cm™2 98.46 [94]
PP-Co/CP 0.1 M NaOH 0.1 M NO3 —0.6 1100 mmol h™! g7! 90.10 [95]
C0304-Mny 0.5MK,S0,4 0.1M NO3 -1.2 2.06 mmol h™! ecm™2 99.50 [96]
CoO-NC/ graphene 1 M KOH 1 M NO3 —-0.75 25,630 mmol h! g~! 98.00 [971

rational design of next-generation Co-based catalysts, with the ultimate
goal of advancing more efficient and environmentally friendly ammonia
synthesis technologies. This review will delve into the up-to-date ad-
vancements in NOsRR, focusing on Co-based electrocatalysts. By
providing a comprehensive analysis of NO3RR mechanisms, evaluating
catalyst performance under various conditions, and summarizing design
strategies for optimizing the catalytic sites of Co, this review seeks to
offer deeper insights into optimizing electrocatalytic processes,
enhancing catalyst efficiency, and guiding future developments in the
field of nitrate reduction to ammonia.

2. Mechanistic understanding of NOgRR
2.1. Reaction mechanisms of NOsRR

Nitrate reduction is a multifaceted electrochemical process encom-
passing a series of nitrogen-containing species with valence states
ranging from +5 to —3 [51]. This multifaceted reaction proceeds
through multiple pathways, leading to the formation of various nitrog-
enous products. Among these, NHs is particularly favored thermody-
namically, and the mechanisms involved in its formation have attracted
significant research efforts. For Co-based catalysts, three main reaction
pathways from NO3 to NH3 have been summarized as shown in Fig. 2a.
All three pathways involve an eight-electron transfer process, requiring
sequential reduction and protonation steps [52,53]. Additionally, each
pathway follows a progressive deoxygenation mechanism, where oxy-
gen atoms are removed from nitrate through intermediates before
reaching ammonia. Another common aspect is that hydrogenation plays

a crucial role in determining the selectivity towards NH3 versus unde-
sired byproducts like N3 or N2O. Despite these similarities, the pathways
exhibit distinct characteristics. The first pathway (NO3 — NOsH — NO,
— NOsH - NO —» NOH — N/NHOH — NH — NH, — NHs) involves
stepwise deoxygenation and hydrogenation, making it the most complex
route with potential side products like NO and N»O. The second pathway
(NO3 - NO3 - NO - N —» NH — NH; — NHj3) follows a more direct
reduction process but increases the likelihood of N5 formation. The third
pathway (NO3 — NO, — NO — NOH — NHOH — NH,0H — NHy)
utilizes hydroxylamine (NH,OH) as a key intermediate, offering a se-
lective route to NH3 while reducing N, formation, though NH2OH sta-
bility must be managed.

2.2. Key role of active hydrogen species (*H)

In the hydrogen-mediated nitrate reduction process, the crucial step
is the Volmer step (H,O — *H + *OH). This critical step supplies *H,
which serves as reducing agents to facilitate the transformation of
adsorbed nitrate (*NO3) into ammonia [54]. Furthermore, the selec-
tivity of NHj critically depends on the availability and timely supply of
*H atoms, highlighting the need to maintain a dynamic equilibrium of
active hydrogen [55]. Maintaining this equilibrium ensures a steady
flow of *H atoms, while avoiding an excess that could disrupt reaction
kinetics or lead to side reactions. The study by Fan et al. provided deeper
insights into this dynamic equilibrium through the comparison of two
catalysts, Co and CoP, in the nitrate reduction process (Fig. 2b) [56].
Their findings showed that CoP, with its superior capacity for water
splitting, generated more *H atoms than Co. This enhanced ability to
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Fig.2. (a) Three main reaction pathways from NO3 to NHj3 for Co-based catalysts. (b) HER processes on CoP (211) and Co (111) surfaces, along with the proposed
NO3RR mechanism on CoP, are depicted. Colour scheme: Co in light blue, P in pink, H in white, O in red, and N in dark blue [56]. (c) Free energy profiles for
intermediates on Co (111) in the HER pathway, incorporating the concerted H,O dissociation and subsequent hydrogenation of *N, *NH, and *NH,. (d) Proposed

initial, transition, and final states for the reaction *N + *H,0 — *NH + *OH on Co (111) surface. Co, N, O, and H atoms are represented by light blue, blue, red, and
white spheres, respectively [57]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

both produce and retain *H enabled CoP to facilitate a more efficient
nitrate reduction, whereas Co, with its higher energy barrier for water
decomposition, struggled to maintain the balance between *H genera-
tion and consumption.

While the hydrogenation process was mediated by *H, Deng et al.

further elaborated that an novel balance mechanism between *H pro-
duction and consumption involved the interaction between adsorbed
hydrogen atoms and nucleophilic intermediates, such as *N, *NH, and

*NHj [57]. Theoretical analysis revealed that the energy required for the
reaction *NHy + *HoO — *NHj3 + *OH was substantially reduced than

that for the traditional Volmer step (H,O — *H + *OH)(Fig. 2b). It
indicated that, rather than relying on the slower water dissociation
process, the hydrogenation of *N-based intermediates occurred simul-

taneously with water deprotonation, overcoming kinetic barriers and
ensuring a steady supply of protons (Fig. 2d).

2.3. Important considerations of NOsRR system

The electrochemical nitrate reduction reaction has gained significant
attention as a sustainable method for mitigating nitrate pollution while
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simultaneously recovering ammonia, a valuable chemical. However, the
practical implementation of NOsRR hinges on optimizing key factors
such as the electrolyte environment and nitrate concentration. Addi-
tionally, integrating NOsRR with coupled reaction systems presents an
effective strategy to improve overall system efficiency. This section will
explore the impact of these parameters on the behavior of cobalt-based
catalysts, with a focus on enhancing selectivity, energy efficiency, and
stability to achieve a more sustainable and efficient process.

