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200–300 atm.[4,5] During this process, how-
ever, 1%–2% of the world annual energy 
output is consumed and two times the 
amount of greenhouse gas is released for 
each ton of NH3.[6–8] Therefore, it is impera-
tive to explore and develop a sustainable 
way to produce NH3 under mild conditions, 
ideally at low temperature and pressure.

In nature, the global nitrogen (N2) cycle, 
from N2 to NH3, primarily relies on bio-
logical N2 fixation by nitrogenase enzymes 
under ambient conditions through mul-
tiple proton and electron transfer steps.[9–13] 
Inspired by this catalytic mechanism, the 
electrochemical synthesis of NH3 can offer 
a promising environmentally friendly pro-
cess for sustainable artificial yield of NH3 
at room temperature and pressure, using 

protons and electrons powered by renewable energy from solar or 
wind sources.[14–17] Ultimately, the electrochemical nitrogen reduc-
tion reaction (NRR) directly from N2 and H2O has been regarded 
as an optimal route since the 1960s.[18–23] Due to the successful 
strategy of combining theoretical and experimental studies, the 
field of NRR has obtained important breakthroughs in the past 
few years in the development of highly efficient catalysts, which 
have notably improved the Faradaic efficiency (FE) from <1% to 
>10%.[24–32]

To date, various strategies have been developed to design 
nanomaterials for further improving the NRR performance, 
including heteroatom dopants,[33–35] interface engineering,[36] 
alloys,[37,38] facet engineering,[39,40] defects,[41–43] and the size 
effect[44–49] coupled with an optimized electrochemical reaction 
system. However, because the competing hydrogen evolution 
reaction (HER) and the by-product N2H4 formation, there is 
still a big gap facing N2 fixation before it can move into future 
practical application, such as low FE and low yield rate. Excit-
ingly, recent advances have addressed the problems of the 
low solubility of N2 and of circumventing the HER. The metal 
nitride (MNx) and nitrates substitute for N2 as the nitrogen 
source, which can effectively improve the NH3 synthesis effi-
ciency.[50–52] Simultaneously, converting nitrate (NO3

–) contami-
nation to NH3 and metal–N2 battery have become promising 
alternative strategies for electrochemical NH3 synthesis.[53–60]

In this review, we summarize recently advanced strategies for 
the electrochemical synthesis of NH3 under ambient conditions 
(Figure 1) to inspire new thoughts, revisits, and ultimately, inno-
vations in this field. The fundamentals of various electrochem-
ical NH3 synthesis pathways, including the reaction mechanisms 

Ammonia is an essential chemical for agriculture and industry. To date, NH3 
is mainly supplied by the traditional Haber–Bosch process, which is operated 
under high-temperature and high-pressure in a centralized way. To achieve 
ammonia production in an environmentally benign way, electrochemical NH3 
synthesis under ambient conditions has become the frontier of energy and 
chemical conversion schemes, as it can be powered by renewable energy and 
operates in a decentralized way. The recent progress on developing different 
strategies for NH3 production, including 1) classic NH3 synthesis pathways 
over nanomaterials; 2) the Mars-van Krevelen (MvK) mechanism over metal 
nitrides (MNx); 3) reducing the nitrate into NH3 over Cu-based nanomaterial; 
and 4) metal–N2 battery release of NH3 from LixM. Moreover, the most recent 
advances in engineering strategies for developing highly active materials and 
the design of the reaction systems for NH3 synthesis are covered.

﻿

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smtd.202100460.

1. Introduction

Owing to its essential role in producing fertilizer, chemicals, 
and pharmaceutical products, ammonia (NH3) synthesis is 
considered as one of the foundational chemical industries that 
promotes the development of human society.[1,2] The industrial 
product NH3 has also received much more attention as an alter-
native energy carrier to realize the zero-carbon concept due to 
its large hydrogen capacity (17.6 wt%) and high energy density 
(4.3 kWh h−1).[3] The invention of the Haber–Bosch (H–B) pro-
cess in the 20th century had an enormous impact on human 
society when it achieved the artificial synthesis of ammonia at 
the high reaction temperature of ≈500 °C and high pressure of  
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are first introduced. Then, we comprehensively discuss the 
advanced strategies in material design, based on the combina-
tion of theoretical calculations and experimental investigations 
to spur more fundamental mechanistic investigations. In addi-
tion to the materials, the choice of electrolyte and the reaction 
cell are also succinctly discussed, with the aim of promoting our 
understanding of the electrochemical reaction system and stimu-
lating further experimental improvements. Lastly, we present the 
critical challenges, possible solutions, and future perspectives on 
the research on electrochemical NH3 production. Through this 
review, we hope to systematically present the readers with the 
latest advances in this field, and more importantly, shed light on 
the future development of materials, systems, and strategies for 
the electrochemical synthesis of ammonia.

2. Fundamentals of Electrochemical NH3 Synthesis

2.1. Reaction Routes

2.1.1. Classic Reaction Mechanism

Biological reduction of N2 to NH3 can occur on the FeMo pro-
tein of nitrogenases under ambient conditions as follows

N 8H 8e 16 2NH H 16 162 3 2ATP ADP Pi+ + + → + + ++ − � (1)

Inspired by this mechanism, various electrocatalysts were 
designed and the corresponding mechanism was explored.[61–64] 
Generally, associative and dissociative mechanisms are pos-
sible for this catalysis process, as shown in Figure  1i.[65,66] In 
the associative mechanism (including distal and alternating 
pathways, analogous to the mechanism in the enzyme) sum-
marized in Table  1 1-1 to 1-8, the hydrogenation process from 
N2 proceeds with its two N atoms bonded to each other. Such 
a hydrogenation process is further divided into two pathways, 
involving the distal pathway and the alternating pathway. In 
the distal pathway, the hydrogenation takes place preferen-
tially on the N atom furthest away from the surface, leading 
to the release of the first ammonia molecule. The remaining 
N exists as MN, and the hydrogenation process is continued 
to produce the second ammonia. In the alternating pathway, 
the hydrogenation alternates between two N atoms, and the 
second NH3 will be released just following the release of the 
first ammonia.

For instance, the reaction mechanism on flat or/and stepped 
Ru (0001) has been widely investigated through theoretical cal-
culations.[67–69] Skúlason et  al. explored the reaction pathways 

Figure 1.  Overview of electrochemical NH3 synthesis via four kinds of reaction routes. i) Classic mechanism for electrochemical nitrogen reduction.  
ii) MvK mechanism over metal nitride. iii) Reduction of nitrate over a Cu-based material. iv) Li–N2 battery release of NH3 from Li3N.
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on the stepped Ru (0001) surface via associative mechanism 
(Figure 2a) and dissociative mechanism (Figure 2b). The den-
sity functional theory (DFT) calculations showed that the intact 
N2 binds strongly on Ru (0001) with an adsorption energy of 
−0.4 eV. Due to the loss in entropy in transferring from the gas 
phase to the surface bound molecule, the free energy change is 
estimated to be +0.08  eV. The most exergonic step is the first 
hydrogenation step, 0.75 eV uphill in energy and 1.08 eV in free 
energy.[65]

Unlike the associative mechanism, in the dissociative mecha-
nism, the cleavage of NN bonds takes place before hydrogena-
tion, leaving a sole N adatom on the surface. Then the adsorbed 
N atoms are converted to NH3 via a consecutive hydrogenation 
process (Table 1 1-9 to 1-17).

For an electrochemical NRR system, the ammonia formation 
only needs N2, water, and electricity under ambient conditions. 
Furthermore, the N2 and electricity can be conceivably supplied 
by the air and renewable energy, respectively, implying that the 
electrochemical system is potentially the most viable energy 
system to replace the H–B process. Generic equations for such 
an aqueous NRR system are described based on acid and basic 
conditions, as shown in Table 2.[70]

It is worth noting that, based on the thermodynamic 
principle, the first bond cleavage energy of N2 amounts to 
410  kJ mol–1, and the first H addition to N2 is endothermic 
(ΔH0  =  +36.6  kJ mol–1), which increases the difficulty of pro-
tonation for N2.[71] Furthermore, in aqueous electrolytes, 

Table 1.  Classic reaction mechanisms of the NRR.

