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reactions and mechanisms of N2RR and N:0R, emphasizing the impact of
competing hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) on EN:F selectivity. A detailed analysis of various N2RR mechanisms,
including dissociative, associative, Mars-van Krevelen, surface-hydrogenation,
and dual-site pathways, is presented, highlighting their respective advantages
and limitations. For N20R, we focus on O-preferred and N-preferred reaction
routes, emphasizing the role of hydroxyl species in N2 activation. Progress in
catalyst development for both N2RR and N:20R is summarized, with particular
attention to surface-hydrogenation or dual-site mechanisms, as well as
strong/weak N-bonding bimetallic catalysts. Strategies for promoting N20R by
modulating the OER are also discussed. Furthermore, we analyze the kinetic
steps of EN2F, identifying nitrogen dissolution and mass transfer as potential
rate-limiting factors, and propose strategies for enhancing EN2F selectivity
through electrolyte optimization, electrolyzer design, and catalyst modification.
Finally, we offer a perspective on the future directions of ENzF, acknowledging
the current challenges of active nitrogen pollution and suggesting avenues for
technological advancement through refined experimental protocols, innovative
catalyst design, and thermochemical analysis.
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It is essential to increase agricultural productivity and sustainable food production to reduce the risk
of hunger. Approximately 80% of industrial ammonia is consumed as fertilizer [1,2], and increasing its
production will contribute to alleviating hunger and overcoming the global epidemic [3,4]. Ammonia is a
crucial chemical, serving as a carbon-free fuel and a readily transportable hydrogen carrier [5-7].
Furthermore, nitric acid, derived from ammonia, is a fundamental raw material in the chemical industry,
with significant applications as an explosive and in the pharmaceutical and chemical fiber sectors [8,9].

Currently, the Haber-Bosch (HB) process is employed to produce ammonia from fossil fuels, followed
by the Oswald process to convert ammonia into nitric acid. Both processes necessitate high temperature
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and pressure, demanding substantial energy input. Their combined simplified flow is depicted in Figure 1.
The HB process generates H: via steam reforming (1); and water-gas shift (2); reactions, consuming 1-2%
of global energy and contributing over 1.44% of COz emissions [10,11]. In the ammonia synthesis reactor,
N2 and Hz react under extreme conditions (3); requiring continuous circulation to improve the conversion
rate, each of which is only 15% [12,13]. The subsequent ammonia oxidation reaction (4); under similarly
stringent conditions produces NO, which is a major industrial source of the greenhouse gas N20. NO is then
oxidized (5); and absorbed (6) to yield nitric acid. While the latter two reactions are spontaneous, the
overall industrial process is energy-intensive and hazardous [8,14].
Haber-Bosch process:

CHa4 + H20 = CO + 3H: (1)
CO + H20 = CO2 + Hz (2)
N2 + 3Hz = 2NH3 (3)
Ostwald process:
4NHs + 502 = 4NO + 6H20 (4)
2NO + 02 = 2NO2 (5)
3NO2 + H20 = 2HNOs + NO (6)
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Figure 1. Simple process flow of the combination of Haber-Bosch process and Ostwald process.

With the growing prevalence of intermittent renewable power sources, the electrification and
decarbonization of the chemical industry are gaining prominence [15]. Electrochemical nitrogen fixation
(EN2F), powered by renewable energy, is emerging as a third-generation technology expected to increase
its market share by 2040 [16]. This approach bypasses the costly steam reforming step and the use of non-
renewable resources, while also avoiding the extreme reaction conditions of conventional ammonia
production and oxidation. EN2F utilizes ubiquitous H20 and Nz as feedstocks without generating greenhouse
gases. Crucially, EN2F can be implemented on a small, distributed scale, catering to diverse regional needs
and mitigating risks associated with centralized nitrogen production [17-20]. Numerous studies have
recently investigated electrochemical nitrogen reduction reactions (N2RR) for ammonia synthesis [21-24].
An alternative route (Figure 2) involves electrochemically oxidizing N2 to active NO or NO3- via N20R [25],
followed by the reduction of nitric oxide [26,27] or nitrate [28-30] to ammonia. Consequently, EN2F
encompasses two primary technical pathways: N2RR and N20R.

This review aims to integrate the relationship between NzRR and N20R, proposing that ENzF shares
commonalities in nitrogen dissolution, mass transfer, adsorption, activation, competitive reactions,
mechanisms, and experimental benchmarking. The first section (Sections 2 and 3) details recent reaction
mechanisms and advanced catalysts, highlighting how unavoidable side reactions can influence the activity
of main reactions. The second section (Sections 4 and 5) systematically outlines kinetic steps, identifying
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nitrogen dissolution and diffusion as potential rate-limiting steps for EN2F, and discusses selectivity
challenges and strategies. Finally, Sections6 presents the prospects and summary of EN:F, acknowledging
the current challenge of active nitrogen pollution while anticipating future applications. The logical
structure of the two crossovers is adopted, with the aim of inspiring each other for N: fixation.
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Figure 2. Different routes of NHs synthesis from Na.

Theoretically, N2 fixation can be achieved at atmospheric pressure and temperature using water as the
reducing or oxidizing agent and electrons as the driving force [31,32]. The Pourbaix diagram (Figure 3) for
the N2-Hz20 system [18] indicates that both N2RR and N20R are pH-sensitive and thermodynamically
feasible. However, each faces competition from water electrolysis reactions: hydrogen evolution reaction
(HER) for N2RR and oxygen evolution reaction (OER) for N2OR. The potential window for N2RR overlaps
with HER across all pH ranges [33], while N2OR has a narrower overlap with OER at pH > 1.3 [34]. The
minimum voltage window for these two reactions (1.08 V) is less than that for water electrolysis (1.23 V)
when operating as a full battery. In principle, EN2F can proceed without side reactions by carefully selecting
the operating voltage and electrolytic system (electrolyte, reactor, and catalyst) [18]. Nevertheless, research
consistently reveals the occurrence of side reactions, leading to low yields of target products and poor
Faradaic efficiencies (FE).

potential, V vs SHE

Figure 3. Partial Pourbaix diagram for the N2-H20 system. Reprinted with permission from Ref. [18].
Copyright © 2018, The American Association for the Advancement of Science.




The availability of an active site in N2RR can be occupied by either Nz or H. If H* and e~ are present and
the binding energy of H to the active site is superior to that of N2, H will adsorb preferentially, leading to the
HER side reaction. Conversely, if H* transport is inhibited, or if N2 has a stronger binding energy than H, N2
will adsorb preferentially. Subsequently, H* and e~ can approach and attack or activate the adsorbed N2
molecule. The cathodic reaction equations for N2RR and HER are as follows:

Under acidic conditions:

N2RR: N2 + 6H* + 6e- = 2NH3 (7)
HER: 2H* + 2e- = Hz (8)
Under alkaline conditions:
N2RR: N2 + 6H20 + 6e- = 2NH3 + 60H- (9
HER: 2H20 + 2e- = H2 + 20H- (10)

Electrochemical tests show that as the negative voltage increases, ammonia yield and efficiency
decrease while hydrogen production increases, indicating that HER becomes dominant. The Pourbaix
diagram also suggests that N2 activation requires operation within a specific optimum potential range, as
high negative potentials favor HER and reduce the number of available active sites. Furthermore, N2RR
involves a six-step proton-electron coupling transfer (PECT) with multiple intermediates, whereas HER
involves only two steps, kinetically retarding N2RR [35]. Importantly, the proton source for N2RR originates
from HER, which cannot be entirely suppressed, as this would hinder the hydrogenation of the active site
(*N) [36]. Novel reaction mechanisms and advanced catalysts are discussed further below.

Due to the challenge of N2 activation, different catalytic systems exhibit distinct mechanisms. Reaction
pathways are often elucidated by comparing the detailed formation energies of intermediates using density
functional theory (DFT) [37,38]. While the HB process has been extensively studied as a benchmark, its
detailed mechanism remains debated, particularly concerning whether adsorbed nitrogen is molecular or
atomic and whether NH3 is formed via a dissociative or associative pathway [39]. The following provides an
overview of the state-of-the-art N2RR mechanisms.