2.3.1. Electrolyte pH

It is well known that the pH conditions can be regulated to tune the
performance of NO3RR, particularly with regards to the ammonia yield
rate and Faradaic efficiency (FE). Yan et al. discovered that the priority
reaction pathways, potential-determining steps, and limiting potentials
of single-atom catalysts were influenced by pH, as shown by the
adsorption free energies (Gno* and Gnpa+), local atomic coordination
and active site electronic configurations [58]. Alkaline electrolytes have
consistently demonstrated superior performance in nitrate reduction.
The high level of hydroxide ions (OH™) in alkaline media enhances the
adsorption and activation of NO3 at the catalyst surface, facilitating
more effective electron transfer and the subsequent reduction of nitrates
into ammonia. Alkaline conditions also stabilize key reaction in-
termediates, such as adsorbed hydrogen, thereby promoting the for-
mation of ammonia while minimizing competing side reactions like
HER. In contrast, neutral pH electrolytes, such as PBS or NaySOj,
generally show lower ammonia yields, due to increased competition
between nitrate reduction and hydrogen evolution. The lack of OH™
hinders the efficient protonation of nitrate intermediates and increases
the likelihood of undesired hydrogen evolution, reducing the avail-
ability of electrons for nitrate reduction. This ultimately slows the re-
action kinetics, resulting in lower ammonia yields compared to alkaline
conditions. For instance, the same Co single atom catalysts, such as
Co@NC and Co/NC-800, achieved ammonia yield rates of 500 and 44
mmol h™! g~!in 0.1 M KOH and 0.1 M Na,SO4, respectively, with FE of
96.5 % and 88.2 % [59,60].

2.3.2. Nitrate concentration

The concentration of nitrate in the electrolyte is also essential to
determining the performance of Co-based catalysts in nitrate reduction,
directly affecting both ammonia yield rates and Faradaic efficiencies. A
higher nitrate concentration enhances the availability of nitrate ions at
the catalytic surface, facilitating electron transfer and accelerating re-
action rates. This effect is particularly prominent in alkaline environ-
ments where hydroxide ions further promote catalytic activity by
stabilizing reaction intermediates. For example, Ye et al. investigated
the catalytic behavior of CoP catalyst in alkaline electrolyte (1.0 M
NaNO3 and 1.0 M NaOH) and obtained a very high ammonia yield ef-
ficiency of 9.56 mmol h~! em~2 and FE of 100 % [61]. The high con-
centration of nitrate ions ensured that the catalytic centers were
continuously supplied with reactants, enabling efficient electron trans-
fer for nitrate reduction. Furthermore, the presence of a high OH™
concentration in the alkaline medium aided in stabilizing key in-
termediates such as NO3 and NO3, crucial for the multi-step reduction
process to ammonia. This combination of high nitrate availability and
favorable electrolyte pH resulted in near-complete conversion efficiency
and a high yield rate.

In contrast, Zhang et al. reported significantly lower performance
with the CoP/CC catalyst in a much lower nitrate concentration elec-
trolyte of 0.005 M NaNO3 and 1 M NaOH, resulting in an ammonia
production rate of 0.018 mmol h~! em~2 and a FE of 65 % [62]. The
limited nitrate availability in this case reduced the probability of nitrate
ions reaching the catalytic centers, slowing down the overall reaction
rate. Moreover, under such low nitrate concentrations, the competition
between nitrate reduction and other side reactions, such as hydrogen
evolution, becomes more prominent. In this environment, limited ni-
trate ions are accessible to attach to the catalyst surface, leading to fewer
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productive catalytic cycles. Additionally, the lack of sufficient nitrate
ions can lead to more hydrogen evolution as the available protons are
reduced, further limiting the electrons available for nitrate reduction.

2.3.3. Coupled reaction systems for enhanced system efficiency

The Zn-NOj battery is an emerging electrochemical system that
couples nitrate reduction with energy storage, offering a dual benefit of
environmental remediation and energy generation [63-65]. In this
system, nitrate ions act as the oxidizing agent in the cathode, where they
undergo reduction to ammonia or other nitrogenous products, while
zinc is oxidized at the anode. The coupled reactions enable efficient
nitrate conversion, and the energy produced can be stored within the
battery, enhancing the sustainability of the overall process. For example,
Liu et al. built a battery by applying Co2A104/CC and Zn plate as the
cathode and anode, respectively [66]. This battery exhibited an excep-
tional power density of 3.43 mW cm™2 at the j of 9 mA cm™2, substan-
tially surpassing the recently reported Pd/TiO,-based Zn-NO3 battery
(0.87 mW cm ™ 2). Additionally, Liu et al. utilized NiCo204 as a cathode
and Zn plate as the anode to build a Zn-NO3 battery to assess the pos-
sibility of NiCoy04 for operational NHj3 synthesis devices [67].
Remarkably, the battery produced a large NHj3 yield rate of 48.5 pmol
h! em~2 at 12 mA cm™2 and demonstrated an impressive FE of 96.1 %
at 8 mA cm 2, exceeding recent Pd/TiO,-Zn-based battery (NHj yield:
32.0 pmol h™! em™2, FE: 81.3 %). Furthermore, Li et al. confirmed the
long-term operation stability of Zn-NOj3 batteries through 8 h of
continuous discharging test at 25 mA cm ™2, with the FEs (around 88 %)
and NHj yield (around 110 pmol h~!'em™2).

3. Validation of co active sites and summary of catalyst design
strategies

3.1. Identification of co active sites

3.1.1. Co lattice facet

The catalytic properties of Co-based catalysts can be significantly
influenced by the exposed lattice facets, as different facets exhibit
distinct atomic arrangements that affect the adsorption and activation of
reactants [98-100]. Zhu et al. synthesized a series of Co3O4 nano-
structures with exposed (100), (111), (110), and (112) facets to inves-
tigate the influence of crystallographic orientation on electrocatalytic
nitrate reduction reaction activity [101]. Among these, Co304 (111)
facet demonstrated the highest activity, achieving an ammonia FE of
99.1 + 1.8 % and an NH; yield rate of 35.2 = 0.6 mgh ' cm 2 at —0.6 V
vs. RHE. Both experimental and theoretical analyses revealed a
sequential transformation pathway in which the active phases evolved
from Co304 to oxygen-deficient Co304.x With oxygen vacancies (Oy),
then to a Co304.x-Oy/Co(OH); hybrid, and ultimately to Co(OH)2. This
phase evolution occurred across all facets; however, the generation of O,
and Co(OH), proceeded most rapidly on the (111) surface. The unique
geometric structure of the Co (111) surface promotes efficient adsorp-
tion and dissociation of reactant molecules, thereby significantly
boosting catalytic activity and overall efficiency. Lu et al. found that as
the dominant facet of Co304 transitioned from (112) to (111), the rate-
determining step shifted from *NOy — *NOH to *NOsH — *NOa,
reducing the energy barrier to 0.48 eV. This transformation significantly
enhanced the hydrogenation of NOx and NHx intermediates, leading to
an NHj yield of 5.73 mg h! mg{alt [102].