Mechanism Reaction Step

Associative * + N2 → *N2 1-1

*N2 + 6 (H+ + e–) → *N2H + 5 (H+ + e–) 1-2

*N2H +5 (H+ + e–) → *NHNH + 4 (H+ + e–) 1-3a

*NHNH + 4 (H+ + e–) → *NHNH2 + 3 (H+ + e–) 1-4a

*N2H +5 (H+ + e–) → *NNH2 + 4 (H+ + e–) 1-3b

*NNH2 +4 (H+ + e–) →*N + NH3 +3 (H+ + e–) 1-4b

*N+3 (H+ + e–) → *NH +2 (H+ + e–) 1-5

*NH +2 (H+ + e–) → *NH2 + (H+ + e–) 1-6

*NH2 + (H+ + e–) → *NH3 1-7

*NH3 → NH3 + * 1-8

Dissociative 2* + N2 → 2*N 1-9

2*N + 6 (H+ + e–) → *N + *NH + 5 (H+ + e–) 1-10

*N + *NH + 5 (H+ + e–) → 2*NH + 4 (H+ + e–) 1-11

2*NH + 4 (H+ + e–) → *NH + *NH2 + 3 (H+ + e–) 1-12

*NH + *NH2 + 3 (H+ + e–) → 2*NH2 + 2 (H+ + e–) 1-13

2*NH2 +2 (H+ + e–) → *NH2 + *NH3 + (H+ + e–) 1-14

*NH2 + *NH3 + H+ + e– → 2*NH3 1-15

2*NH3 → *NH3 + NH3 + * 1-16

*NH3 + NH3 + * → 2NH3 + 2* 1-17

Figure 2.  a) Energy profile on flat Ru (0001) via the associative mechanism with the applied electrode potential, U = 0 V and U = −1.08 V. b) Energy 
profile on flat Ru (0001) via the dissociative mechanism under U = 0 V and U = −0.16 V. Reproduced with permission.[65] Copyright 2012, The Royal 
Society of Chemistry. c) The diffusion of sublayer lattice N in i) the initial state and ii) the final state. d) The energy requirement for N diffusion from 
the sublayer to the surface for different materials: i) Mn4N, ii) Fes@Mn4N, and iii) Fet@Mn4N. e) Scaling relationships between N binding energy 
(EN vac) and the adsorption energies of NH* (circle) and NH2* (square). Reproduced with permission.[73] Copyright 2018, American Chemical Society.
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considering the equilibrium potential of the electrochemical 
NRR and HER, the HER will be the major side reaction during 
the NRR process.[66,72]

2.1.2. Mars-van Krevelen (MvK) Mechanism

Besides the associative mechanism and dissociative mecha-
nism, an MvK mechanism was proposed for metal nitride 
(MNx) by Abghoui et  al.[50–52] The details for this mechanism 
are illustrated in Figure 1ii. The NH3 is produced by the lattice 
N, leading to lattice vacancies which will be further replenished 
with the gaseous N2.[50,74,75] Moreover, the theoretical study of 
MNx for the NRR also suggested that transition metal nitrides, 
such as VN and ZrN, can suppress the HER and achieve the 
NRR at low onset potentials.[50]

It is worth noting that heteroatom dopants may improve 
the NRR activity of metal nitrides. Li and co-workers reported 
that Fe-doping can remarkably decrease the energy cost from 
1.75  eV (MoN2) to 0.47  eV (Fe-doped MoN2) and effectively 
improve the NRR performance.[76] Compared to the strong 
Mo–N interaction, the Fe can weaken the metal–N bonding, 
which is of benefit for N2 activation and NH3 formation, while 
the high spin state of four-coordinated Fe also contributes to 
the improvement of NRR performance. Similarly, Shan et al. 
also found that Fe and Ni doped MnN4 can tune the electronic 
structure and lower the N diffusion energy barrier (Ea,vac).[73] 
While the binding energy of H/NH2/NH3 on Mn4N is the 
performance-limiting factor, the sublayer lattice N diffusion 
barrier also play an important role in improving the NRR per-
formance. The sublayer lattice N can diffuse onto the surface 
for continuous NRR reactions (Figure  2c). The DFT calcula-
tions revealed that, when Fe atoms are doped within sublayer 
(Fes@Mn4N), the energy barrier (Ea vac) can be dramatically 
decreased from 1.12 to 0.56  eV. The Fe doped into top layer 
(Fet@Mn4N), however, results in no obvious enhancement of 
N diffusion with Ea,vac of 1.09 eV (Figure 2d). That is because 
when the Fe forms weaker bonds with nitrogen than those for 
Mn–N, the energy barrier of N is expected to be lower. More-
over, a series of Fe- and Ni-doped Mn4N models were estab-
lished, and the scaling relationships between the N binding 
energy (EN vac) and the adsorption energies of NH* and NH2* 
were further developed to evaluate the NH3 energetic trends 
(Figure 2e).

2.1.3. Reduction of Nitrate into NH3 Route

Nitrate electroreduction (NtrRR) has been regarded as an alter-
native route for the nitrogen reduction reaction, which can 
generate NH3 using nitrate from industrial wastewater.[53–57,77] 
Cu-based nanomaterials have been extensively used in NtrRR 
and exhibited two orders of magnitude higher performance 
than the electrochemical NRR. Fu and co-workers have 
achieved a yield rate of 390.1  g 1mgCu

−  h−1 and a Faradaic effi-
ciency of 99.7% using Cu nanosheets.[53]

Zhang’s group also reported a high Faradaic efficiency of 
97.0% for NtrRR using CuO nanowire arrays (NWAs).[36] As 
shown in Figure  3a, the Cu/Cu2O NWAs can deliver higher 
current density with NO3

– than without NO3
–, indicating that 

the process involves electrocatalytic NO3
– reduction to NH3. 

When the reaction time was prolonged under −0.85 V, the con-
centration of NH3 continued to increase, while the concentra-
tion of NO3

– kept decreasing (Figure  3b). Both results dem-
onstrate that the NO3

– could be converted into NH3. In situ 
Raman spectroscopy and ex situ experiments further reveal 
the electrochemical conversion from CuO to Cu/Cu2O, which 
could serve as the active site due to the electron transfer at the 
interface of Cu/Cu2O. Moreover, the DFT calculations further 
revealed that the Cu/Cu2O possessed a higher energy barrier 
for the HER than that of Cu (Figure  3c), suggesting that Cu/
Cu2O could suppress the HER and enhance the selectivity and 
Faradaic efficiency of the NtrRR.

Apart from the typical Cu-based material serving as the 
NtrRR catalyst, there are also some other metal based cata-
lysts, which can efficiently reduce the nitrate into NH3, such 
as Ru,[78] Fe,[79] Ti.[80] Li et  al. reported that Ru/oxygen-doped-
Ru core/shell nanoclusters could prevent the HER and exhibit 
an NH3 yield rate of 5.56 mol gcat

–1 h–1.[78] The degree of strain 
of the Ru-based electrocatalyst was tailored by adjusting the 
subsurface oxygen concentration (Figure  3g,h). As shown in 
Figure  3d–f, the oxygen concentration of 6.3 at%, 2.9 at%, 
and 0.09 at% can trigger strain of 12% (Ru-ST-12), 5% (Ru-ST-
5), and 0.6% (Ru-ST-0.6). The HER side reaction and NtrRR 
performance over the different strained Ru nanoclusters 
were summarized. As shown in Figure  3i, the higher strain 
Ru exhibited more pronounced HER inhibition and higher 
NtrRR performance, and the trend was followed of Ru-ST-12 > 
Ru-ST-5 > Ru-ST-0.6. The DFT calculations further revealed the 
underlying mechanism. Firstly, during the Heyrovsky reaction 

Table 2.  Classic reaction steps of the NRR in acidic and basic solutions. E0: standard electrode potential of hydrogen; NHE: normal hydrogen elec-
trode; SHE: standard hydrogen electrode.