It is widely accepted that breaking the N: triple bond requires harsh conditions of high temperature and
pressure. Most studies on industrial catalysts assume a dissociative mechanism (Figure 4A) [39]. In this model],
the N=N triple bond is directly cleaved and adsorbed onto the catalyst surface, which is the rate-determining
step (RDS). NHz is then formed through sequential protonation of the adsorbed nitrogen atom [40].

The RDS model does not explicitly account for the catalyst’s role [41], and the effectiveness of catalysts
near the peak of the activity heat map remains unconfirmed. Moreover, many studies on industrial catalysts
overlook H: dissociation, assuming high *N coverage. However, under real steady-state conditions, *N and
*NH coverage is low, influenced by partial pressure [42]. Thus, the steady-state (SS) model (Figure 4B) was
introduced to consider environmental effects. In this model, N2 and Hz dissociate separately and adsorb onto
distinct, proximal active sites. The resulting surface *H and #N atoms then recombine to form NHs [43,44]. The
SS model does not predefine an RDS; instead, candidate catalysts are materials that can stably exist under
ammonia synthesis conditions and release active hydrogen [40].

Hosono’s group has conducted extensive research on catalytic ammonia synthesis under mild
conditions [41,44-55], focusing on the electron carrier C12A7:e~ [45]. They proposed a mechanism involving
reversible hydrogen storage and release, consistent with the SS model. Here, the RDS shifts from N:
dissociation to the protonation of *N, with Ru/C12A7 catalysts significantly reducing the reaction’s activation
energy (Figure 5A,B) [41,46,47].
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Figure 4. Different mechanisms of N2RR.
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Figure 5. Reaction mechanism and energy profile for ammonia synthesis over (A) conventional catalyst and
(B) Ru/C12A7:e~. (C) Mechanism on the singly dispersed bimetallic site of RhiCos. Reprinted with permission
from Ref. [41]. Copyright © 2015, Springer Nature. Reprinted with permission from Ref. [56]. Copyright © 2018,
American Chemical Society.

Li’s group identified the thermal synthesis of ammonia on RhiCos [56] and Fes [57] clusters as
proceeding via an associative mechanism, rather than dissociative. This involves Hz chemisorption (with
initial Hz dissociation), N2 protonation, and then triple bond dissociation, with N2 protonation being the RDS
(Figure 5C). The associative mechanism is also prevalent in electrocatalytic reactions [58]. In this context,
the triple bond rupture occurs only after NH3 formation (differing from Li’s group where dissociation
happens during the N2H4 step). However, initial N2 activation, a critical step for inert Nz, occurs similarly. In
the associative distal pathway, N2 adsorbs vertically on the catalyst surface. Protons preferentially attack
the terminal nitrogen atom, leading to three hydrogenations before triple bond breakage and release of one
ammonia molecule. Subsequent protonation of the remaining nitrogen atom liberates the second ammonia
molecule. In the associative alternating pathway (Figure 4D), N2 is also adsorbed perpendicularly. Protons
sequentially attack the upper and lower nitrogen atoms. After the fifth hydrogenation, the upper nitrogen
atom, bonded to three hydrogens, is released as NHs by breaking the triple bond. The sixth hydrogenation
step then liberates the second NH3 molecule.

Regarding the side-on pathway (Figure 4E, states E4-E8), some researchers have inaccurately termed
it the “enzyme mechanism” (states E0-EB8), a term rooted in biological research where nitrogenase activity
remains poorly understood [21,59,60]. While some electrocatalytic reactions follow this path [61,62], the
nitrogen molecule lies flat on the catalyst surface and undergoes sequential hydrogenation from left to right.
Similar to the alternating pathway, the first ammonia is released after the fifth hydrogenation, and the
second after the sixth. As triple bond cleavage occurs after NHs generation, this is classified as an associative
mechanism in this review.

On transition metal nitride surfaces, the Mars-van Krevelen (MvK) mechanism (Figure 4F) may
operate. Surface nitrogen atoms are sequentially hydrogenated to form the first NHz molecule, leaving an N
vacancy that serves as an adsorption site for subsequent N2 molecules. The second ammonia molecule is
produced by terminal hydrogenation, again leaving a nitrogen atom that cycles within the lattice. This
pathway can potentially degrade the catalyst lattice, posing challenges for long-term stability [24].

The surface-hydrogenation mechanism (Figure 4G) is a novel pathway observed with precious metal
catalysts [63]. Researchers found that the lower onset potential originates from the Volmer step of HER
rather than N: activation. The catalyst surface first adsorbs hydrogen, providing electrons to the catalyst
and nitrogen and creating vacant orbitals for Nz lone pair acceptance. N: is activated by two surface *H




atoms, lying flat on the surface. The transition state is *H2N2 (with H between the catalyst and N), which
then transforms into the final adsorption state #*H2N: (with N in the middle). Ammonia is subsequently
formed through four exothermic and spontaneous PECT steps. This mechanism highlights that hydrogen
adsorption is inevitable and potentially rate-limiting, while also facilitating N2 activation.

Before activating N: (states E0-E4), nitrogenase adsorbs 4H to form two bridged hydride
intermediates (E4, 4H) for proton and electron storage. This is followed by H: release through reduction
and elimination, exposing an active site for N2 binding or forming another hydride [59,64-66]. The dual-
site mechanism (Figure 4H) is the bioinspired pathway most closely resembling nitrogenase [67,68] and
also suggests that hydrogen adsorption is beneficial, consistent with the surface-hydrogenation mechanism.
Here, H and Nz attach to different active sites, initially approximating the SS model. *H desorbs from its site
and moves to a neighboring nitride intermediate, generally considered the RDS, followed by five PECT steps
to produce NHs.

Mechanisms where triple bond dissociation occurs after NH3s formation are termed dual-site
associative pathways, while the SS model can be considered a dual-site dissociative pathway. The scaling
relationships typically hinder reaction intermediates like *N2H and *NH [38]. However, dual-site activation
can overcome these limitations and successfully reduce the energy barrier [55,69]. Stoukides’ group has
reported the influence of Hz partial pressure on NH3 production rates in electrocatalytic experiments under
high temperature and atmospheric pressure [70-74]. Across research on nitrogenase, industrial catalysts,
and electrocatalysis, there is a growing emphasis on the role of hydrogen over nitrogen in N2RR. The SS
model, surface-hydrogenation, and dual-site mechanisms represent recent advancements. Consistently, a
dual-site pathway involving hydroxylation for H adsorption and Ti for N2 adsorption has been studied in
TiO2 photocatalytic nitrogen reduction for ammonia production [75,76]. These mechanistic studies offer
valuable insights.

The N20R process can be readily understood with N2RR knowledge as a foundation, differing primarily
in being an anodic, electron-losing reaction. Both N20R and its competitive reaction, OER, involve four steps
of hydroxyl-related electron loss (RHLE), requiring significant overpotentials to initiate. The Pourbaix
diagram [18] shows that their potential lines are closely spaced, with theoretical potential intervals for
N20R. However, the inherent similarity between the competing adsorbate elements, O and N (adjacent in
the same periodic table period), makes averting their competitive relationship more challenging. The anodic
reaction equations are as follows:

Under acidic conditions:

N20R: Nz + 2H20 - 4e- = 2NO + 4H* (11)
OER: 2H20 - 4e- = 02 + 4H* (12)
Under alkaline conditions:
N20R: N2 + 40H- - 4e- = 2NO + 2H20 (13)
OER: 40H- - 4e- = 02 + 2H20 (14)

The production of nitric acid from N20R is generally considered to proceed in two steps, both linked
to the OER side reaction [34,77]. The first step (reaction 11 or 13) involves the electrochemical conversion
of N2 to an active NO intermediate, which is also involved in OER. The subsequent step is typically a
spontaneous, non-electrochemical process where *NO reacts with H20 and #0/02 to form nitric acid, as
described by reactions (15) and (16). It is important to note that *0/02 is supplied by secondary reactions,
similar to the combination of reactions (5) and (6). The crux of current research lies in understanding the
initial electrochemical step: how Nz is transformed into NO.