Although the Co (111) facet shows outstanding NOsRR performance,
other facets can also play a crucial role in catalytic behavior. Zhong et al.
revealed that introducing oxygen vacancies on the Co (100) facet
facilitated water dissociation and optimized HER intermediate utiliza-
tion, resulting in a 70 % enhancement in hydrogenation ability [103].
This shift in reaction pathway, from hydrogen evolution to hydrogena-
tion, suggests that the Co (100) facet can be effectively engineered for
NOsRR. Additionally, Lin et al. applied theoretical calculations to
explore thermodynamic diagrams of transition metal catalysts for the
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NO3RR [104]. Their findings revealed that the Co (001) surface
exhibited ultralow rate-determining free energy change, suggesting su-
perior catalytic activity for both NO3RR compared to other transition
metals.

3.1.2. Co valence

The specific cobalt species present on the catalyst surface have a
crucial impact on both catalytic activity and selectivity. The varying
oxidation states of cobalt (e.g., Coo, C02+, and Co®") and their corre-
sponding coordination environments can drastically affect the electronic
characteristics of the catalyst [105-107]. These differences in oxidation
state and coordination geometry can modify the electron density of
active sites, thus affecting the adsorption strength of reactant molecules,
the binding of intermediates, and the energy barriers for key reaction
steps [108]. For instance, Co** and Co®* species exhibit distinct cata-
lytic behaviors, with Co®" often being more active in certain reactions
due to its greater ease in donating electrons. The coexistence of mixed
valence states, such as Co** and Co3+, can also generate redox-active
sites that enhance overall catalytic performance [109-112]. In a study
by Fu et al., the synergy between Co>" and Co?* in Co304 for the elec-
trochemical nitrate reduction reaction was investigated using DFT cal-
culations [113]. The energy barrier for adsorbed hydrogen formation
(AGy+) was found to be 0.25 eV for C02+, lower than the 0.37 eV for
Co®*, indicating that Co?" requires less energy for *H formation
(Fig. 3b). Furthermore, analysis of the d-band center (e4) values revealed
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that Co®" had a stronger interaction with NOg3, as its g4 was closer to the
Fermi level (—0.545 eV for Co>* compared to —0.554 eV for Co?"). The
study further simulated four Co(II)/Co(III) ratios to optimize the synergy
between the two oxidation states, identifying a ratio of 1.33 as the most
effective. At this ratio, the lowest AGy+ of 0.46 eV was observed, along
with the highest g4 value of —0.554 eV. These results indicated enhanced
*H formation and stronger NO3 adsorption, demonstrating that the Co
(I1)/Co(I11) ratio of 1.33 provided superior catalytic performance.

3.1.3. Electronic structure

One key advantage of cobalt’s electronic structure contributes to its
superior catalytic performance in NO3RR: its favorable d-band center
energy (Eq). Carvalho et al. demonstrated that ammonia selectivity
tended to increase as the transition metal Eq approached or surpassed
the Fermi level (Ep) (Fig. 3c) [114]. This observation can be explained by
the d-band model: the antibonding molecular orbital formed between
adsorbed *NO and the transition metal surface became increasingly
unoccupied as Eq approached and overcame Eg, manifesting as stronger
binding (more negative AG*No) and a preference towards dissociative
adsorption (AG*N;*o < G*No). Notably, the Eq value of Co was closely
approached Ep, exhibiting exceptionally high selectivity, even when
compared to materials with similar Eq values. This was further clarified
by DFT calculations that cobalt’s high selectivity is due to two key
factors: (1) its strong binding affinity for nitrite (NO2*), which facili-
tated subsequent reduction, and (2) its promotion of nitric oxide (NO*)
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dissociation, which induced the targeted conversion of nitrogen ada-

toms (N*) into ammonia.

Metallic Co facilitates HoO dissociation, providing the necessary
protons for the reaction. However, its electron-rich state often weakens

(a)

Co,0,

the electrostatic adsorption of NO3 and hinders the subsequent forma-
tion of *NHy species. In contrast, oxidized Co species (e.g., Cos+, Co™,
Co?*, and Co®") exhibit strong electrostatic interactions with NO3,
promoting its adsorption and activation. Unfortunately, these oxidized
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Co compounds generally have a limited capacity for H,O dissociation,
leading to insufficient proton supply, which negatively impacts the hy-
drogenation process of *“NHy species. Therefore, rational catalyst design
strategies should be employed to finely tune the electronic structure of
Co/Co oxides, optimizing their ability to concurrently adsorb and acti-
vate hydrogen atoms, nitrate ions, and nitrogen-containing in-
termediates [115,116].

3.2. Strategic approaches to catalyst design

3.2.1. Transition metal modification

The transition metal modification of cobalt-based catalysts repre-
sents a powerful strategy to enhance their catalytic performance,
selectivity, and stability [117]. One prominent approach is the forma-
tion of spinel oxides, where cobalt is integrated with other transition
metals (such as manganese, nickel, or iron) into a spinel oxide structure.
Spinel oxides, with their robust crystalline framework, offer excellent
stability and electronic conductivity, while providing a high density of
active sites [118,119]. The synergistic interactions between cobalt and
other metal cations in the spinel structure can fine-tune the electronic
structure, optimize active sites, and improve the catalyst’s resistance to
deactivation. For example, Deng et al. revealed that Co ions in CoA104
exhibited a further depletion of charge, resulting in a reduced electron
charge density (evident in the cyan region) relative to Co3O4 [66]. This
charge depletion led to an increase in the valence state of Co ions in
CosAl04, strengthening the covalent interactions between bonding
atoms and enhancing the structural stability (Fig. 4a and b). Liu et al.
showed that the electronic states of overlap more extensively with the 3d
orbitals of adjacent Co atoms on Co304 (311) compared to the overlap
with both Co and Ni atoms on NiCoy04 (311), indicating robust NO3
binding on Co304 (311) (Fig. 4c) [67]. This aligns with the observation
that exceptional catalysis exhibited by NiCo204 arised from its moderate
adsorption of NO3 and the optimized adsorption energy (NO*-N¥),
facilitated by nickel in its crystal structure (Fig. 4d and e).

Additionally, a trace amount doping of a foreign transition metal into
the cobalt matrix, altering its electronic configuration and the d-band
center. These modifications enable the fine control of reaction pathways
and the stabilization of active intermediates, enhancing its activity and
selectivity. For example, Niu et al. manifested that the d-band center
energy level of Cu-Co304 (—1.57 eV) is between Co304 (—1.45 eV) and
CuO (—1.96 eV) through the density of states (DOS) (Fig. 4f) [71]. The
adsorption energy of *NO, on Cu-Co304 is between that of Co304 and
CuO, indicating an optimized adsorption capacity for NO3RR in-
termediates. Differential charge density maps confirmed that Cu species
improve charge redistribution, enhancing the catalytic performance of
Co304 (Fig. 4g).