Media Electrode Reaction Step

Acidic Anode 3H2O → 3/2O2 (g) + 6H+ + 6e– 2-1

Cathode N2 + 6H+ + 6e– → 2 NH3 (g), E0 = +0.55 V vs NHE 2-2

HER 2H+ + 2e– → H2 (g), E0 = 0 V vs SHE at pH = 0 2-3

Basic Anode OH– → 3H2O + 3/2O2 + 6e– 2-4

Cathode N2 + 6H2O + 6e– → 2NH3 + 6OH–, E0 = −0.736 V vs SHE at pH = 14 2-5

HER 2H2O (l) + 2e– → H2(g) + 2OH–, E0 = −0.828 V vs SHE at pH = 14 2-6

Overall Reaction N2 + 3H2O → 3/2O2 +2NH3 2-7

Small Methods 2021, 5, 2100460
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process for the HER, part of the adsorbed H, Hads, could evolve 
into hydrogen radicals (•H) existing in the reaction medium. 
Secondly, the existence of •H could effectively reduce the tran-
sition state (TS) energies of HNO to H2NO and NH2 to NH3 
over the strained Ru by 1.09 and 1.26  eV to 0.53 and 0.51  eV 
(Figure 3j,k), respectively.

2.1.4. Metal–N2 Battery

Metal–N2 batteries have aroused widespread interest, for what is 
regarded as a “killing two birds with one stone” strategy. Metal–
N2 batteries not only storage/release energy, but also harness 
N2 to produce valuable chemicals.[58,59,81] An electrochemical 
approach proposed for producing ammonia is electrochemical 
lithium cycling, which involves separate steps of LiOH electrol-
ysis, direct nitridation of Li, and the release of NH3 from Li3N, 
thus circumventing the HER and achieving an initial current 
efficiency of 88.5%.[22]

Briefly, Li+ ions are first reduced to Li metal in the absence of 
protons or N2 available at potentials more negative than −3.3 V 
versus the standard hydrogen electrode (SHE). Next, the Li3N 
is formed by adding the N2 to the lithium via an energetically 
favorable and kinetically fast reaction. Finally, the Li3N sponta-
neously breaks down to NH3 and Li+ under 0  V versus SHE 
when the protons are introduced (Figure 4a).[22] The three steps 
are listed in Table 3, including step 1: LiOH electrolysis, step 
2: direct reaction of metallic Li with N2 to form Li3N, step 3: 
release of NH3 by reaction with H2O. The step 2 (conversion 
of Li to Li3N) process was performed between 22 and 100 °C. 
As shown in Figure  4b, the initial conversion rate to Li3N is 
increased with increasing temperature. When the time was 
prolonged to 12 h, the Li could be completely converted into 
nitride independently of temperature. The DFT calculations 
also suggested that other transition metals may further enhance 
the electrochemical ammonia production (Figure 4c).

Similarly, based on the reversible N2/Li3N reaction 
(6Li + N2  → 2Li3N), Zhang et  al. successfully designed a 

Figure 3.  a) Linear sweep voltammetry (LSV) curves of Cu/Cu2O NWAs with or without NO3
–. b) The concentration changes of NO3

– and NH3 under 
−0.85 V. c) Free energy diagram for the HER over Cu and Cu/Cu2O. Reproduced with permission.[36] Copyright 2020, Wiley-VCH. 3D topographic strain 
distribution images of d) Ru-ST-12, e) Ru-ST-5, and f) Ru-ST-0.6. g) HAADF–STEM images, and h) corresponding energy dispersive spectroscopy 
(EDS) mapping. i) FENtrRR and FEHER of different strained Ru nanoclusters. The free energy diagram j) from HNO to H2NO and k) from NH2 to NH3. 
Reproduced with permission.[78] Copyright 2020, American Chemical Society.
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special Li–N2 battery for N2 fixation.[23] The Li–N2 battery 
consisted of an Li-foil anode, a glass fiber separator, an ether-
based electrolyte, and a carbon cloth (CC) cathode. For the 
discharging reactions, the injected N2 molecules were first acti-
vated by accepting electrons from the cathode surface, and then 
combined with Li+ to form the discharge product Li3N. Next, 
the solid product Li3N was decomposed into Li and N2 in the 
charging process. The new pathway could achieve a FE of 59% 
and provide an efficient method for N2 fixation. As shown in 
Figure 4d, the Li–N2 battery exhibited the typical charging–dis-
charging curve of the Li–N2 battery. The CV curves measured 
under N2-saturated atmosphere showed a typical cathodic peak 
at 1.3  V, which could be attributed to the N2 fixation reaction 
(Figure  4e). The cycling performance is shown in Figure  4f, 
where the charge and discharge potentials underwent slight 
deviations after 40 cycles, which may have resulted from the 
instability of the cathode and anode. Besides the Li–N2 battery, 
the Al–N2 battery has recently been reported, which can gen-
erate power and yield NH3 at a rate of 27.1 mg gcat

–1 h–1.[82]

2.2. Modeling of Electrocatalytic Processes

For the complicated electrochemical NH3 synthesis process, 
DFT calculations played a significant role in constructing the 
free energy diagram, establishing the reaction mechanism, and 
estimating volcano plots among the different catalysts.[83–85]

2.2.1. Gibbs Free Energy Landscape

During the electrochemical ammonia synthesis process, the 
reaction free energies (ΔG) of each element reaction were 
calculated according to the computational hydrogen elec-
trode (CHE) model proposed by Norskov et  al.[84] When the 
pH value was set zero, the free energy value can be obtained 
as follow

UG E ZPE T S G∆ = ∆ + ∆ − ∆ + ∆ � (2-8)

Where ΔE can be determined by DFT, ΔZPE is the zero point 
energy difference, and TΔS is the change in entropy at 298.15 K.  
ΔGU is the contribution of the electrode potential to ΔG at the 
applied electrode potential (U). The adsorption energy of N2 
and the intermediates can be defined as follows

TE E E Ecatalyst adsorbate∆ = − − � (2-9)

Where ET, Ecatalyst, and Eadsorbate are the total energy of an 
adsorbed system, and the energies of an isolated catalyst and 
the gas-phase adsorbate, respectively.

Figure 4.  Synthesizing NH3 via a Li-mediated cycling process. a) Illustration of ammonia synthesis by the Li-mediated cycling process. b) Ammonia 
conversion efficiency via the Li nitridation process under different conditions. Reproduced with permission.[22] Copyright 2017, The Royal Society of 
Chemistry. c) Scaling relationship between N2 dissociation energy and N–N transition state energy on stepped transition metal surfaces (black) with 
the Li BCC (110) facet overlaid in red. d) Charging and discharging curve of the Li–N2 battery at a current density of 0.05 mA cm–2. e) Cyclic voltam-
metry (CV) curves of the Li–N2 battery at a scan rate of 0.05 mV s–1 in Ar- and N2-saturated atmospheres. f) Cycling performance of a Li–N2 battery at 
a current density of 0.05 mA cm–2. Reproduced with permission.[23] Copyright 2017, Elsevier Inc.

Table 3.  The mechanism of the Li-mediated cycling process.

Step Reaction

6Li+ + 6e– → 6Li (Cathode)

Step 1 6OH– → 3H2O + 3/2O2 (g) + 6e– (Anode)

6LiOH → 6Li + 3H2O + 3/2O2 (g) (Total Cell)

Step 2 6Li + N2 (g) → 2Li3N(s)

Step 3 2Li3N(s) + 6H2O → 6LiOH + 2NH3

Small Methods 2021, 5, 2100460
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2.2.2. Sabatier principle of Reaction Intermediates

For heterogeneous catalysis, the Sabatier principle indicates 
that too weak or too strong a binding energy to the reaction 
intermediates both result in a sluggish reaction rate, as shown 
in Figure  5a,[86] which results in a volcano-type relationship 
between the bond strength and the reaction rate.