#NO + *0 + H20 - HNO3 (15)

*NO + 0z + H20 - HNO3 (16)




Current DFT calculations for N2OR mechanisms are quite complex. Summarizing these with simulated
atomic diagrams is premature; this section outlines some typical mechanisms for comprehension. #NO is a
crucial reaction intermediate, and the close electronegativity of N and O leads to ongoing debate regarding
N2 oxidation activation methods. Therefore, mechanisms are tentatively categorized into N-preferred and
O-preferred pathways.

Yuan investigated the N2 and H20 reaction pathway in photosynthesis (Figure 6A) [78], following a
H20-H20-N2 adsorption sequence. The TiO:z surface first adsorbs Hz0, then removes 2H, and circulates once
again to generate two *0. N2 is activated by *0, adsorbing flat onto it to form 2(*ON), followed by nitric acid
generation via reaction (16). Comer employed a Bayesian Error Estimation Functional (BEEF-vdW) based
model to calculate overpotentials for N2RR and N20R on TiO2(110). They found that the thermodynamic
limit potential for N2OR is lower, proceeding via a H20-N2-H20 adsorption sequence to generate 2NO, as
shown in Figure 6B [79].
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Figure 6. O-preferred mechanism of (A) H20-H20-Nz and (B) H20-N2-H20 adsorption sequence. N-preferred
mechanism (C) and (D). Reprinted with permission from Ref. [78]. Copyright © 2013, Springer Nature. Reprinted
with permission from Ref. [79]. 2018, American Chemical Society. Reprinted with permission from Ref. [80].
Copyright © 2020, Wiley.

Xie’s group reported that the Gibbs free energy for the N-preferred pathway, where N first adsorbs on
WOs surface cavities, is lower than that of the O-preferred pathway without holes. N2 is more easily activated
and transformed into *NO, which then spontaneously forms nitric acid with Oz and H20 [81]. The N-preferred
mechanism, characterized by initial N2 adsorption on the catalyst surface, involves subsequent steps that vary,
following pathways such as the one in Figure 6C. N2 adsorbs flat on the surface (N2 + * — *N2), then adsorbs
OH- and loses an electron (*N2 + OH- - e- = *N20H), a step considered the RDS. It then reacts with OH-,
losing another electron and forming H20 (*N20H + OH- - e- = *N20 + H20). Subsequently, two RHLE steps
occur to form the second *0 (*N20 + OH- - e~ = *N20(OH), *N20(OH) + OH- - e~ = 2+NO + H:0). This requires
a total of 4 OH- and involves the loss of 4e- (4 RHLE steps) to produce 2(*NQ) [25,34,77]. Figure 6D illustrates
a pathway resembling the associative alternating mechanism, where OH- adsorption follows N2 adsorption.
N2 stands vertically on the surface, and OH- is added sequentially from top to bottom with electron loss,
proceeding through 4 RHLE steps to form 2NO. The RDS remains the hydroxylation of *N2 to form *N20OH
(*Nz2 + OH- — e- —» *N20H) [80].

In summary, secondary reactions appear vital for EN2F. The N20R process, irrespective of O-preferred
or N-preferred pathways, involves 4 RHLE steps, with the generation of *N20H often identified as the RDS.
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OH- adsorption aids in activating or polarizing N, thus catalysts require some OER activity. Once *NO is
formed, *0/02 from OER is still needed for spontaneous conversion to HNOs. Active sites with identical
adsorption energies may not be optimal for reactions with multiple intermediates [82-84]. Despite
computational limitations (theoretical methods, model accuracy, and strategies) leading to mechanistic
uncertainty [85], N2RR research has advanced to focus on H dissociation and adsorption pathways. N20R,
however, remains at a more nascent stage. The close properties of N and O (atomic radius, electronegativity)
make distinguishing competitive adsorption challenging, a complexity requiring progressive refinement.

3. Advanced Catalysts
3.1. Scaling Relationships

The adsorption energy of nitrogen on the catalyst surface serves as a quantitative descriptor for EN2F
activity. Intermediates from different elementary steps often share similar surface adsorption bonds, such
as *NaHb in N2RR and *NxOy in N20R, both featuring N-catalyst (*N) bonds. A fundamental challenge in EN2F
is that intermediate combinations tend to follow conventional linear relationships, implying a single
variable influences the entire reaction [86]. Ideally, active site design should promote diversified binding
configurations for these intermediates. For instance, multi-site functionalization, where transition states or
intermediates of elementary steps interact with the catalyst surface via different active sites, can generate
two or more independent descriptors [38,87]. Mechanisms like MvK, surface-hydrogenation, and dual-site
pathways offer potential routes to circumvent scaling relation limitations, thereby achieving unprecedented
selectivity and activity. For N2RR, as exemplified in Figure 7A,B, advanced strategies should selectively
stabilize *Nz or *N2H intermediates while destabilizing *NHz or *NH [38,61,69].
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While some electrocatalysts enhance N2RR performance, they often also improve HER performance,
evidenced by increased current, decreased Tafel slope, altered valence band structure, and optimized
H20/H adsorption energy [90,91]. Suppressing side reactions can boost Faradaic Efficiency (FE) but may
lower yields, thus hindering N2RR activity; a suitable proton donor is consequently necessary [36]. Notably,
the Volmer step contributes to N2 hydrogenation, a phenomenon explained by the surface-hydrogenation
and dual-site mechanisms. This section introduces related catalysts, including strong and weak N-bonding
dual-site catalysts, which help mitigate proportional relationships.

Prior to Wang’s group proposing the surface-hydrogenation mechanism [63], Feng’s group introduced
a similar Grotthuss-like hydride transfer pathway [89]. Their Pb/C catalyst exhibited the highest yield and
FE at a low potential of 56 mV, with surface chemical hydrogenation as the rate-determining step (RDS).
Experimental results (Figure 7C) indicated that Au and Pt catalysts yielded an order of magnitude less NH3
than Pb. DFT calculations (Figure 7D) attributed this to the excessive HER activity of Pt and inhibited H
adsorption on Au, while Pb’s activity stemmed from inhibited *H desorption [89]. Calculating the free
energy for the RDS, Wang found the yield order to be hcp Au > fcc Au > fcc Pb [63]. Despite slight differences
in results, the reaction pathways are comparable. Recently, Cheng directly prepared PbHo.43 using in-situ Hz
injection and employed isotopic hydrogen labeling to confirm that lattice hydrogen served as the proton
source for N2RR. In-situ Raman and DFT studies revealed *N:H formation as the RDS, with Hz injection
reducing activation energy, consistent with the surface-hydrogenation mechanism [92].

Building upon industrial HB reaction research, Honoso’s group has extensively studied metal cluster
support catalysts. Since 2017, they have focused on hydrides as carriers [51-54], replacing C12A7:e- (studied
for over a decade [45]), while seeking novel H- and N3- conductor materials [49,50,53,93]. Their work
emphasizes dual-site pathways [53,55], exemplified by catalysts like Ru/Ba0-CaHz [51], Ru/CazNH [52],
TM/BaCeO3-xNyH. [53], Ru/CaFH [54] and Ni/LaN [55]. The Ni/LaN catalyst, conceptualized with dual
active sites, was developed (Figure 7E). Ni possesses strong Hz activating ability but weak N binding,
whereas LaN, as a carrier, utilizes numerous N vacancies to activate Nz [55]. Similar industrial studies
include Ru/LaN/ZrHz [94] and Fe/TiOz2-xHy [69]. In recent years, dual-site catalysts have demonstrated
excellent performance in various electrocatalytic reactions, including HER [95], ORR [96], COzRR [97]. Due
to its tunable HER activity, MoS:z is frequently utilized as a unique carrier in N2RR. While 2H-MoS: with a S-
wrapped structure shows weak catalytic activity, removing a sulfur atom to form a semi-open configuration
offers a convenient activation strategy [68].