3.2.2. Non-metal heteroatom modification

In addition to transition metal modification, non-metal heteroatom
(e.g., P, S, and B) modification, particularly with phosphorus (P), has
also been proven effective in improving NOsRR performance [120-122].
The modification of non-metal heteroatom on cobalt materials in-
troduces new active sites, enhances electron transfer, and increases the
stability of the catalyst under electrochemical conditions [77-79,123].
For example, Gao et al. synthesized P-doped Co304 for nitrate reduction
and found that P doping enhanced the electrochemically active surface
area while reducing the interface impedance of Co3O4 [124]. The Co-
P@NF catalyst synthesized by Fan et al. demonstrated exceptional
long-term stability, sustaining an NH3 FE of over 90 % and a current
density of 799 mA cm 2 after 82 h of electrolysis [125]. Li et al. revealed
that octahedral CoS; (CoS; OC) can effectively convert NO3 to NH3 with
a high performance (NH3 yield rate: 10.6 + 0.4 mg h~! em 2, FE: 96 +
1.5 %) [126]. Xie et al. highlighted the critical role of an in-situ derived
CooB nanosheet array supported on a Co3zO4/Ti, which exhibited a
maximum FE of 97.0 % at —0.70 V vs. RHE and a remarkable NHj3 yield
of 8.57 mg h'em2at—1.0Vvs. RHE, with durability for stable NO3 to
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NHj; conversion over eight recycling tests and 12 h of electrolysis [127].

The modification of P could modulate the electron configuration of
the catalyst to enhance the nitrate ions interaction with the catalyst
surface, thereby facilitating the NO3RR performance. Ye et al. disclosed
that the excited electrons in Co 4p orbital were transported to the O 2p
orbitals and delivered into the p* orbitals of NO3 through the Co-O-N
covalent bond, causing destabilization and reduction of the adsorbed
NO3 due to the elongation of Co—P bond (Fig. 5a) [61]. Additionally, in
the nitrate reduction reaction, the presence of phosphorus helps to sta-
bilize the intermediate species and reduce the energy barriers associated
with the reaction steps, which is essential for promoting the nitrate
reduction kinetics. Fan et al. found that the rate-determining step (RDS)
for CoP was the conversion of NO* to HNO*, with a lower AG uphill of
1.57 eV, whereas for Co, the RDS was the conversion of NO5* to HNO,*,
requiring a significantly higher AG of 3.09 eV (Fig. 5b) [56]. Besides, the
entire reaction pathway on the CoP surface was much smoother
compared to that on Co. Gao et al. further highlighted the critical role of
P in regulating *H atoms to achieve high selectivity towards ammonia
production [124]. Specifically, P doping not only facilitated *H forma-
tion through water dissociation but also strengthened *H adsorption on
the catalyst surface, effectively suppressing Hy formation (Fig. 5¢). Zhao
et al. also demonstrated that an optimized amount of CoS, could balance
the adsorption of *H and NO3 on the catalyst surface, thereby mitigating
excessive HER and enhancing NO3RR performance [128]. Similarly,
Zhang et al. emphasized that the introduction of Co—B into the catalyst
structure could effectively suppresses the competitive HER by facili-
tating controlled *H generation through water dissociation [129]. This
regulated provision of *H precisely promotes the hydrogenation step in
the NO3sRR, ensuring a more selective and efficient nitrate-to-ammonia
conversion.

3.2.3. Defect engineering

Defect engineering has emerged as a pivotal strategy in the synthesis
of Co-based catalysts for the nitrate electroreduction process. This
approach involves the deliberate introduction of structural imperfec-
tions into the lattice of catalysts, such as vacancies, dislocations, and
edge sites [130,131]. These defects serve as a critical factor in promoting
the reaction efficiency by modifying the electronic structure, maxi-
mizing active site availability, and improving the sorption and activa-
tion of nitrate molecules. Traditionally, the controlled introduction of
defects could be achieved through synthesis methods such as high-
energy ball milling [132], chemical vapor deposition [133], thermal
annealing [134] and hydrothermal synthesis [135]. Notably, Chen et al.
developed a novel plasma-engraving method to enhance surface oxygen
vacancy on Co30g4, increasing it from 24 % to 57 % [136].

To leverage the benefits of defects, their identification and charac-
terization through advanced techniques are essential. For example, the
increased peak intensity in Raman spectroscopy of v¢,-Co304 indicated
the presence of cobalt vacancies on Co304, which were further verified
by the stronger electron paramagnetic resonance (EPR) spectra signal
compared to the pristine Co304 (Fig. 6a) [137]. Additionally, Co K-edge
X-ray Absorption Near Edge Structure (XANES) and Extended X-Ray
Absorption Fine Structure (EXAFS) spectroscopy can offer deeper in-
sights into how surface defects alter the coordination environment of
catalysts [136]. A flatter and wider main edge peak was found in v,-
Co304 compared to Co304, attributed to abundant oxygen vacancies
resulting from low molecular symmetry (Fig. 6b). The first shell coor-
dination fitting (Co—O at 1.5 A) indicated that Vo-Co304 possessed more
coordination numbers than Co304 (Fig. 6¢). Moreover, the electron
transfer characteristics of catalysts could also be impacted by surface
defects, as indicated by the projected density of states (PDOS) and in situ
Co X-ray absorption (XAS) spectroscopy. In contrast to pure CoOx
sample, O,-CoOy exhibited a new peak near the Fermi level as shown in
PDOS, leading to an increased electron density and improved electrical
conductivity (Fig. 6d) [138]. The study by Chen et al. provided direct
evidence of electron transfer induced by oxygen vacancy [136]. In v,-
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Co304, oxygen vacancies left two electrons in neighboring cobalt ions,
leading to the conversion of Co®* (Oh) to Co** (Oh), serving as elec-
tronic donors to contribute to charge the n* orbital of nitrate (Fig. 6e-g).