For a complex reaction with multiple intermediates, the 
energies of intermediates are linked one to another in a linear 
relation, as shown in Figure  5b. Brønsted–Evans–Polanyi 
found that the kinetic terms depend linearly on the thermo-
dynamic parameters, and thus, the activation barriers can be 
traced back to the energy of one or more intermediates in a 
linear form (Figure  5c). Electrochemical synthesis of NH3 is 
severely limited by the linear scaling between the energetics of 
two key adsorbates, *N2H and *NH2. To avoid or break or cir-
cumvent the scaling relation, some strategies were developed 
for reducing the fundamental overpotential. Yan et al. used bis-
muth (Bi) nanocrystals rather than a transition metal to avoid 
the scaling relationship. The Bi in combination with potassium 
cations achieved a high Faradaic efficiency of 66% due to the 
ideal electronic structure of Bi and its high selectivity.[88] Chen 
et al. reported that they introduced LiH as a second catalytic site 
into the transition metal-mediated catalyst, where the activated 

N atoms can be removed from the surface of the transition 
metal (TM) by the negatively charged H atoms of LiH, thereby 
achieving unprecedented catalytic activity.[89]

2.2.3. Activity Volcano Plots

Based on the Sabatier principle and scaling relation, the free 
energy diagrams and volcano plots can be constructed to screen 
the new catalysts for ammonia synthesis. In Figure 6a, the N* 
binding energy is described as the descriptor of both the HER 
and the NRR, and the limiting potential for the NRR and HER 
as a function of the N* binding energy.[90]

Computational screening of metal oxides was first conducted 
to predict potential active electrocatalysts.[74,91] For instance, 
the electrochemical NRR was theoretically studied on a range 
of transition metal oxides, including IrO2, NbO2, OsO2, ReO2, 
RuO2, TaO2, PtO2, RhO2, CrO2, TiO2, and MnO2 under ambient 
conditions. Firstly, for different rutile oxides, the free energy 
landscape was calculated on the reduced, the H-term, and the 
O-term surface respectively. The step with the high change in 
free energy was identified as the potential-determining step 
(PDS). Then, taking into account two PDSs (including N2  → 
*N2H and *NH2 → NH3), a volcano plot was constructed. Except 

Figure 5.  a) Illustration of the Sabatier principle. Reproduced with permission.[86] Copyright 2015, Elsevier Inc. b) Thermodynamic linear scaling rela-
tion. c) Kinetic linear scaling relation. Reproduced with permission.[87] Copyright 2019, Springer Nature.

Figure 6.  a) Comparison of NRR and HER limiting-potential volcanoes. Reproduced with permission.[90] Copyright 2015, Wiley-VCH. b) Potential deter-
mining step for electrochemical NH3 formation on each metal oxide is plotted against the binding energy of NNH.[91] c) Energy difference (ΔEvac) of a 
vacancy in the surface layer and in the first subsurface layer of a nitride, and the associated activation barrier of vacancy migration (Ea,vac). Reproduced 
with permission.[92] Copyright 2017, Elsevier Inc.
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for ReO2 and TaO2, the dissociation of N2 would be endergonic. 
*NH2 → NH3 is the PDS for ReO2 and TaO2. In consideration of 
the competing HER reaction, the researchers finally concluded 
that ReO2 and TaO2 favor NNH adsorption over hydrogen 
adsorption, and thus can achieve higher yields of ammonia.

Similarly, a series of earlier transition metal mononitrides of 
Sc, Ti, V, Cr, Mn, Y, Zr, Nb, Mo, Hf, Ta, W, and Re were also 
investigated for NRR activity (Figure 6b and 6c). The free energy 
of all intermediates was first calculated, then the PDS was deter-
mined, and finally the onset potential necessary for nitrogen 
activation on each different metal nitride was accordingly esti-
mated.[92] Apart from ScN, YN, and TaN, other (111) nitride sur-
faces showed more selectivity toward the NRR than the HER. In 
consideration of the onset potential and poisoning effect, only 
NbN was a promising candidate, which could endure the cata-
lytic cycle of nitrogen activation and ammonia formation.

Other similar research on mononitrides of Zr, Nb, Cr, Mo, 
and V for the NRR also was reported.[50,51,74] The heteroge-
neous MvK mechanism was used to calculate the N2 dissocia-
tion barrier, quantify the PDS, determine the thermodynamic 
barriers for N vacancy diffusion into the bulk, investigate 
the poisoning effect, and estimate the required potential for 
removal of any oxygen atoms that may adsorb onto the surface. 

The computation results suggested that special single-crystal 
surfaces were necessary for ZrN, NbN, and CrN to avoid the 
decomposition of the polycrystalline surfaces. The decomposi-
tion of a polycrystalline catalyst of VN could be prevented, how-
ever, when a low bias of up to −0.5 V versus SHE was applied 
and formed NH3 only on the RS (100) facets.

3. Rational Design Strategies for Electrocatalysts

The electrocatalysts as the most important component for effi-
cient electrochemical NH3 synthesis, have been explored con-
tinuously, including metal oxides,[93–96] metal nitrides,[97,98] 
metal sulfides,[99,100] carbon materials,

[101,102] etc. In addition, 
thanks to the advanced structural and electronic advantage, 
the 2D material plays an important role in the field of catal-
ysis due to the advanced structural and electronic advantage, 
such as MXene,[103] phosphorene,[104] bismuthine,[105] and anti-
monene.[106] It can not only be used as the catalyst directly, but 
also serve as the substrate for atomic catalyst.[107] Various strat-
egies, such as heteroatom doping, vacancy engineering, alloys, 
and interface engineering were also developed to improve the 
intrinsic catalytic activity and selectivity toward NH3 synthesis 

Figure 7.  Typical strategies for engineering nanomaterials and device design for enhancing electrocatalytic performance.
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via different reaction routes (Figure 7). In the sections below, we 
will elaborate these strategies for efficiently tuning the geometric 
structure and electronic structure, so as to further improve the 
NH3 yield rate and Faradaic efficiency. And the partial catalysts’ 
performance were summarized in Figure 8, Table 4 and Table 5.

3.1. Defect Engineering

Both experimental and theoretical studies have demonstrated 
that the defect derived by the removal of heteroatom from sur-
face of a material is active for different electrochemical reac-
tions.[41–43] The presence of the defect will strongly influence its 
chemical properties and electronic structure, and could increase 
the exposure of active sites resulting from cracking of the sur-
face.[153–155] The oxygen vacancies in BiOBr, TiO2, and CuCr-
layered double hydroxide (LDH) have been confirmed, which 
can provide coordinatively unsaturated sites for chemisorption 
of nitrogen molecules in the NRR photocatalysts.[156–158]

Lv et al., for the first time, introduced the nitrogen vacancies 
(NVs) into polymeric carbon nitride (PCN), which enabled a 
strong activation for N2 as the NV can modulate the π-electron 
delocalization in the conjugated system of PCN.[108] Compared 
with the pristine PCN, the NV-PCN exhibited stronger adsorption 
of N2, higher Faradaic efficiency, and a higher yield rate. The evi-
dence based on calculations revealed that, in the electron transfer 
behavior, the electron on the adjacent carbon atom is transferred 
to the adsorbed N2 and results in an increased bond length for 
N2 (Figure 9a–d). The free energy diagram also confirmed that 
the NRR process on the VN-PCN also followed the alternating 
hydrogen mechanism (Figure  9e). The NRR performance of 
VN-PCN is even comparable to those of metal-based electrocata-
lysts, which achieved 8.09  mg h–1 mg–1 and Faradaic efficiency 
of 11.59% at −0.2 V versus reversible hydrogen electrode (RHE). 
Additionally, the joint effect of the dopant and defect usually act 
together to improve the electrocatalytic performance.

Liu et  al. developed N-doped porous carbon (NPC) for 
NRR application, and the ammonia yield rate of NPC-750 
(1.00−1.40 mmol g−1 h−1 or 0.60−0.84 µmol cm−2 h−1 at −0.7 to 
−0.9 V) was even higher than those of Ru-, Au-, and Fe/ carbon 
nanotube (CNT) electrocatalysts (0.012−0.097  µmol cm−2 h−1). 
The as-prepared NPC exhibited high N2 adsorption capability 
as its abundant pore structure was suited to fast mass transfer 

for adsorbing N2 and NN cleavage.[102] DFT computations 
also confirmed that the pores can stabilize the N2 reduction 
intermediate (NHx and N2Hx), which can produce high par-
tial pressure and promote further reactions. The pyridinic and 
pyrrolic N also plays an important role in promoting ammonia 
synthesis. The preferable pathway was found to be *NN → 
*NH = NH → *NH2−NH2 → 2NH3.