A highly selective Ru/MoS: polycrystal N2RR catalyst was prepared by Suryanto, which could inhibit
the reduction of H* and provided binding sites for Nz activation through the modification of Ru clusters
(Figure 7F). Theoretical calculation suggested that the high activity resulted from synergistic interactions,
with Ru clusters acting as N-binding sites and hydrogenated S-vacancies playing an important role as H-
providers, that formed *H can transfer to the adjacent *N2 directly, Ru*N2 + S-vac*H = Ru*N:H [88]. The
Co/MoS:z-x polycrystalline nanosheet studied by Zhang were different from Suryanto in terms of adsorption
site. The S at the edge adsorbed H while the n-type S vacancy was rich in electrons, which can donate
electrons to the HOMO of N2. The presence of Co atom next to the S vacancy reduced the barrier for N2
activation and improved the yield of NH3 at low voltage. The authors believe that the catalyst is a model of
the inorganic framework of the nitrogenase cofactor [68].

A highly selective Ru/MoS:2 polycrystal N2RR catalyst prepared by Suryanto inhibited H* reduction and
provided N2 activation sites through Ru cluster modification (Figure 7F). Theoretical calculations indicated
that high activity resulted from synergistic interactions, with Ru clusters acting as N-binding sites and
hydrogenated S-vacancies playing a crucial role as H-providers. The resulting *H could directly transfer to
adjacent *N2 (Ru*Nz + S-vac*H = Ru*N2H) [88]. Zhang’s study on Co/MoS2-x polycrystalline nanosheets
differed from Suryanto’s regarding adsorption sites. Here, sulfur at the edge adsorbed H, while n-type S
vacancies, electron-rich, donated electrons to the N2. The presence of Co atoms adjacent to S vacancies
lowered the N2z activation barrier and enhanced NHs yield at low voltage. The authors proposed this catalyst
as a model for the inorganic framework of the nitrogenase cofactor [68].




Kim clearly established the dual-site mechanism as a biomimetic N2RR pathway. Investigating a Cu1.81S
catalyst, the study found that N2 activation originated from three-coordinated Cu sites, with sulfur acting as
the H adsorption site (Cu#Nz + S*H = Cu*NzH). These sites facilitate proton transfer to N2 and stabilize the
intermediate N2Hx through N-H...S hydrogen bonding, significantly reducing the reaction overpotential. This
N2 protonation process closely resembles that of nitrogen fixation enzymes [67]. Besides sulfide carriers,
VN3/hydrogenated graphene has also been explored [98]. The synergistic effect between the support and
metal effectively overcomes scaling relationships, promoting further catalyst design exploration.

The dual-metal ammonia synthesis catalysts were investigated by Jacobsen in 2001. He identified a
volcano activity map (Figure 8A) where the optimal nitrogen adsorption energy was achieved by combining
Mo (strong N binding) and Co (weak N binding) [99]. The RhiCos cluster mentioned earlier falls into this
catalyst class [56]. Computational chemistry studies have indicated that bimetallic catalysts are more
suitable for N2RR than monometallic ones [100]. Du’s group calculated five monometallic elements (Fe, Co,
Mo, W, Ru) and their bimetallic combinations (Figure 8B), finding clear scaling relationship limitations for
monometallics. In contrast, bimetallic dimer catalytic sites partially circumvented these obstacles,
demonstrably reducing the hydrogenation free energy barrier by twofold [62]. Wang’s group performed
similar calculations for the same objective [101].
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Employing advanced characterization techniques (XANES, EXAFS, XPS, EELS), catalysts featuring metal-
metal electron transfer, such as AuNi/NC [103], PbCu/NC [104], FeMo/NC [105], FeCu/C3N4@CNT [106],
FeAg/Si [107], have been experimentally synthesized and characterized for N2RR. The electron-rich metal
in bimetallic pairs polarizes electron-deficient N», facilitating subsequent proton addition. These reactions
follow the associative mechanism and effectively suppress side reactions. The nearby metals, exhibiting
different N atom adsorption energies, function as potential catalysts for improving scaling relationships.
However, for optimal effectiveness, the metal diatomic distance must be extremely close to the N=N bond
length (A level) [108], making precise synthesis and characterization exceptionally challenging [109].
Similarly, the electron transfer pair between non-metallic B and metallic Mo can simultaneously activate
both nitrogen atoms in N2 [110]. The specific activation mechanism will be detailed in Section 4.4.

For N20R, the adsorption of OH- as a byproduct also promotes N: activation, and this side reaction is
beneficial [34,77]. Kuang prepared Ru/TiO:z catalysts, where DFT revealed that Ru doping into the TiO:
lattice altered Ru oxidation states (from Ru4+ to Rué+, the main active site). This modification enhanced
the electrochemical conversion rate of the first N2OR step (N2 = *NO). The additional formation of Ru4+,
possessing high OER activity, could promote the *NO intermediate to generate NO3-, with 2.79Ru/TiO2
exhibiting the best EN2F performance compared to 0.36Ru/TiO2 and 5.41Ru/TiOz [77]. Dai prepared a




series of ZnFexCo2-x04 spinel oxides; among them, ZnFeo4Co1.604 and ZnFe204 displayed the highest and
lowest N20R activity, respectively, consistent with their OER activity trends. Fe, as an active site, contributed
to the formation of the first NO bond. EXAFS showed that the introduction of Feo4 led to the highest valence
state of Co (Co**), which, with emptier 3d orbitals, could strongly interact with O 2p, aiding stable OH-
adsorption for subsequent NOs3- generation. This study highlights the synergistic advantages of Fe and Co
in adsorbing oxygen-containing species [111].

The consistent conclusion can also be drawn according to the experimental results that proper
regulation of OER side reactivity can also promote N20R. The key is that the adsorbed OH- ions must be
successfully bonded to the N to avoid the dominance of competing OER. As the voltage increases, the
selectivity of N2OR goes down, and there’s an optimal potential just like N2RR. The following Table 1 lists
the current NOs- yield and efficiency of N20R, which has been studied in relatively few articles. It is
noteworthy that Fe-SnO: is a bifunctional ENzF catalyst, and the O vacancy (or Fe adjacent to O vacancy)
can effectively adsorb and activate N2, with N2RR yield and FE both greater than N20R [80], which may be
due to the large difference between the adsorption of H* and OH- by this catalyst.

Table 1. Performance of different catalysts for N2OR reported.

Catalyst [Ref.] Electrolyte NOs- ions Formation Rate Faradaic Efficiency, % Potential, V vs. RHE

161.9 pmol h-1 g-1 29
Ru/TiO2 [77] 0.1 M NazS04 10.04 pg h-1 mg-1 '

26.10 1.8
Pd-MXene [34] 0.01 M NazS04 452_'56“5&11 ﬁ‘% ;_1 11.34 2.03
ZnFeo4Co1.604 [111] 1 M KOH 130 + 12 pmol h-1g-1 1.62 £ 0.34 1.6
ZnFez04 [111] 264+ 1.9 umol h-1 g-1 10.1+0.9 1.5
Pt [25] 0.3 M K2S04 0.06 pumol h-1 cm-2 1.23 2.13
Fe-SnO2 [80] 0.05 M H2S04. 429 pgh-1mg- 0.84 1.96
18.56 pgh-1 mg-1 1.75
Pd-s PNSs [112] 0.1 M KOH y Lo

Experimental results consistently indicate that proper regulation of OER side reactivity can also
promote N20R. The key lies in ensuring adsorbed OH- ions successfully bond with N, avoiding the
dominance of competing OER. As voltage increases, N20OR selectivity decreases, implying an optimal
potential, similar to N2RR. Table 1 summarizes the reported NOs- yields and efficiencies for N20OR, an area
with relatively few studies. Notably, Fe-SnO:z serves as a bifunctional EN2F catalyst, where oxygen vacancies
(or Fe adjacent to O vacancy) effectively adsorb and activate N2. This catalyst shows greater N2RR yield and
FE than N20R [80], potentially due to significant differences in H* and OH- adsorption by this material.

Thanks to the progress of research of nitrogenase and the understanding of traditional scaling
relationship, the study of heterogeneous catalysts has been accelerated. The surface-hydrogenation
mechanism and the dual-site mechanism (biomimetic mechanism) proposed in electrocatalytic systems
recently can also prove the importance of side reactions. In future ENzF catalytic studies, the activity of the
side reactions should be properly considered to obtain suitable selectivity and yield.