3.2.4. Single atom surface engineering

Single atom catalysts (SACs), first proposed in 2011, are a class of
heterogeneous catalysts where individual metal atoms are dispersed and
stabilized on a support material. Support is considered a critical part of
the SACs system, playing an essential role in enhancing the activity of
metal atom centers and the adsorption of reactants [139-141]. An
exceptional support often demonstrates a modifiable coordination
environment and outstanding interactions with individual metal atoms,
leading to an optimized metal atom-support combination and a

reduction in the free surface energy of SACs. Carbon-based materials are
extensively employed as the substrate in various electrocatalysts due to
their advantages, including modifiable shapes, strong electrical con-
ductivity, and excellent thermal resistance. For example, Kain et al.
developed CoO functionalized on graphene for the targeted nitrate-to-
ammonia reduction, achieving a nearly 100 % NHg FE and a high NH3
yield of 25.63 mol g_1 h' [97]. Furthermore, catalytic performance can
be enhanced by adjusting electronegativity through the introduction of
heteroatom substituting N in the nitrogen-doped carbon (NC) support.
For instance, Li et al. synthesized Co single-atom catalysts (Co-SACs)
stabilized on an N-doped carbon, along with P introduction to enlarge
defects and create extra sites for immobilizing single metal atoms,
resulting in superior metal-support interactions (SMSIs) and CoP1N3
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coordination structures (Figs. 7a-b) [93]. The SMSI effect adjusted the
immediate environment and Co center electron configuration and
enhanced the uniformity and resilience of single Co atoms, thereby
promoting NH} generation (Fig. 7c).

In the case of cobalt-based SACs derived from metal-organic frames
(MOFs), the synthesis typically involves the pyrolysis of cobalt-
containing MOFs under controlled conditions to create isolated cobalt
atoms dispersed on a carbonaceous matrix. During the pyrolysis process,
the calcination temperature serves as an important role to determining
the structure and performance of SACs [60]. MOF-derived carbon ma-
terial supports commonly exhibit micro- or mesopores with pore sizes
below 5 nm, restricting the direct contact of active metal sites with
electrolytes, especially at high metal loadings. To address this issue,
three-dimensional (3D) structures with extensive internal void spaces
and interlinking pathways have shown the potential to enrich the
exposure active sites and facilitate multiple pathways for electron
transfer and electrolyte dispersion. For instance, a 3D mesopore-rich
SACs (MR Co-NC) was synthesized by employing polystyrene (PS) as
sacrificial templates, which was decomposed during pyrolysis, leaving
behind a highly porous metal-N-C network (Fig. 7d) [82]. SEM images
revealed that MR Co-NC, with a hexahedron morphology and 3D
interconnected framework, enhanced Co site dispersion compared to Co-
NC without a PS template. The hierarchically mesoporous structure,
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confirmed by a higher BET surface area of 273.74 m? g~!, results in
improved FE and NHj yields.

3.2.5. Heterostructure engineering

In the case of NO3RR, especially under neutral conditions, hetero-
structures have developed as a prospective pathway for improving the
electrochemical performance of Co-based catalysts. By leveraging the
distinct electronic structures of the components, heterojunction in-
terfaces can significantly enhance catalytic activity through the induc-
tion of an intrinsic electric field [142,143]. This interaction modulates
the electronic structure to optimize the surface adsorption energies of
reaction species, ultimately enhancing the selectivity and activity of the
catalyst. Notably, incorporating n-type or p-type semiconductors can
create Mott-Schottky heterostructures, inducing the Mott-Schottky ef-
fect. For example, Yu et al. incorporated p-type semiconductor CoO with
Co to form a heterostructured Co/CoO nanosheet for nitrate reduction
reaction [144]. In the Co/CoO heterostructure, the lower Fermi level of
the p-type CoO semiconductor accepted electrons from metallic Co until
equilibrium was reached, creating band bending and Schottky barriers
due to electron transfer (Fig. 8a). The resulting Co/CoO NSAs have a
balanced work function of 5.68 eV and an Ey position of —6.49 eV,
slightly higher than that of CoO alone, confirming the presence of
Schottky contacts (Fig. 8b). The last step of NHy* to NH3 was more
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favorable for Co/CoO NSAs, with an energy discharge of 0.41 eV,
compared to Co NSAs, which showed an energy rise of 0.07 eV (Fig. 8c).
In addition, the Co/CoO NSAs exhibited a higher energy barrier for H.
and other byproducts (NO, N3, NoHy and N2O) formation compared to
Co NSAs (Fig. 8d), indicating a suppressive effect on Hy production. This
increased energy requirement for by-product formation suggests that
Co/CoO NSAs provide a more selective pathway for nitrate reduction to
ammonia, enhancing overall catalytic selectivity. Fan and co-authors
combined n-type TiO2 with Co to create a Co@TiO3 heterostructure with
a Schottky interface, enhancing nitrate reduction to ammonia in a
neutral solution [84]. It was proved that electrons transferred from Co to
TiOg, creating electron-depleted zones on the Co surface and exhaustion
areas at the interface. The Schottky junction of Co@TiO; can largely
increase electron transport capability, accelerate NO3 adsorption,
facilitate the rate-limiting step, and improve catalytic target selectivity,
thereby resulting in superior NOsRR performance.

3.2.6. In-situ reconstruction of catalysts

In-situ reconstruction refers to the physical or chemical structural
changes that occur in electrocatalysts during electrochemical process,
including surface morphology adjustments, crystal facet reorganization,
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and oxidation state transformations [145-147]. For example, Ru-doped
Co metal nanosheets underwent in-situ reconstruction into Ru|f-Co
(OH), heterostructures, maintaining their original nanosheet-like
morphology while also forming new, orderly stacked nanosheets dur-
ing the NO3RR under alkaline conditions (Fig. 9a). This transformation
was evidenced by a biphasic structure comprising hexagonal Ru and Co
(OH),, as confirmed by selected area electron diffraction (SAED) pat-
terns [148,149]. Structural reconstruction typically occurs under
external influences such as the reaction medium, potential, or temper-
ature. Ion leaching-the selective dissolution of specific elements (e.g., P,
W, and Mo) and element doping (e.g., Ni) can further enhance this
process by inducing defects, generating new active sites, and promoting
phase transitions [150-153]. For instance, upon exposure to KOH so-
lution, the P element on the surface of CoP rapidly dissolved, resulting in
the formation of a core@shell CoP@Co(OH), structure. This structure
can further be electrochemically reduced to CoP@Co through a pre-
reduction process prior to the nitrate reduction reaction (NO3RR) [153].

The reconstructed structure in the catalytic process can play a crucial
role in enhancing catalytic performance through multiple mechanisms.
It may regulate the electronic configuration of the original metal, opti-
mizing charge distribution and modulating the adsorption energy of key
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reaction intermediates. For example, in the evolved Ru/p-Co(OH),
heterostructure, the interfacial Ru atoms exhibited a distinct electron-
deficient state, while the interfacial Co atoms displayed an electron-
enriched state (Fig. 9b). The interfacial electron-deficient Ru active
sites weakened the d-p orbital hybridization with *NH3 intermediates
and thus accelerated the final *NH;3 desorption, resulting in an improved
NOsRR activity (Fig. 9c—d). Additionally, the reconstructed phase can
introduce new active sites, either generating defects such as oxygen
vacancies, or forming heterostructures, which may directly participate
in the catalytic reaction, improving reaction kinetics and selectivity.
Gong et al. investigated the synergistic role of the CoWO,4/CoOOH
heterostructure in catalysis, which evolved from CoWOj . In this system,
CoOOH enhanced the adsorption of N-containing intermediates, while
CoWOy, supplied *H for their hydrogenation (Fig. 9e). DFT calculations
further revealed that the CoWO4/CoOOH heterostructure facilitated
NHj desorption, improving the overall reaction efficiency (Fig. 9f).