3.2. Heteroatom Doping

Heteroatom doping has been widely used to tailor the physico-
chemical properties of catalyst materials. The unique electronic 
structures of heteroatom-doped materials will result in different 
adsorption energies, reaction thermodynamics, and activation 
barriers, and further influence the catalytic properties.[35,159–162] 
Typically, heteroatom doping engineering is divided into two 
categories: non-metal-atom doping (such as N-, B-, O-, S-, and 
P-doped materials)[33–35] and metal-atom doping (such as single 
atom Pd, Au, Mo, Fe, Pt and Co-doped materials).[44–49,163]

3.2.1. Metal-Atom Doping

Reasoning from theory and experimental results, downsizing 
the metal species to the sub-nanometer scale can achieve 
maximum atomic utilization efficiency in catalytic applica-
tion.[164–167] Generally, nitrogen and metal are co-doped on 
carbon material, since the heteroatom doped defect-rich carbon 
can efficiently anchor metal atoms. In the case of single atom 
catalysts (SACs), the metals are low coordinated, so that they 
can strongly adsorb N2 and effectively activate N2. Recently, 
SACs also were developed for the NRR through theoretical and 
experimental study.[168] For instance, Zhao et  al. systematically 
studied the potential of transition metal (TM) atoms (TM = Sc 
to Zn, Mo, Ru, Rh, Pd, and Ag) supported on defect-rich boron 
nitride (BN) as NRR catalysts via DFT calculations.[169] This 
work proposed three criteria for an eligible NRR electrocatalyst. 
By comparing the Gibbs free energy change (ΔG) of N2 adsorp-
tion, the stabilization of N2H*, and the destabilization of NH2* 
species on different TM atoms, the researchers found that the 
Mo-embedded BN monolayer was the only eligible catalyst. The 
computation further revealed that the introduction of Mo atoms 

Figure 8.  Comparison of the yield rate and Faradaic efficiency with recently reported NRR electrocatalysts. a) Metal-free or single-atom catalyst (SAC)-
based electrocatalysts. b) Other nanomaterial electrocatalysts. Values were plotted from references (Tables 4 and 5).
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resulted in a large and localized spin moment and a decreased 
band gap for the Mo-embedded BN, which was reflected in acti-
vation of the N2 molecule and a lower overpotential of the NRR 
process. The computational overpotential (η) of the distal, alter-
nating, and enzymatic pathways were found to be 0.59, 0.72, 
and 0.19  V respectively, suggesting that the NRR process pre-
fers to follow the enzymatic mechanism.[169]

Tao and co-workers reported that single-atom Ru anchored 
on N-doped graphene could achieve a high NH3 yield rate of 
3.665 mgNH3 h–1 mg–1

Ru.[126] The addition of ZrO2 in Ru@NC 
can also significantly improve the NRR Faradaic efficiency 
due to its suppression effect toward the HER. The optimized 
calculation models for Ru@Zr32O63 and Ru/NC are shown in 
Figure  10a. DFT calculations revealed the mechanisms of the 
HER and the NRR over Ru@Zr32O63 and Ru/NC2, respectively 
(Figure  10b,c). Obviously, the Ru@Zr32O63 has a smaller ΔG 
(*H) of −0.20  eV than even Ru@NC (−0.42  eV), which indi-

cates that H adsorption is significantly suppressed by the Ru@
Zr32O63 with O vacancy.[126] Recently, Qiao’s group built up a 
picture of 60 kinds of single transition metal atoms (TM-SACs) 
supported on N-doped carbon as NRR catalysts via DFT calcula-
tions. And the calculated model and reaction pathways are illus-
trated in Figure 10d,f, and all the involved transition metals are 
listed in Figure 10e. Based on the N adatom adsorption energy, 
the intrinsic activities of a series of TM-SACs were plotted in 
Figure  10g. And this work provides a promising strategy for 
designing effective TM-SACs-based catalysts to guide future 
NRR study. Yang et al used the monolayer MoS2 as the sub-
strate to anchor TM-SACs (TM = Ag, Au, Co, Cr, Cu, Fe, Mn, 
Mo, Ni, Pd, Pt, Rh, Ru, Sc, Ti, V, W, and Zn) toward NRR. 
Through the first-principles high-throughput screening, the 
study suggests the Mo atom anchored on the top of Mo site of 
MoS2 possesses the most promising catalyst with a calculated 
overpotential of 0.28 V.[171]

Table 4.  Summary of metal-free catalysts.

Category Materials Electrolyte Yield rate [V vs RHE] FE [%] [V vs RHE] Refs.

Metal-free catalyst PCN 0.1 m HCl 8.09 [µg h–1 mg–1]@−0.2 V 11.59@−0.2 V [108]

NCM 0.1 m HCl 0.08 [g m–2 h–1]@−0.3 V 5.2@−0.2 V [109]

BC3 0.05 m H2SO4 9.8 [mg h–1 cm–2]@ −0.5 V 10.8@−0.5 V [110]

B4C 0.1 m HCl 6.57 [µg h–1 mg–1]@ −0.75 V 15.95@−0.75 V [111]

F-doped carbon 0.05 m H2SO4 197.7 [µg h–1 mg–1]@−0.3 V 54.8@−0.2 V [112]

FC 0.05 m H2SO4 6.9 [µg h–1 cm–2]@ −0.55 V 12.1@−0.55 V [113]

BP 0.01 m HCl 31.27 [µg h–1 mg–1]@−0.7 V 5.07@−0.6 V [114]

BNS 0.1 m Na2SO4 13.22 [µg h–1 mg–1]@−0.80 V 4.04@−0.8 V [115]

Eex-COF/NC 0.1 m KOH 12.53 [µg h–1 mg–1]@−0.2 V 45.43@−0.2 V [116]

NPC 0.05 m H2SO4 1.4 [mmol g–1 h–1]@ −0.9 V 1.42@−0.9 V [102]

2D Material Ti3C2Tx 1 m HCl
0.5 M Li2SO4

0.53 [µg h–1 cm–1]@−0.5 V 5.78@−0.2 V [103]

N-phosphorene 0.1 m KOH 18.79 [µg h–1 mg–1]@ 0 V 21.51@ 0 V [104]

Bi NS 0.1 m Na2SO4 13.23 [µg h–1 mg–1]@ −0.8 V 10.46@−0.8 V [105]

Antimonene 0.1 m KOH 180.4 [g h–1 mg–1]@−0.1 V 11.6%@ 0.05 V [106]

FeMo@NG 0.25 m LiClO4 14.95 [µg h–1 mg–1]@−0.4 V 41.7@−0.2 V [117]

SACs Ru-ST-12 KOH/KNO3 5.56 [mol g–1 h–1]@−0.8 V 100@−0.1 V [78]

SA-Mo/NPC 0.1 m KOH 34.0 [µg h–1 mg–1]@−0.3 V 14.6@−0.3 V [118]

Mo0/GDY 0.1 m Na2SO4 145.4 [µg h–1 mg–1]@−1.2 V vs SCE 21@−1.2 V vs SCE [119]

Fe-SAs/LCC/GC 0.1 m KOH 307.7 [µg h–1 mg–1]@−0.15 V 51.0@−0.15 V [120]

FePC 0.1 m Na2SO4 137.95 [µg h–1 mg–1]@−0.3 V 10.50@−0.3 V [121]

ISAS-Fe/NC 0.1 m PBS 62.9 [µg h–1 mg–1]@−0.4 V 18.6@−0.4 V [122]

SACs-MoS2-Fe-2.0 0.1 m KCl 36.1 [mmol h–1 g–1]@−0.2 V 31.6@−0.2 V [123]

FeSA-N-C 0.1 m KOH 7.48 [µg h–1 mg–1]@ 0 V 56.55@ 0 V [124]

Ru SAs/g-C3N4 0.5 m NaOH 23.0 [g h–1 mg–1]@ 0.05 V 8.3@ 0.05 V [125]

Ru/NC 0.1 m HCl 3.67 [mg h–1 mg–1]@−0.21 V 7.5@−0.21 V [126]

Ru SAs/N-C 0.05 m H2SO4 120.9 [µg h–1 −1mgRu]@−0.2 V 29.6@−0.2 V [127]

Au SAs-NDPs 0.1 m HCl 2.32 [µg h–1 cm–1]@−0.2 V 12.3@−0.2 V [128]

Au1/C3N4 5 × 10−3m Na2SO4 1305 [µg h–1 −1mg Au]@−0.1 V 11.1@−0.1 V [129]

Ni-Nx-C-700 0.1 m KOH 115.0 [µg cm–2 h–1]@−0.8 V 21.0@−0.8 V [130]

Co–MoS2 0.01 m H2SO4 5.76 [µg h–1 mg–1]@−0.3 V 1.7@−0.3 V [131]
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Table 5.  Summary of representative electrocatalysts for the NRR.