The progress in nitrogenase research and the understanding of traditional scaling relationships have
accelerated heterogeneous catalyst studies. The proposed surface-hydrogenation and dual-site
(biomimetic) mechanisms in electrocatalytic systems also underscore the importance of side reactions.
Future EN2F catalytic studies should appropriately consider side reaction activity to achieve optimal
selectivity and yield.

The N2 molecule possesses a stable, closed-shell electron configuration with three pairs of 2p orbitals
shared between the two N atoms. Its large HOMO-LUMO energy gap (10.8 eV) results in a strong N=N triple
bond. Consequently, electron transfer is difficult [113]. The triple bond’s high energy (941 kJ/mol) and the
low proton affinity (493.8 kJ/mol) hinder protonation. N2 is nonpolar, has a high ionization potential
(15.841 eV), and a low electron affinity (-1.903 eV). These factors contribute to its use as a chemically inert
atmosphere [21]. Furthermore, N2’s low solubility and diffusion coefficient significantly impact ENzF
dynamics [114]. Several initial kinetic steps of ENzF are discussed below, including dissolution, mass
transfer, adsorption, and activation, to better understand and address related challenges.
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4.1. Dissolution of N

Water is a common solvent under mild conditions. N2 exhibits the lowest solubility among common
gases in water (Figure 9A), with a molar solubility ratio of approximately 1:100000. Oz and NO are roughly
twice and three times more soluble, respectively [115]. Methanol exhibits a 10-fold increase in Nz solubility
compared to water [116]. Increasing the overall N2 concentration in the electrolyte enhances ammonia
selectivity in N2RR [117]. Nz dissolution is the initial kinetic step for both N2RR and N:0R, and improving
its solubility is crucial for increasing the rate of ENzF.

Aprotic ionic liquids offer a promising alternative, miscible with trace water to suppress HER and OER
side reactions. Electrolyte properties like viscosity, conductivity, and Nz solubility can be tuned by adjusting
the ionic liquid salt concentration [118,119]. MacFarlane’s group demonstrated that highly fluorinated
solvents exhibit high N2 solubility (e.g., perfluoro heptane’s N: solubility is 25 times that of water).
Increasing the proton source concentration increased both N2RR and HER currents, leading to an optimal
potential of -0.65 V (Figure 9B) [118]. Comparing three hydrophobic ionic liquid salts, the FE trend
mirrored their N2 solubility, highlighting the importance of solubility [120]. N2 solubility was linearly
correlated with the volume fraction of fluorinated solvents [121].
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While the specific role of ionic liquids remains under investigation, Ortufio and Lépez used theoretical
calculations to understand the ionic liquid-modified Ru catalyst surface and the *N2H intermediate at the
atomic scale. Their results suggest that the metal-ionic liquid interface can bypass linear scaling
relationships and enhance selectivity (Figure 9C) [122].

Pressurization significantly aids ENzF. N2 solubility is proportional to its partial pressure in water
within a certain range (Figure 9D) [123]. Han’s group used in-situ near-ambient pressure XPS to detect N3-
catalyst interactions at different partial pressures and room temperature, observing gradual N2 detection in
the N 1s spectrum from ultra-high vacuum to saturation (Figure 9E) [105]. Wang’s group found that increasing
the pressure to 0.7 MPa reduced the reaction overpotential (Figure 9F) [124]. Duan’s group conducted
experiments at 55 atm, improving both selectivity and yield [123]. This strategy offers several advantages: (1)
N2RR involves volume shrinkage as NHs exists as NH4* in aqueous solution, and pressurization shifts the
equilibrium forward; (2) the HER side reaction increases volume, and pressurization inhibits it, improving
main reaction selectivity; (3) pressurization enhances N2 solubility [124]. Interestingly, these advantages also
apply to N20R, as the product NO exists as NOs-, and the secondary reaction produces Oz with volume
expansion. However, pressurized operation requires reactor tightness beyond that of ordinary reactors.

Gas solubility is also temperature-dependent, leading to the use of heating devices in some
experiments [88,125]. While increased temperature accelerates gas diffusion, it can also reduce N:
solubility, requiring careful consideration.

Besides low solubility, the diffusion coefficient of N2 in aqueous electrolytes (Dnz = 2 x 10-2 m2 s71) is
approximately 1/5 that of protons (Du* = 9.3 x 10-9 m? s-1) [114]. Electrolytic cell configuration affects N
diffusion and transfer. Most EN2F experiments use single-chamber [125,126] or H-type electrolytic cells [127].
The close proximity of electrodes in single-chamber cells can lead to product reaction at the counter electrode
and counter electrode reactions jeopardizing the catalyst or becoming competing reactions [127]. Graphite is
commonly used as the counter electrode due to Pt dissolution and deposition, but recent research indicates
that graphite hinders accurate electrocatalytic performance evaluation. H-type cells physically separate the
anode and cathode compartments, effectively avoiding activity underestimation [128] and inhibiting proton
and electron transmission, improving selectivity compared to single-chamber cells [126]. However,
membrane pretreatment is crucial to eliminate interference from active nitrogen contamination [129,130].
Furthermore, the electrolyte in these cells is typically static, resulting in high N2 mass transfer resistance.

N2 depletion or spillover near the electrode during the reaction limits the rate of EN2F. Increasing N2
coverage on the catalyst surface can inhibit core actant adsorption and improve selectivity (Figure 10A) [131].
Flow reactors overcome the mass transfer limitations of static batteries by continuously circulating reactants
and products in and out of the electrolytic pool, significantly increasing the current. Two common structures
for EN2F are the gas diffusion electrode (GDE) and the microfluidic flow cell (Figure 10B,D) [132,133]. The
feed gas passes through the GDE, ensuring sufficient contact with the catalyst to increase N2 coverage, which
can be adjusted by the N2 partial pressure. Chen improved GDE (Figure 10B) by adding an extra gas diffusion
layer between the catalyst and the separator to further improve the selectivity and then did a series of
studies on N2RR [134-137]. Cui found that FE dropped from 8.28% to 2.74% after 16h of potentiation
electrolysis using ordinary GDE (only one gas diffusion layer), attributing this to the decay of the catalyst
and the changes in water content and conductivity in the Nafion membrane [138]. While, a recent workshop
on the website by Cui clarified the phenomenon of GDE more clearly: a small amount of water droplets can
be seen on the side of the gas diffusion layer as it penetrates into the cathode chamber by pressure. It just
so happens that Chen’s additional gas diffusion layer can alleviate this problem of penetration to a certain
extent [135-137]. A novel microtubular gas diffusion electrode (Figure 10C) was prepared directly and
applied at 0.3bar Nz in H-type cell in order to enhance the transmission of N2 [139].

The microfluidic flow battery, in which driving the electrolyte to flow not only promotes the mass
transfer of nitrogen but also avoids the accumulation of products such as NH4* and NOs-, and shifts the
reaction equilibrium to the positive direction, which is currently the most advanced battery configuration
Li [133], and Liu [140] increased the current density by using the flow electrolytic cell, and the efficiency
and yield of N2RR raised in multiples. The structure may also cause electrolyte penetration due to osmotic
pressure, resulting in performance degradation. In addition, a pump is prerequisite to drive the flow of
electrolyte, which requires strict airtightness. At the same time, different requirements on the shape and
stability of the working electrode, reference electrode and counter electrode, lead the whole battery system




to make it expensive and complex to operate. Finally, it should be noted that the voltage [141] and pH [142]
at the interface of the flow cell changes significantly. While, because of the straightforward doubling of
performance, flow cell can be constructed and executed in a laboratory, and their design can be more
availably expanded to commercial grade reactor as the technology evolves [132].
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Performance of different flow cells for N2RR reported so far is listed in Table 2. As can be seen, NH3
yield has not been significantly improved, even with the use of advanced flow electrolytic cells. This
motivates improvements in dissolution and mass transfer through electrolyte and electrolytic cell design.
Recently, advanced nanoreactor catalysts with confinement function can also promote N transport in the nano
space [106,114]. The subsequent adsorption and activation steps are highly dependent on the catalysts.

Table 2. Performance of different flow cells for N2RR reported.