3.2.7. Analysis of current catalyst design strategies
Above catalyst design strategies could fine-tune the electronic
structure, regulate active sites, and improve reaction kinetics. Each
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approach offers unique advantages, such as enhanced electron transfer,
optimized adsorption energy, or increased catalytic synergy, but also
presents challenges such as phase segregation, structural instability, or
fabrication complexity [154,155]. A comparative analysis of these
methods provides insight into their respective strengths and limitations,
guiding the rational design of advanced cobalt-based catalysts for effi-
cient electrochemical nitrate-to-ammonia conversion (Fig. 10). Transi-
tion metal incorporation (e.g., Fe, Ni, and Cu) tunes the electronic
structure by altering the d-band center, enhancing electron transfer, and
improving catalytic activity and stability, although phase segregation
and metal dissolution may occur. Heteroatom doping (e.g., P, S, and B)
redistributes charge density and adjusts local electronic states to
improve conductivity and selectivity, but precise control over doping
sites remains challenging. Vacancy engineering (e.g., oxygen) or lattice
distortion modifies local electron states, optimizes adsorption energy,
and enhances active site exposure, yet may lead to structural instability.
Single-atom isolation on conductive supports or stabilization with li-
gands maximizes atomic utilization and adjusts electronic properties for
high catalytic efficiency and tunable selectivity, though synthesis and
stability present challenges. Interface engineering between Co-based
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materials and other functional components enhances electronic in-
teractions and catalytic synergy, despite the fabrication complexity.
Lastly, dynamic structural transformation enables in situ electronic state
evolution for optimized active sites and self-adaptive behavior yet is
difficult to control and characterize dynamically.

4. Challenges and perspectives

Despite significant advancements in Co-based catalysts for electro-
catalytic nitrate reduction reaction, several challenges remain that
hinder their widespread application and optimal performance. One
major challenge is enhancing system output, as traditional NO3RR sys-
tems rely on energy-intensive anodic reactions like the oxygen evolution
reaction (OER), which are less cost-effective. Additionally, the multistep
nature of NO3RR—comprising deoxygenation, hydrogenation, and in-
termediate regulation—makes it difficult for single-component catalysts
to maintain both high activity and NHg selectivity. Real wastewater
conditions further complicate practical implementation, as the dilute
and impure nitrate streams hinder reaction efficiency and raise

challenges for industrial-scale product recovery and system integration.
Building on these challenges, key areas for future perspectives in Co-
based NO3RR are briefly summarized below:

4.1. Exploring bifunctional co-based catalysts for enhanced overall system
output

Efforts to optimize NO3RR systems have emphasized coupling nitrate
reduction with alternative anodic reactions to enhance system output
while generating valuable co-products, such as containment removal,
organic oxidation and plastic waste upgrading, this integrated approach
not only drives the nitrate reduction process but also generates valuable
co-products (Fig. 11a) [156-158]. For example, Li et al. constructed
electrocatalytic denitrification process associated with glycerol oxida-
tion system, achieving significantly increased ammonia generation
(15.2 mg h~lem™3?) along with value-enhanced formate (111.4 mg h!
cm™2) at 1.8 V cell voltage through CoP bifunctional catalyst (Fig. 11b)
[159]. Initial techno-economic analysis confirmed the financial viability
of the integrated system. Reducing the operating voltage in this system
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saved approximately 1400 kWh and $348 per ton of NH3 produced.
Additionally, formic acid ($1200 ton™!) generated at the anode boosted
the system’s economic value from $2629 ton~! NH; (with NOsRR//
OFR) to $1217 ton NHs. Further, formic acid can be converted to
potassium diformate (KDF), a valuable animal growth promoter ($2500
ton~1), increasing profitability to $4474 ton~! NHj.

NO3-mediated electrosynthesis refers to an electrochemical process
that utilizes nitrate ions as a key reactant to synthesize valuable chem-
ical products. This approach typically involves the reduction of nitrate
ions, often paired with other reduction reactions to produce compounds
like urea, or other nitrogen-containing chemicals. Traditional methods
for urea synthesis are energy-intensive, as they typically require
ammonia from the Haber-Bosch process and CO» fixation under high
pressures. An excellent alternative of urea electrosynthesis involves
coupling nitrate reduction with CO5 reduction, avoiding the reliance on
conventional nitrogen sources [160]. Outstanding electrocatalytic per-
formance for urea synthesis has been demonstrated from co-reduction of
CO, and NOj3 through bifunctional Co single atom catalyst, achieving a
significant urea production rate of 2704.2 + 183.9 mg h™! mgg: and a
FE of 31.4 + 2.1 % at —1.5 V vs. RHE [161].

4.2. Regulating co-involved NOsRR pathway for improved NHs selectivity

Ensuring high selectivity in ammonia synthesis requires precise
control of intermediate steps to prevent undesired side reactions. Relay/
tandem catalysis has emerged as a pivotal strategy to address these
challenges. By integrating multiple catalytic components or sites, each
tailored for a particular step in the reaction pathway, relay catalysis
enables more effective management of reaction intermediates. Co-based
catalysts exhibit strong reactivity towards the specific reaction step of
NO3 to NHjs. By integrating Co-based phases with catalytic phases (e.g.,
Cu), which demonstrate targeted activity for the NO3 to NO3 conver-
sion, rapid reaction kinetics and high NHj selectivity can be effectively
achieved. For example, He et al. proposed a rational catalyst design
strategy that involved the linear assembly of sub-5 nm Cu/Co nano-
phases into sub-20 nm thick nanoribbon [162]. The theoretical and
experimental studies revealed that the synergistic integration of
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enhanced NOj3 adsorption at binary phase boundaries and tandem NO3 -
to-NHj reaction in sub-5 nm distance offered a reliable path to achieve
high-efficiency NH3 production (Fig. 11c). Additionally, He et al. also
revealed that core-shell Cu/CuOy and Co/CoO phases, derived from
electrochemical transformation of Cu—Co binary sulfides exhibited
tandem catalytic performance towards NO3RR (Fig. 11d) [83]. Specif-
ically, the inner Cu/CuOy phases preferentially catalyzed NO3 reduction
to NO3, which was rapidly reduced to NH3 at the nearby Co/CoO shell.
Liu et al. designed a tandem electrocatalyst that merged Cu single atoms
with Co304 nanosheets to promote the electroreduction of NO3 to NH3
[163]. It was revealed that NO3 binded more strongly to CuN4 than
Co304, but *NO, tended to desorb from CuNy, leading to NO3 accu-
mulation. Meanwhile, Co304 favored NO3 adsorption through stable
bonding, making it more effective at reducing NO3 to NHg.