Category Catalyst Electrolyte Yield rate [V vs RHE] FE [%] [V vs RHE] Refs.

Metal oxides MoO3 Nanosheet 0.1 m HCl 29.43 [µg h–1 mg–1]@−0.5 V 1.9@−0.3 V [29]

Nb2O5 Nanofiber 0.1 m HCl 8.09 (µg h–1 mg–1)@−0.55 V 9.26@−0.55 V [94]

Fe2O3 Nanorods 0.1m Na2SO4 15.9 [µg h–1 mg–1]@−0.8 V 0.94@−0.8 V [132]

Nano Fe2O3 0.5 NaOH/
0.5 KOH

NaOH/0.5 KOH NaOH/0.5 
KOHNaOH/0.5 KOH

N/A 35@ 2 mA cm–2 [28]

Fe2O3@CNT KHCO3 2.2 × 10–3 [g m–2 h–1]
@ -2.0 V vs Ag/AgCl

≈0.15
@ -1.0 V vs Ag/AgCl

[25]

30%wt
Fe2O3@CNT

0.5 M KOH 1.06 × 10–11 [mol cm–2 s–1]
@−2.0 V vs Ag/AgCl

0.16
@−2.0 V vs Ag/AgCl

[133]

o-Fe2O3–Ar/CNT 0.1 m KOH 0.46 [mg h–1 cm–2]@−0.9 V vs Ag/AgCl 6.04
@−0.9 V vs Ag/AgCl

[134]

Bi4V2O11/CeO2 HCl 23.21 [µg h–1 mg–1]@−0.2 V 10.16@−0.2 V [95]

TiO2 nanosheet 0.1 m Na2SO4 9.16 × 10–11 mol s–1 cm–2

@-0.7 V
2.50@−0.7 V [135]

Metal sulfides MoS 1.0 m KOH 75.85 [µg h–1 cm–1]@ −1.0 V 0.098@−1.0 V [100]

FeS 1.0 m KOH 185.1[µg h–1 cm–1]@−1.0 V 0.105@−1.0 V [100]

NiS 1.0 m KOH 237.1 [µg h–1 cm–1]@−1.0 V 0.849@−1.0 V [100]

ZnS 1.0 m KOH 345.96 [µg h–1 cm–1]@−1.0 V 0.964@−1.0 V [100]

CdS 1.0 m KOH 253.37 [µg h–1 cm–1]@−1.0 V 0.741@−1.0 V [100]

MoS 0.1 m Li2SO4 43.4 [µg h–1 cm–1]@−0.2 V 9.81@ −0.2 V [99]

Metal nitrides MoN nanosheet 0.1 m HCl 3.01 × 10–10 mol s–1 cm–2@−0.3 V 1.15@−0.3 V [97]

VN nanowire 0.1 m HCl 2.48 × 10–10 mol–1 s–1 cm–2@−0.3 V 3.59@−0.3 V [136]

Metal phosphide CoP HNC 1.0 m KOH 10.78 [µg h–1 mg–1]@−0.4 V 7.36@ 0 V [137]

Noble metals Au THH NR 0.1 m KOH 1.65 [µg h–1 cm–2]@ −0.2 V 3.879@−0.2 V [26]

Au Sub-nanoclusters@TiO 0.1 m HCl 21.4 9 [µg h–1 mg–1]@−0.2 V 8.11@−0.2 V [138]

α-Au/CeOx–RGO 0.1 m HCl 8.3 [µg h–1 mg–1]@−0.2 V 10.10@−0.2 V [139]

Au nanocage 0.5 m LiClO4 3.9 [µg h–1 cm–2]@−0.5 V 30.2@−0.5 V [140]

Ru nanoparticles 0.01m HCl ≈5.5 mg h–1 m–2@−0.1 V 5.4@−0.01 V [29]

Ru/C 2 M KOH 0.25 [µg h–1 cm–2]@−0.96 V 0.92@−0.96 V [24]

Rh nanosheet 0.1 M KOH 23.88 [µg h–1 mg–1]@−0.2 V 0.217@−0.2 V [141]

Pt/C 0.1 M Li2SO4 9.37 × 10–10 mol s–1 cm–2@−1.2 vs Ag/AgCl 0.83 [142]

Ir 6M KOH/polyacrylic acid 
homopolymer

2.14 × 10–11 (mol cm–2 s–1)@ cell voltage of 
0.25 V

0.01
@ Cell voltage of 0.25 V

[143]

Ru/Ti 0.5 M H2SO4 7.31 (µg h–1 cm–2)@ 2 mA cm−2 N/A [144]

Rh/Ti 0.5 M H2SO4 0.918 [µg h–1 cm–2]@ 2 mA cm–2 N/A [144]

Pd SrCe0.9
Yb0.05O3

0.18 mol h–1 m–2 N/A [145]

Ni wire 0.1 M LiCl/EDA 7.73 × 10–7 mol h–1

cell voltage of 1.8 V
17.2

cell voltage of 1.8 V
[146]

Cu 0.2 M LiClO4/0.18 M ethanol in THF N/A 5.3 [147]

Pt/C Admixed NH4+ /H+ conducting 
Nafion 211

(Solid State Electrolyte)

1.14 × 10–9 mol s–1 cm–2

Cell voltage of 1.6 V
0.55

Cell voltage of 1.6 V
[148]

Alloys Pd3Cu1 1 M KOH 39.9@−0.25 V 1.22%@−0.25 V [149]

Pd0.2Cu0.8/rGO 0.1 M KOH 2.8 [µg h–1 mg–1]@−0.2 V ≈4.5
@ 0.0

[150]

RuPt 1.0 M KOH 1.08 [g s–1 cm–2]@ 0.023 V 13.2
@ 0.123 V

[151]

PbRu nanorod 0.1 M HCl 34.2 [µg h–1 mg–1]@−0.2 V 2.4@−0.2 V [152]
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3.2.2. Non-Metal-Atom Doping

Recently, different kinds of electrocatalysts including Fe, Mo, 
Pd, Cu, and Ru, have been verified to be the active centers 
for the NRR under the ambient conditions, although the high 
intrinsic activity toward the HER of these catalysts leads to low 
Faradaic efficiency and NH3 yield. Thus, the metal-free catalysts 
emerged with unfavorable activity toward the HER.

To date, electron-deficient B and electronegative F are the 
usual atoms that are used to design metal free catalysts for the 
NRR.[112,172–178] The pioneering work demonstrated that, com-
pared to a certain transition-metal, which can weaken the NN 
bond through π-donation, in several borylene complexes, the 
strong π-donation of B dopant to CO is also a bonding motif 
important to end-on dinitrogen binding to a metal center. The 
B-to-N π-back bonding formation provides a new pathway for 

Figure 9.  Defect engineering. a) EPR spectra. b) UV–vis DRS. c) N2 adsorption geometry on polymeric carbon nitride (PCN) with nitrogen vacancy 
(NV). d) The charge density difference of the N2-adsorbed PCN with NVs. e) Free energy profile for the NRR on NV engineered PCN. Reproduced with 
permission.[108] Copyright 2018, Wiley-VCH.