Type Catalyst [Ref]  Electrolyte = NHs Formation Rate Effii;:::;,c% Ng: ll:;:;l,arlnil;l:;;lt l:/o‘::'n];;:l];:,

Fe;03-CNT [134] KHCO3 22x103gm—2h! ~0.025 ~0.1 -2.0Vvs. Ag/AgCl
Fe;03-CNT [135] 0.5MKOH  1.06 x 10-1 mol cm-2s-1 0.164 0.34 -2.0Vvs. Ag/AgCl

Fe;03-CNT [136]  0.5M KOH 41.6 pgh-t mg 17.00 <0.05 -0.5

Gas diffusion  Fe203-CNT [137] 0.5M KOH 23.3 pgh-'mg -0.5
electrode  Fe;03-CNT [138]  0.1M KOH 0.46 pg h-1cm-2 6.04 <0.05 -0.9V vs. Ag/AgCl

Ru-CNT [139] 0.1M PBS 2.1 x10-°mol cm=2s-1 13.5 <0.08 0

18 -0.3

Cu[143] 0.32M KOH 0.25 05

microfluidic Fe-MoS: [133] 0.1 M KCI 97.5 ngh-' cm=2 31.6 0.44 -0.2

flow cell Bis071[140] 0.1 M NazS04 85.45 mgh-1m- 6.38 <0.05 -0.4

The preceding kinetic processes influence N2 coverage, which is likely the rate-determining step of
EN:F. At low Nz coverage, the adsorption energy of side reaction feedstocks is greater than that of N2
(Figure 10A) [131], and H coverage can significantly increase the energy barrier for N2 activation [144,145].
However, accurately simulating real steady-state conditions, where the molar ratio of N2 to H20 is
approximately 1:100,000 [115], is challenging, making definitive conclusions difficult.

Following dissolution and mass transfer, N2 reaches the electrode or catalyst surface and adsorption
occurs. To enhance coverage, aerophilic electrode materials have been utilized, with contact angle
measurements used to explain the observed phenomena [140,146,147]. Adsorption is divided into
physisorption and chemisorption (Figure 11A). In physisorption, there is no electron exchange between N:
and the catalyst. For catalysts where active sites are directly related to specific surface area, N2 adsorption-
desorption isotherms can be used to assess Nz physisorption [24,148], especially for layered structures.
Suitable surface area and pore structure can expose more adsorption sites, facilitating N2 mass transfer and




gas diffusion [149,150]. Furthermore, N2-TPD typically reveals two peaks. The low-temperature peak (below
200 °C) corresponds to Nz physisorption/desorption, while the high-temperature peak (around 300 °C)
represents N2 chemisorption. The adsorption strength can be inferred by comparing peak position and
intensity [103,149]. A linear correlation between NHs production and the N2-TPD peak area has been
observed (Figure 11B) [151].
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Figure 11. (A) Physisorption and three possible chemisorption configurations of N2. (B) Functional
relationship between NH3 yield and the corresponding area of N2-TPD peak. Reprinted with permission from
Ref. [151]. Copyright © 2015, American Chemical Society.

N2 and the catalyst begin to exchange electrons during chemisorption, also known as N2 activation.
Three possible forms exist (Figure 10A): N2 dissociation followed by N adsorption, and Nz adsorption on
the catalyst surface via the side or end without bond rupture. Due to its chemical inertness, N2
chemisorption is difficult. As discussed in the mechanism section, *H or *OH can facilitate N2 activation,
which is often the RDS for EN2F. The strong reducing agent Li can react with N2 at room temperature to
generate LisN [152-157]. While this strategy is not applicable to N20OR, identifying a universal nitrogen-
fixing active site for EN2F is more desirable.

The essence of chemical reactions lies in the interaction between molecular orbitals. According to the
principle of energetic proximity and symmetry matching of frontline orbitals, the HOMO (02px) and LUMO
(m2py* and m2pz*) of the N2 molecule can react with d or p orbitals elements. Some transition metals can
interfere with the N2 bonding system through the synergy of occupied and unoccupied d orbitals
(Figure 12A) [85]. P-orbital elements are considered potential catalysts for EN2F due to their unique
electronic structure and weak water adsorption. B element of the same period (Figure 12B) and Bi element
of the same main group (Figure 12C) as N, both activate Nz via p orbitals [158,159]. As seen from the energy
band diagram (Figure 12C), there is a clear overlap between the Bi6p and Nzp orbitals [140]. A review of Bi
for N2RR has been reported [160]; however, it is worth noting that there is a dispute about Bi catalyzing
N2 [161,162], and in-situ characterization techniques can help resolve this controversy. In addition,
nanoscale dual-metal catalysts (Figure 12D) [101] and B-Mo electron transfer pairs (Figure 12E) [110]
polarize N2z in a similar manner. Furthermore, N2 centered on anion [163,164] or cation [165] vacancies
have also been widely studied.

In short, the empty orbitals of the active site coordinated with N2 consume electrons from the 62px
orbitals of the HOMO level of N, while the occupied orbitals feedback electrons to the m2p* antibonding
orbitals of the LUMO level via the “Acceptance and backdonation mechanism”. By regulating the surface
electronic structure of the heterogeneous catalyst, the more electrons fill the m2p* antibonding orbitals, the
easier the N=N bond is activated and broken [133]. The feedback ™ bond enhances the bonding of the
catalyst and the nitrogen atom, where charge distribution is variational, creating significant imbalance in
the band alignment to polarize N2 and elongate the bond length of N=N, weakening N2 bond energy for
further reaction.
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Directly characterizing the chemisorption of N2z and reaction intermediates on the catalyst surface is
challenging, but some in-situ characterization techniques are helpful. The in-situ near-environmental pressure
XPS technique was used by Han'’s group to detect active sites on FeMo/NC, where Fe atoms gained electrons
from Nz and the valence band decreased, while Mo atoms donated electrons whose valence band rose [105].
Peng tested a monoatomic catalyst at different voltages by in-situ XAS and found the change of oxidation state
of monoatomic Ru upon activation of Nz, proving that Ru was the active center [166]. Yao attempted to explain
the controversial Bi activity by in-situ Raman under a long voltage window (-1.1 V ~ 0.1 V). The authors
inferred that during electrochemical reduction, Bi-MOF nanorods underwent significant structural
rearrangement and chemical transformation to Bi, and in-situ reduced 0O-valent metallic Bi was the
predominant active species for N2RR [167]. Liu used in-situ XRD and in-situ Raman to detect the appearance
of B-N bonds after electrochemical activation on B-rich COFs, demonstrating that non-metallic B was the
activation site [168]. Li calculated the rate constants of the main and side reactions by in-situ scanning
electrochemical microscopy, which proved the high selectivity of the catalyst to Nz activation [114].

To clearly understand the reaction mechanism, real-time direct electrochemical mass spectrometry
analysis of the evolved gas was performed under various applied potentials and concluded that N2RR would
not form a stable end-product hydrazine [169,170]. Yao used in-situ surface-enhanced infrared
spectroscopy to examine the surfaces of a series of noble metals (e.g., Au, Pt, Rh, and Ru) and detected that
the reaction intermediate *N2Hx had different pathways and elucidated the relationship between voltage
and the side reaction [171-173]. Lv and Qu respectively used in-situ Fourier transform infrared
spectroscopy to prove that non-noble metals followed the associative pathway [24,174].

To test the stability of the catalyst, Yang confirmed the active phase of the N2 reaction using in-situ XAS
and found that the catalyst underwent a phase change leading to performance degradation [175]. Luo used
in-situ electrochemical quartz-crystal microbalance to study the variation in catalyst quality, revealing that
0 vacancies as active sites were likely to be filled, and calling for elaborative examination of the stability of
catalysts that vacancies were the active sites [176]. EN2F must go through the initial kinetic steps of N2
dissolution, mass transfer, adsorption, and activation in sequence. Based on the existing literature, this chapter
introduces general improvement and characterization methods for these steps in three aspects: electrolyte,




electrolytic cell, and catalyst. The current literature is dominated by N2RR, but the organized methods are also
suitable for N2OR and are still far from adequate, requiring more attempts and validations by scientists.