The hydrogen evolution reaction poses a significant competitive
challenge to the nitrate reduction reaction. The key to regulating active
hydrogen species (*H) lies in promoting active hydrogen generation
while suppressing the recombination of hydrogen atoms into hydrogen.
For example, in a two-dimensional mesoporous cobalt-copper (meso-
CoCu) nanoplate electrocatalyst system, *H radicals generated from
water splitting on Co sites transferred to adjacent Cu sites, where they
stabilized within confined mesopores (Fig. 11e) [164]. This stabilization
kinetically enhanced the hydrogenation of nitrogen intermediates,
significantly promoting the NO3RR and NHj selectivity. Additionally,
Liang et al. also demonstrated that a Mn-doped Co(OH), effectively
dissociated H,O molecules while inhibiting the recombination of H*,
attributed to the increased interatomic spacing induced by Mn doping
[165].

4.3. Developing advanced co-based catalysts for optimized NOsRR
performance

Doping concentration-gradient metals into Co electrocatalysts, with
optimized structural and compositional profiles, offer the potential to
adapt to varying nitrate concentrations and impurity levels, maintaining
activity and selectivity across diverse conditions. Chen et al. developed a
concentration-various electrocatalyst composed of Ru atoms in Co
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nanosheets (RuCo) for efficient nitrate reduction at low concentrations
(Fig. 11f) [166]. This electrocatalyst achieved an optimal NH3; FE of
more than 93 % at an industrial-scale current density of 1.0 A cm 2 in a
2000 ppm NO3 electrolyte, with stable performance over 720 h at —300
mA cm 2. The RuCo catalyst also maintained robust reactivity in a 62
ppm NOg3 electrolyte.

Since NOj3 is a Lewis base (LB), generating Lewis acid (LA) sites with
electron-deficient features would help NO3 interact favorably with the
catalyst and promote NO3 dissociation and activation. Moreover, since
two H' also function as Lewis acids, positively charged LA sites can
prevent the HER by interfering with the reduction of two H' to H,
through electrostatic repulsion [167]. Frustrated Lewis pairs (FLPs)
consist of electron-deficient LA and electron-accepting LB that are
spatially prevented from forming bonds, allowing them to chemisorb
and react with various ions [168]. Yang et al. prepared N-doped TiO5 «
supported by Zr single atoms (Zr-TiON) with rich oxygen vacancies (Oy),
in which unsaturated Zr (LA) sites together with oxygen atoms around
Oy (LB) formed frustrated FLPs [169]. Attributed to the strong LA of the
Zr single atom, NO3 spontaneously adsorbed at the Zr site, while H,O
molecules were cleaved to *H by the enhanced FLPs and adsorbed at the
LB of the O atom around O,. Eventually electrical energy acted as the
driving force for the proton-coupled electron transfer process to produce
NHj3 and released it from the catalyst surface (Fig. 11g). Co-based cat-
alysts featuring FLPs exhibit exceptional catalytic activity in various
reactions by leveraging synergistic interactions between Lewis acid and
base sites, which enhance reactant activation and conversion efficiency.
For example, Cui et al. demonstrated that an FLPs system was composed
of independent Co metal center and N sites in defective Co304@NC,
which can effectively activate cinnamaldehyde and isopropanol and
reduce the activation energy barrier. Ma et al. reported a stable Co-ZrO,
metal-semiconductor heterojunction electrocatalyst, fabricated by
assembling electron-coupled Co-ZrO, nanodots into macroporous car-
bon nanofibers (Fig. 11h) [170]. The Co-ZrO; interface enriched elec-
trons, facilitating electron transfer from Co to ZrO,, which generated LA
sites on Co for polysulfide adsorption. Simultaneously, interfacial elec-
trons activated the S—S bond, accelerating long-chain polysulfide con-
version, while ZrO,’s LB sites promoted short-chain polysulfide
desorption. Given these findings, the unique electronic and structural
properties of Co-based electrocatalysts with FLPs suggest their great
potential for NOsRR.

Compared with SACs, dual-atom catalysts (DACs) have higher metal
loading and more complex and flexible active sites, thus achieving better
catalytic performance and providing more opportunities for electro-
catalysis. For example, Luo et al. synthesized FeCo alloy confined within
nitrogen-doped porous carbon nanofibers (FeCo-NPCNFs), enabling
relay catalysis between Fe and Co in NO3RR (Fig. 11i) [171]. DFT cal-
culations revealed that the incorporation of Co active sites not only
modulates the d-band center of the FeCo alloy and optimizes interme-
diate adsorption but also enhances the supply of active hydrogen spe-
cies, further improving catalytic efficiency.

Molecular catalysts have gained significant attention as promising
candidates for promoting nitrate conversion to NHs. Their key advan-
tage lies in their well-defined structures, which allow precise control
over reaction pathways through the strategic design of active centers
[172]. For instance, Sun et al. employed cobalt-based molecular cata-
lysts modified by different coordinating subunits, revealing that
different coordination environments altered electronic structures and
impacted NO3RR activity [173]. Among the studied complexes, cobalt
7,10-Di(quinolin-8-yl)Pyrazino[2,3-f][1,10]Phenanthroline =~ (CoQPy-
Phenl) with an Ny(pyridine)-Nz(pyrrole) core exhibited superior NHg
selectivity and activity. Magnetic moment measurements established a
correlation between turnover frequency and effective magnetic mo-
ments, linking activity to electronic structure. Computational analysis
further showed that the rate-determining step energy aligns with
calculated magnetic moments and d-band center, reinforcing the elec-
tronic structure’s role in reactivity (Fig. 11j).
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4.4. Practical application of NOsRR towards sustainable ammonia
production

In practical industrial applications such as wastewater treatment,
nitrate often exists at relatively low concentrations (typically <50 mg
NO3-N L7!). However, current lab-scale electrocatalytic systems are
generally optimized under high nitrate concentrations, which limits
their direct applicability in real-world scenarios. Additionally, various
co-constituents, including organic and inorganic ions, suspended solids,
and organic carbon, could compete for catalyst active sites, degrade
materials, and disrupt optimal reaction conditions. Future research
should therefore focus on developing highly active, selective, and stable
catalysts capable of efficiently operating in realistic low-concentration
nitrate wastewater. To address the electrostatic repulsion between
NOs3 ions and the cathode surface under dilute conditions, Xue et al.
designed hydrophilic Cu@CuCoO; nano-islands dispersed on a
conductive support [174]. This architecture significantly enhanced NO3
adsorption and promoted ammonia synthesis via dynamic Cu—Co redox
site evolution. When tested in natural NO3-contaminated water streams
(48.9 mg-N LY, the catalyst exhibited excellent performance,
achieving an NHjs selectivity of 93.5 %, NO3 conversion of 96.1 %, and
low energy consumption of 0.079 kWh gNH3 !, demonstrating its strong
potential for treating diluted nitrate streams efficiently.