Figure 10.  Heteroatom metal-atom doping. a) Calculation atomic structure models for Ru@Zr32O63 and Ru/NC. Free-energy diagram for the NRR on 
b) Ru@Zr32O63, and c) on Ru@NC. Reproduced with permission.[126] Copyright 2019, Elsevier Inc. d) Calculation models of single transition metal atom 
catalyst anchored on a g-C3N4 matrix. e) Metal elements (blue shades) for the eNRR activities obtained experimentally. f) Schematic illustration of proton-
coupled electron transfer for NRR via a distal pathway. g) Comprehensive comparisons of the limiting potential of SACs consisting of different metal centers 
and supports, with the pure metal (111) surface included as a reference. Reproduced with permission.[170] Copyright 2019, American Chemical Society.
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the NRR. In addition, under acidic conditions, the B atoms can 
prevent the binding of Lewis acid and H+, which will suppress 
the competing HER reaction.[173] Qiu et  al. also reported that 
boron carbide(B4C) nanosheet acts as a high performance NRR 
catalyst, which can achieve a NH3 yield of 26.57  g h–1 mg–1

cat 
with a FE of 15.95% at −0.75  V versus RHE. The DFT com-
puted energy profiles revealed that *NH2−*NH2→*NH2−*NH3 
is the rate-limiting step.[111] Based on early studies of single-
boron NRR catalysts,[102] B-atoms have been successfully intro-
duced into the graphene to fix nitrogen (Figure  11a).[110] The 
theoretical and experimental studies mutually corroborate the 
N2 catalytic ability of B-doped graphene (BC3). This is because 
the smaller electronegativity of boron (2.04) is introduced into 
carbon (2.55), which results in a redistribution of electron 
density of both the highest occupied molecular orbital and the 
lowest unoccupied molecular orbital (LUMO). The positively 
charged B atoms serve as effective catalytic centers to form B–N 
bonds and further produce the NH3. Furthermore, under acidic 
conditions, the bonding of Lewis acid with H+ is prohibited on 
these electron-deficient boron sites. Therefore, compared with 
the undoped graphene, the NRR yield rate (9.8  mg h–1 cm–2) 
and Faradaic efficiency (10.8%) of BG (Figure 11b) have fivefold 
and tenfold increases, respectively, due to the N2 activation and 
the suppression of the competing side reaction (HER). First-
principles calculations were carried out to understand the reac-
tion mechanism. Among the different NRR pathways, the distal 
pathway in the associative mechanism stood out. The calcula-
tion results confirmed that the formation of the adsorbed inter-
mediate NH2* is the limiting step for BC3 (0.43 eV, NH*/NH2). 
Compared with the introduction of oxygen on B, BCO2 (1.04 eV, 
N*/NH*), and BC2O (1.30 eV, N*/NH*), the BC3 possessed the 

lowest reaction energy barrier (0.43  eV), indicating that it had 
the best catalytic NRR performance among these structures 
(Figure 11c).

F element was also introduced into the 3D carbon frame-
work for a highly efficient metal-free catalyst (Figure  11d).[112] 
The bonding between F and C atoms created a Lewis acid site 
which repelled the H proton, suppressing the activity of the 
HER. Moreover, the low activity toward the HER of the catalyst 
resulted in high Faradaic efficiency (FE) and a high yield rate 
for NH3. During the N2 electroreduction process, the F-doped 
carbon achieved the highest FE of 54.8% for NH3 product at 
−0.2 V versus reversible hydrogen electrode (versus RHE), while 
the pristine carbon frameworks only reached 18.3%. Notably, at 
−0.3  V versus RHE, the yield rate of F-doped carbon for NH3 
reached 197.7 µg mg−1

cat h−1 (Figure 11e). Such a value is more 
than one order of magnitude higher than those of other metal-
free electrocatalysts under near-ambient conditions to date.

3.3. Size Effect

Since the NRR involves multiple reaction intermediates, it is 
rather challenging for a single-atom center to simultaneously 
improve the yield rate and the FE. To address this issue, a prom-
ising strategy is to introduce dimer sites to tune the adsorption 
of intermediates. Compared with single atoms, metal dimers 
and clusters are also cost-effective, with more active site exposure 
and high utilization efficiency.[180] Theoretically, Co, Ni, and Cu-
based bi-atom catalysts (BACs) have been predicted to have much 
higher activity toward O2 reduction, as compared with their 
single-atom counterparts.[181] Several metal dimers, including 

Figure 11.  Heteroatom non-metal-atom doping. Electrocatalytic NRR activity of the boron doped graphene (BG): a) Schematic illustration of the NRR 
for BG. b) NH3 production rates and FENH3 of BG-1. c) Reaction pathways of the NRR on BC3, BC2O, BCO2, and C. Reproduced with permission.[110] 
Copyright 2018, Elsevier Inc. d) Schematic illustration of the synthetic procedure for F-doped carbon. e) Yield rate of NH3 over F-doped carbon and 
pristine carbon at different potentials. Reproduced with permission.[112] Copyright 2020, Wiley-VCH.
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Mo2 and Mn2, supported by 2D C2N monolayers, were predicted 
to have better catalytic activity than the corresponding SACs. 
Each metal atom combined with two pyrrole nitrogen atoms and 
two amino nitrogen atoms of the macrocycle to form the M2N6 
moiety.[179] The authors used the C2N as the substrate, and single 
atoms and double atoms of different metals (including Cr, Mn, 
Fe, Co, and Ni) were integrated into the C2N, which were denoted 
as TM–C2N, and TM2–C2N (Figure  12a). According to the ther-
modynamic, kinetic, and thermal stability studies, an active cata-
lyst should have an appropriate adsorption energy of NNH∗ near 
−1.0  eV, and the Mn2–C2N was regarded as the most effective 
NRR catalyst. The NRR mechanisms over the Mn–C2N and the 
Mn2–C2N were compared in the free energy profile. In the case 
of the Mn–C2N, the reaction followed the distal pathway with the 
rate-determining step (RDS) the first HN bond formation with 
a ΔG value of 0.69 eV. Mn2–C2N followed the enzymatic pathway 
with the same RDS of first HN bond formation with a ΔG value 
of 0.08 eV. The NRR performance of Mn2–C2N is prompted by 
the bridge site of Mn2–C2N, which can make the adsorbed N2 
more active (Figure 12b). Note that the V2–Pc, which displays the 
highest activity among all the considered homonuclear M2–Pc.

3.4. Crystal-Facet Design

Crystal-facet engineering is also a promising strategy for 
improving the corresponding electrocatalytic activity.[51,182] A 
tremendous amount of research has demonstrated that the 
facet effect plays an important role in fine tuning the phys-
icochemical properties of a catalyst (such as the energy level, 
Fermi level).[39,40] Atomic-level engineering will precisely 
manipulate the atomic arrangement and coordination of the 
active facets, and subsequently improve the corresponding 
catalytic activity.[183] Theoretical calculations have shown that 
the adsorption capability of intermediates varies with different 
facets in the NRR process.[67,90]

Wang et al. reported that Ru clusters with (002) facets can sig-
nificantly enhance the NRR selectivity with a high yield rate of 
≈5.5  mg h–1 m–2.[29] A simplified hexagonal close packed (hcp) 
Ru (117) nanoparticle model was constructed to elucidate the 
reaction mechanism. The (001) surface, which is equivalent to 
(002), was composed of center atoms (yellow) and edge atoms 
(orange) (Figure 13a). The edge atoms exhibited stronger adsorp-

tion of N2 than the center Ru atoms, indicating that the edge-
sites can effectively activate the NN bonds. Furthermore, DFT 
calculations revealed that the reaction pathway prefers the dis-
sociative mechanism (Figure 13b). *NH2 + H+/e– → *NH3 is the 
rate-limiting step with an uphill energy of 0.33 eV (Figure 13c).

Bao et  al. used tetrahexahedral gold nanorods (THH Au 
NRs), enclosed by stepped 730 facets, which were composed of 
(210) and (310) subfacets as a heterogeneous NRR electrocata-
lyst (Figure  13d).[26] The abundant high-index facets (310) and 
(210) on the THH Au NRs provided a large number of active 
sites (Figure 13e), which could adsorb and dissociate N2. It was 
concluded from the free energy diagram that the N2 dissocia-
tion is the rate-determining, step while the other elementary 
reactions are exothermic, except for the formation of hydra-
zine hydrate from NH2NH2* intermediates (Figure  13f). The 
NRR process followed the alternating hydrogenation mecha-
nism. Similarly, Nazemi et al. reported the synthesis of hollow 
gold nanocages (AuHNCs) by the galvanic replacement tech-
nique.[140] Impressively, the AuHNCs exhibited good NRR cata-
lytic ability with FE of 30.2% at −0.4  V versus RHE and NH3 
yield of 3.9 µg cm–2 h–1 at −0.5 V versus RHE. The X-ray diffrac-
tion (XRD) and transmission electron microscope (TEM) results 
revealed the AuHNCs were composed of various surface index 
facets and sharper edges. A large amount of valency-unsatisfied 
surface atoms on the surface could serve as the active sites for 
the electrochemical NRR. Furthermore, when the operation 
temperature increased from 20 to 50  °C, the FE increased to 
40.55% from 30.2% due to the faster mass transport rate.