Although the secondary reaction intermediate (H* or OH-) bonded to N is beneficial for N> activation,
uncontrolled, it will surpass the main reaction. Limiting the side reaction is mentioned in almost every article,
and increasing selectivity is the current focus of EN2F, with specific reviews [85,177], viewpoints [117], and
perspectives [178] discussing or addressing the issue of selectivity.

In experiments, the electrochemical properties of primary and secondary reactions can be tested
separately to compare and judge the reaction selectivity and activity, and the optimal potential interval can
be explored. Slight current differences can be seen in polarization or cyclic voltammetry tests under Nz and
Ar atmospheres [68,92]. The activation energy of the main and side reactions can also be calculated by the
Arrhenius equation, where a smaller activation energy means higher selectivity [130]. Most articles that
include theoretical calculations use AGn2rr-AGher as the descriptor for N2RR selectivity determination
(AGnzrr, AGHer are the free energy required for the reaction) [133,179,180]. It was found from the volcano
map that the potential limit of HER is lower, so it is kinetically more likely to occur, reflecting the difficulty
of N2RR. Also if the volcano curve is separated at AGy, indicating a higher selectivity of the catalyst [178].

To improve the selectivity and activity of EN2F, it is crucial to optimize the composition of the inner
Helmholtz plane of the working electrode to limit the transport and utilization of protons in N2RR and
hydroxyl groups in N20R (Figure 13) [117]. Relevant specific measures related to the latest report are
provided below.
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Figure 13. Two common strategies to improve selectivity of EN2F.

The proton concentration in aqueous solution affects N coverage at the active sites for N2RR. Using
alkaline solvents to reduce the number of protons can thermodynamically impede proton transfer [117].
N2RR has been reported to be more productive and efficient in neutral or alkaline solutions. For instance,
0.1M KOH [181], 0.1M Li2S0O4 [182], or 0.1M PBS [89] were chosen as electrolytes by directly comparing the
electrochemical performance of different pH electrolytes. More precisely, Zhang’s group detected the
ammonia yield of 10 electrolytes by ion chromatography and ultimately chose neutral 0.1 M KCl as the
optimal electrolyte. For N20R, experimenting under neutral pH has two advantages for improving
selectivity: it averts excessive OH- coverage and the resulting side reaction, and it avoids the coincidence of
voltage under acidic conditions (pH = 1.3) bringing a wide voltage window [34]. Note that while a strong
alkaline electrolyte may provide high performance, the corrosiveness of the electrolyte often causes
electrocatalyst failure.

The hydrated ions formed by alkali metal cations and Hz0 in the electrolyte migrate to the electrode-
electrolyte interface under the electric field, affecting the local electric field strength and pH [183], which has




a strong correlation with the selectivity of the catalytic reaction. They also have a certain effect on the side
reactions HER [184,185] and OER [186,187]. Guha and Narayanan combined experiments and theoretical
calculations to study in detail the role of Li+ in stabilizing nitrogen near the working electrode [188]. When
Cu and Au were used as working electrodes, the yield and selectivity both increased with the rise of the
concentration of LiClO4 (from 0.1M to 5M). XPS analysis indicated that the effect of Li+ was transient. DFT
calculations revealed that Li* not only adsorbed N2z but also helped dissociate the N=N triple bond [189].
Hao and Yin found that K* increased the yields and selectivities of Bi, Au, and Pt, all of which were directly
related to K* concentration (0.2M to 1M). From the experimental data, it was speculated that the inhibitory
effect of K* on HER was attributed to the blocked migration of protons from the native solution to the
electrode surface [190]. Kani also found K* with the highest FE for N2RR from Li* to Rb* [143]. While,
Rondinone drew a conclusion that Li* was the best cation enhancing the electric field by comparing the
influence of Li*, Na*, K* on the thickness of the electric double layer. The electric field at the tip of the catalyst
surface increased as the reduced size of the cation and the formation of dehydrated cation layer inhibited the
migration of protons [191]. The performance of EN2F can be improved by adjusting the alkali metal cations.

Aprotic solvents were introduced to control the concentration of protons in the electrolyte.
Thermodynamic evaluation in organic acetonitrile solution shows that N2RR is preferred compared to H*
reduction [192]. Zhang and Ngrskov found through theoretical calculations that 2,6-lutidinium was a feasible
alternative to hydronium ion, which could break the linear relationship and stabilize the *NNH intermediate.
The Volmer reaction using 2,6-lutidinium required high energy barrier was suppressed, compared with
H30* [193]. Over time, experimental studies of other solvents included alcohol + acid [194,195],
ethylenediamine + acid [196], polymer gel + water [197], tetrahydrofuran + alcohol [180,198,199], ionic
liquid + water [118,120,121] etc., that mixed with trace amounts of proton sources to limit protons and
improve selectivity [117], in which ionic liquids have been reported in detail in the N2 dissolution section.

Covering the catalyst surface with a hydrophobic protective layer can lower the coverage and
interaction of H20, kinetically increasing the barrier for core actants transfer [117]. Ling’s group did some
meaningful researches [180,198,199]. In a recent study, the FE of the electrocatalyst Pt/Au@ZIF coated
with ZIF as a hydrophobic layer was much greater than that of the uncoated Pt/Au. The coating layer had
three functions: it modified the d-band structure of Pt/Au to weaken the adsorption of H, induced Pt as an
active site to strengthen the affinity of N2, and repelled humidity to inhibit side reactions [180]. In another
advanced study, a hydrophobic oleyl amine-functionalized ZIF was used as a coating layer, and butanol was
added as a molecular filler in the pores to further block water molecules and change water from obstacle to
accelerator and proton source [198]. Yang also inhibited the side reaction by ZIF coating [200]. In addition
to using MOFs, Zheng and Liu constructed hybrid electrodes for EN2F using hydrophobic PTFE [146] and
carbon spheres [140] as protective layers, respectively.

In particular, it was mentioned above that Chen increased the efficiency of ammonia production by
increasing the transport path to slow down the rate at which protons reached the active site through an
additional gas diffusion layer in a flow cell [135-137]. Liu controlled the transfer rate of H* by adjusting the
pore area of a polypropylene membrane in an H-type cell and used a physical model to reveal and predict
the trend of FE [107]. Thus, it can be seen that the newfangled design of electrolytic cells can also improve
the selectivity of EN2F [126].

The third common solution is restricting electronics [117]. Chen’s group tested the Cu-2 electrode
using electrochemical impedance spectroscopy and found an increase in charge transfer resistance, who
claimed that limiting the utilization of electrons improved the performance of N2RR because the
determining factor of HER was the electron transfer step, while the RDS of N2RR was the coverage of N2 on
the catalyst surface [201]. The current methods to improve the selectivity of N2RR mainly focus on the




control of the number and transport of protons. Limiting electrons to improve selectivity is equivalent to
increasing the resistance of the electrochemical reaction system, which is not conducive to the primary
reaction. It should also be noted that both the main reaction and the side reaction of N2OR lose 4 electrons,
so limiting electrons does not seem to be appropriate for N2OR.

The current scientific community have significantly increased FEs, but often accompanied with very
low yields [131], which means that overly restricting the secondary reactions goes against the activities of
EN2F [36]. Not surprisingly, the above discussion of selectivity also focuses on the three components of the
electrolyte, electrolytic cell, and catalyst [177]. Although a widely agreed universal experimental approach
has not yet been developed, the above strategies, which are highly instructive in terms of experimental
direction, are applicable to both N2RR and N20R except for the third one. Based on these strategies, more
specific and novel methods need to be further expanded and verified.

This review provides a parallel and integrative analysis of cathodic N, reduction and anodic N:
oxidation within a unified kinetic and mechanistic framework for electrochemical nitrogen fixation (EN2F).
By systematically comparing reaction mechanisms, competing side reactions, and kinetic constraints across
both pathways, common challenges and transferable design principles are identified, offering a coherent
perspective that bridges traditionally separated research directions.

(1) Regarding reaction mechanisms, N2RR features well-defined pathways, with a focus shifting from N2
adsorption and activation to H dissociation. In contrast, the N2OR mechanism remains unclear, with
ongoing debate between O-preferred and N-preferred pathways.