Another critical challenge for the industrial application of NOsRR
lies in the efficient separation and recovery of the produced ammonia
from the electrolyte, which remains particularly non-trivial in diluted
aqueous systems due to the low concentration and high solubility of
ammonia. Strategies such as membrane-based separation, in-situ strip-
ping, and gas-extraction electrode could be integrated to improve the
overall process efficiency. For example, a hybrid flow reactor was
developed that allowed for the simultaneous removal of nitrate pollut-
ants and recovery of ammonia [175]. The reactor consisted of three
main compartments: a trap chamber, a wastewater chamber, and an
anode chamber, separated by a self-standing Co@Cu electrode sup-
ported on a polytetrafluoroethylene (PTFE) membrane. During the
electrocatalytic nitrate reduction reaction, the local consumption of
protons near the Co@Cu electrode induced a high local pH, creating an
alkaline microenvironment adjacent to the PTFE membrane. When an
acidic solution was introduced into the trap chamber, the resulting pH
gradient across the membrane drived the diffusion of ammonia gas from
the wastewater side into the trap chamber. Additionally, a PEM-free
flow-through electrochemical cell was employed, incorporating a 3D-
printed MPCN cathode and a homemade IrO3-TasOs coated Ti anode,
which exhibited excellent stability in complex wastewater environments
[176]. A gas stripping technique was adopted for the in-situ collection of
ammonia, with UV irradiation (254 nm) integrated into the stripping
unit to simultaneously suppress ammonia oxidation caused by hypo-
chlorite (ClO7) in chloride-rich wastewater. UV light effectively
decomposed ClO™ into reactive radicals (Cle and eOH), which prefer-
entially reacted with other impurities, thereby limiting NHJ oxidation to
improve ammonia recovery efficiency. Gao et al. also developed a
membrane-free electrolyzer equipped with gas-extraction electrodes
that enabled the simultaneous production and separation of NH3z and Cl,
[177]. The key innovation lied in the electrode architecture, which in-
tegrated an electrocatalyst layer with a gas exchange layer, allowing for
efficient in-situ capture of gaseous products. Furthermore, a stacked
electrolyzer system comprising three modules with a total electrode area
of 300 cm? was successfully implemented to treat actual reverse osmosis
retentate. This system produced concentrated end-products—
(NHy4)2S04 (83.8 mM) and NaClO (243.4 mM)—while maintaining low
residual concentrations of reactive intermediates and target compounds
(NH3/NHZ: 0.3 mM, NO3: 0.2 mM, Cl,/HCIO/ClO™: 0.1 mM), demon-
strating its effectiveness for ammonia recovery and wastewater
treatment.

Furthermore, techno-economic analysis (TEA) and life-cycle analysis
(LCA) are needed to evaluate the commercial viability and
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environmental impact of electrocatalytic nitrate-to-ammonia conver-
sion systems. For instance, Zhang et al. conducted a preliminary TEA
and LCA using NO3 rich wastewater from an electroplating facility as a
representative case [176]. Traditional treatment methods, which
involved evaporation, crystallization, solidification, and landfill,
incurred high operational costs—exceeding US$193.50 per
m®—primarily due to solidification, equipment maintenance, and
energy-intensive evaporation processes. In contrast, the electrochemical
NO3 conversion synchronized with NHj3 recovery (ECSN) system
significantly reduced the treatment cost to US$116.30 per m>, mainly
attributed to electrochemical ammonia conversion and recovery. This
cost can be further lowered to US$105.00 per m® when accounting for
the value of recovered NH3-N, highlighting its economic competitive-
ness. From an environmental standpoint, the ECSN system demonstrated
marked superiority over conventional treatment methods in terms of
emissions reduction, resource efficiency, and ecological impact mitiga-
tion. Compared with traditional methods, it reduced global warming
potential by over 60 %, terrestrial ecotoxicity by 84 %, and human non-
carcinogenic toxicity by 49 %, largely due to the elimination of high-
temperature and cement-based processes. When powered by clean en-
ergy sources such as wind, solar, or nuclear, the system’s carbon emis-
sions can be further decreased by up to 25-fold. Additionally, the risk of
NO3 leakage into water bodies was eliminated, significantly lowering
marine eutrophication potential. On a global scale, the implementation
of ECSN may have the potential to recover approximately 1.26 million
tons of NHz annually from nitrate-rich wastewaters, which could avoid
up to 207 million tons of CO, emissions associated with conventional
wastewater treatment and ammonia production via the Habe-Bosch
process.

5. Conclusions

This review highlights the potential of cobalt-based electrocatalysts
as a promising strategy for electrochemical nitrate reduction to
ammonia, offering a sustainable alternative to the energy-intensive
Haber-Bosch process. Significant advancements in catalyst design-
—including doping strategies, defect engineering, heterostructure con-
struction, and in-situ reconstruction—have greatly improved catalytic
activity and selectivity. Moreover, mechanistic insights into NOsRR
pathways, the role of Co active sites, and electronic structure modula-
tion have provided a deeper understanding of the structur-
e—performance relationship of Co-based electrocatalysts. These findings
offer valuable guidance for the rational design and optimization of Co-
based catalysts for enhanced NO3sRR performance. Despite these ad-
vancements, challenges remain in improving ammonia selectivity, sup-
pressing competing reactions, and maintaining long-term catalyst
stability under realistic operating conditions. Future research should
focus on developing bifunctional catalysts that enable alternative anodic
reactions for improved system efficiency, optimizing catalytic pathways
to enhance ammonia selectivity, and leveraging emerging strategies for
more insight into Co reactivity. By tackling these issues, Co-based
NO3RR catalysts can pave the way for more efficient and sustainable
ammonia production, ultimately contributing to a greener nitrogen
cycle.
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