(2) Both EN2F processes suffer from selectivity issues due to the competitive water splitting reaction.
While unavoidable, these competitive reactions can promote N2 activation and enhance EN:F activity.

(3) Both EN2F reactions share common kinetic steps (N2 dissolution, diffusion, adsorption, and activation)
and face challenges related to selectivity and AN pollution. Addressing these issues can benefit from
mutual learning and collaborative development.

(4) Both are constrained by traditional scaling relationships, and strategies to overcome these limitations
can be mutually beneficial. Both have seen the development of new catalysts utilizing competitive
reactions. Furthermore, advances in in-situ characterization techniques and theoretical calculations
will accelerate the progress of EN:F.

When nitrogen exists in the oxidized state (various oxides or acids of nitrogen) or reduced state (NH3
or N2H4), it can be called the active state of nitrogen (AN). Even commercial nitrogen-free metal oxides
contain AN [202]. Many reported literatures have false positive results, where AN is the real raw material
rather than N2 [203]. There are many experimental benchmarks and protocols for N2RR [33], which are also
applicable to N20R. Here, they are concisely organized into the following points: (1) Pretreatment of raw
materials: The treatment methods of feed gas Nz applied in different scenarios were listed in detail in the
perspective [204]. The membrane needs to be washed with acid and H202 several times before using, which
is a critical step [129]. In addition, studies have shown that the use of a polypropylene membrane can avoid
AN pollution caused by Nafion film [130]. (2) Judgment of AN pollution: A sealed cell and two detection
methods must be used to test the yield accurately. Ar atmosphere, open circuit voltage, and blank
experiment without catalyst must be conducted one by one before the experiment to obtain the
corresponding data of AN pollution, confirming whether it is in the reasonable range. (3) Yield calculation:
The result is the yield under catalytic conditions minus that of AN pollution. (4) Long cycle experiment:
Calculate whether the final yield increases linearly with time under Nz atmosphere; if not, it means that the
yield comes from AN pollution, which is gradually consumed with the reaction. A long N2 cycle is also helpful
to judge the stability of the catalyst. (5) Using an Ar/N: alternating cycle test, the alternating change of yield
shows that Nz is reacting. Strict Nz isotope control is important, especially for experiments with catalysts or
electrolytes containing element N.




Due to the ubiquitous AN pollution and difficulty improving the yield, the ENzF field seems to be
entering a bottleneck period. To pursue relatively high yield and selectivity, most studies focus on catalysts.
(1) Regardless of how catalysts are regulated, performance may not improve significantly, suggesting that
the rate-determining step of EN2F may be Nz coverage. Improving the solubility and transfer of N2, which
has been proven to enhance the performance of EN:F, has a lot of room for expansion. (2) Focus should
continue to be on how to eliminate and quantify pollution, which is vital to the healthy development of the
area. (3) More attention should be paid to how side reactions promote the activation of N2 during the
catalysis process. Thinking about how to exceed the scaling relationships, the research on the active site
and the carrier needs to be more in-depth. Promoters in catalysts have the function of avoiding the
relationship [205], but there is no research on it in the electrocatalytic reaction. (4) The computational
supporting information in some experimental articles is not accurate enough. For example, some of the
accompanying DFT calculations show that the thermodynamic barrier of the process is about 2eV, which
results in a turnover rate of about 10-16 s-1 [206]. Since the experimental benchmark has been mentioned
many times, are there any calculation or combinations of calculation and experiment protocols, which
should be done by more seasoned and experienced theoretical computational scientists.

In the table of thermodynamic parameters (Table 3), the energy requirements for plasma-driven N2
and Oz reactions (reactions 1-4) are significantly lower than those for N2OR (reaction 7) and N2RR (reaction
11), highlighting the advantage of plasma processes. With the exception of the HB reaction 8, all reactions
using N2 as a raw material are endothermic. In most cases, the energy requirements per electron (applied
voltage V) are quite low; specifically, the applied voltage for nitrogen oxidation reactions (reactions 1-7) is
notably lower than that for N2RR (reactions 9-11), demonstrating an advantage for N2OR [207]. When
water serves as the reducing agent or oxidant, the energy demand is comparable between N2RR reactions
9-11 and N:20R reaction 7. However, given that the solubility of oxygen is approximately twice that of
nitrogen (Figure 10A), the addition of Oz during the oxidation reaction (or coupling anode N20R and cathode
ORR, cell 2 in Table 4) results in a higher oxidation capacity compared to H20. Consequently, the energy for
reaction 6 is 89.26 k] /mol Nz, only 1/7 of that for N2RR reaction 11, significantly reducing the overall energy
requirement. In N20R experiments, the source of nitrogen oxidation (02 or H20) remains uncertain.
Therefore, employing corresponding O isotope experiments can help resolve this ambiguity. The first
nitrogen fixation process for industrial application was the plasma-driven N2 oxidation process (Birkeland-
Eyde process) in 1903. The Haber-Bosch process gained industrial dominance in 1913 [208]. With the
emergence of EN2F, projected to increase gradually until 2040 [16], competition among various technical
routes will persist. Ultimately, determining the likelihood of N2RR or N20R requires more thermodynamic
data, process simulation, and experimental exploration.

Table 3. Thermodynamic parameters of Nz oxidation and reduction reactions under standard conditions.
Data are sourced from the NIST Standard Reference Database [209]. Parameters include the number of
electrons transferred (ne), voltage per electron (AV), and change in nitrogen redox state (AeN).

Classification Rank Reaction AG,KJ]/molNz ne AV,V Aen
1 N2(g) + 02(g) = 2NO(g) 173.2 4 0.45 2
2 N2(g) + 3/202(g) = 2N203(g) 139.73 6 0.24 3
Nitrogen 3 N2(g) + 202(g) = 2NO2(g) 102.52 8 0.13 4
Oxidation 4 Nz(g) + 5/202(g) = N20s(g) 118.01 10 0.12 5
5 N2(g) + H20(1) + 3/202(g) = 2HNO2(g) 153.36 6 0.27 3
6 N2(g) + H20(1) + 5/202(g) = 2HNO3(g) 89.26 10 0.093 5
7 Nz(g) + 2H20(1) = 2NO(g) + 2Hz2(g) 447.48 4 1.16 2
8 N2(g) + 3H2(g) = 2NHs3(g) -32.73 6 -0.057 -3
Nitrogen 9 N2(g) + H20(1) = N2Hz(g) + 1/202(g) 481.02 2 2.5 -1
Reduction 10 Nz(g) + 2H20(1) = N2Ha(g) + O2(g) 633.51 4 1.65 -2
11 N2(g) + 3H20(1) = 2NHs(g) + 3/202(g) 678.69 6 1.18 -3




Table 4. Full cell configurations combining EN2F with other half-reactions.

Cathode Anode Full Cell
Cell1 N2RR: N2+ 6H* + 6e- = 2NH3 OER: 2H20 - 4e- =02 + 4H+ 2N2 + 6H20 = 4NH3 + 302
Cell2 ORR:02+4H*+4e-=2H20  N20R: N2+ 6H20 - 10e- = 2HNO3 + 10H+ 2Nz + 502 + 2H20 = 4HNO3
Cell 3 HER: 2H + 2e-=H> N20R: N2 + 6H20 — 10e- = 2HNO3 + 10H+ N2 + 6H20 = 2HNO3 + 5H2

Cell4 N2RR: N2+ 6H*+ 6e-=2NH3z  N20R: N2 + 6H20 - 10e- = 2HNO3 + 10H* 4Nz + 9H20 = 2NHs + 3NH4NO3

Electricity is poised to become the dominant energy source in the future. The integration of EN2F with
other half-reactions (HER, ORR, OER) to form complete cells (Table 4) holds significant application
potential. Cell 1 and Cell 3 represent current research focuses for N2RR and N20R, respectively. Cell 2, as
discussed in Section 6.1.3, offers the benefit of reduced reaction energy and maximized atomic utilization.
The development of Cell 4 could enable direct synthesis of ammonium nitrate for agricultural production
from EN2F under mild conditions.
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