3.5. Alloy

Alloying is another promising strategy, which can tune the sur-
face strain and electronic interactions. Alloying engineering can 
precisely tune the binding strength of intermediates on a catalyst 
surface and further enhance the specific catalytic activity.[185] [37,38] 
A series of Ru-based alloys were extensively explored for ammonia 
synthesis, such as RuPt[151] and PdRu alloys,[152,186,187]which 
achieved a nice boost to performance over pure Ru.

Shi et al. developed PdCu amorphous nanoclusters anchored 
on reduced graphene oxide (rGO) as an NRR catalyst. The 
Pd0.2Cu0.8/rGO was synthesized by co-reducing the graphene 
oxide (GO), Pd, and Cu precursors using tannic acid and 

Figure 12.  Size effect a) Structural model of 2D metal dimers supported on 2D expanded phthalocyanine (M2-Pc) nanosheet. b) Volcano-shaped 
relationship between the theoretical limiting potential (UL) and the adsorption energy of NNH*(ΔEN2H*). Reproduced with permission.[179] Copyright 
2020, American Chemical Society.
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NaBH4. The XRD patterns without an obvious peak indicated 
the amorphous structure. The STEM images and X-ray photo-
electron spectroscopy (XPS) spectra of Pd0.2Cu0.8/rGO confirmed 
the presence of CuPd alloy supported on rGO and the electron 
transfer between Pd and Cu. The synergistic electronic effect 
of the bimetal significantly improved the NRR catalytic activity. 
Since the electronic interaction between Pd and Cu led to 

changes in the electronic states of the monometals, the ammonia 
yield rate of Pd0.2Cu0.8/rGO was 2.1 fold and 2.4 fold higher than 
those of its Pd/rGO and Cu/rGO counterparts, respectively.[150]

To further optimize the performance of the alloy, the bime-
tallic mole ratio was tuned. Pang et  al. prepared bimodal 
nanoporous Pd3Cu1 alloy with high active site density, good 
reactant accessibility, and structural integrity (Figure  14a).[149] 

Figure 13.  Crystal-facet design. a) The calculated models of hcp Ru234 and hcp Ru117 nanoparticles (NPs). b) Free energy change of different reaction 
pathways. c) Free energy profile of the NRR process over the Ru NPs. Reproduced with permission.[184] Copyright 2018, Wiley-VCH. d) TEM image of 
Au THH NRs. e) Atomic structure model of Au THH NRs with different exposed facets. f) Free energy profile of the NRR process over Au (210) and 
Au (310). Reproduced with permission.[26] Copyright 2016, Wiley-VCH.

Figure 14.  a) Illustration of the preparation of Pd3Cu1 alloy with hierarchically porous structure. b) HAADF–STEM image of Pd3Cu1 alloy. c–f) STEM–
EDS mappings of Pd3Cu1 alloy. g) Yield rate and Faradaic efficiency of Pd3Cu1 alloy at different applied potentials. Reproduced with permission.[149] 
Copyright 2019, Elsevier Inc.
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The Pd3Cu1 alloy displayed a bicontinuous nanoporous network 
of Pd and Cu elements uniformly distributed throughout the 
alloy (Figure 14b–f). The 3D interconnected hierarchical struc-
ture could dramatically promote the catalytic reaction between 
the reactant and the catalyst. Specifically, the presence of small 
pores could provide a large specific surface area with a high 
density of active sites to react with reactant molecules, while 
the large pores could facilitate timely and consistent trans-
port of reactant molecules to active sites. This alloy exhibited 
a NH3 production yield of 39.9  µg h−1 mg−1 at −0.2  V versus 
RHE and a Faradaic efficiency of 1.56% at −0.05 V versus RHE 
(Figure 14g).[149]

3.6. Phase Engineering

Phase engineering can tune the electronic state of a material 
and benefit its catalytic properties,[188,189] which has been veri-
fied and widely applied in the oxygen reduction reaction (ORR), 
the oxygen evolution reaction (OER),[190] and the HER.[191] 
Lv and co-workers reported that nitrogen fixation could be 
achieved using amorphous Au nanoparticles anchored on 
reduced graphene oxide (a-Au/CeOx–rGO).[139] Compared to 
crystallized material, the amorphous structure is more active 
due to the presence of many “dangling bonds”. Their experi-
mental results confirmed that the a-Au/CeOx–rGO exhibited 
excellent NRR catalytic performance thanks to the high content 
of unsaturated coordination sites.

Lv and co-workers also reported that the phase conversion 
of Bi4V2O11 from crystalline to amorphous could be achieved 
by introducing CeO2 (Figure 15a,b).[95] Energy-dispersive X ray 
(EDX) line scanning and mapping analysis revealed the homo-
geneous distribution of amorphous Bi4V2O11. The availability of 
localized electrons in the amorphous phase could be enhanced 
for π-back donation, which contributes to the N2 activation. 
Moreover, such configuration can accelerate the electrons 

transfer between CeO2 and Bi4V2O11 (Figure  15c). Benefiting 
from the reduced energy barrier in amorphous catalysts, 
remarkable NRR performance was achieved with a yield rate of 
23.21 mg h–1 mg–1

cat and Faradic efficiency of 10.16% at −0.2 V 
versus RHE (Figure 15d).

4. Reaction System and Electrolyte

Since the ammonia synthesis process involves multiple inter-
mediates via different pathways, the HER is the major com-
peting reaction, and N2H4 may be the by-product. These all 
make selectivity and efficiency the main challenge. Besides 
the rational design of the electrocatalyst mentioned above, to 
improve the selectivity and efficiency, the appropriate selec-
tion of the right equipment and electrolyte is also vital. Thus, 
from the selectivity and efficiency perspective, we summarize 
and classify the equipment types and electrolytes for better 
understanding of the influence of system design to enable 
the selection of more rational equipment and electrolyte 
(Figure 16).

4.1. Reaction Cell

The rational design of an electrochemical N2 fixation system 
also plays an important role in improving the yield rate and 
faradic efficiency. Four kinds of cell configurations were devel-
oped for electrochemical N2 fixation, including the back-to-back 
cell,[142,148,192] the polymer electrolyte membrane-type cell, which 
generally uses a solid-state electrolyte, the H-type cell, and the 
single chamber cell with liquid electrolyte.[193–197]

The back-to-back cell usually consists of two porous electrodes 
and one polymer membrane as the solid-state electrolyte. Gen-
erally, proton exchange membranes (PEMs) [148,192] and anion 

Figure 15.  a) Scheme for the fabrication of Bi4V2O11/CeO2 hybrid with an amorphous phase (BVC-A) and the Bi4V2O11/CeO2 hybrid with crystalline phase 
(BVC-C) electrocatalysts. b) High-resolution TEM (HRTEM) image of BVC-A. c) Band alignment of Bi4V2O11 and CeO2. i) interfacial charge transfer in 
BVC-A. d) Yield of NH3 and Faradaic efficiency at different potential. Reproduced with permission.[95] Copyright 2018, Wiley-VCH.
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exchange membranes (AEMs)[20,198] are used for acid and basic 
cell environments, respectively. Besides the solid-state electro-
lyte, liquid electrolyte also can be applied in the back-to-back type 
cell. Compared to the back-to-back cell, the addition of liquid 
electrolyte in the polymer electrolyte membrane-type (PEM-type) 
cell not only can ensure the full wetting of the membrane and 
increases its conductivity, but a reference electrode can also be 
used to detect the potential of the working electrode.[24,197]

The H-type cell is separated by a Nafion membrane into two 
chambers filled with liquid electrolyte, where the working and 
reference electrode can accurately detect the applied potential 
in the cathode. Bao and Nazemi both used the membrane elec-
trode assembly (MEA) technology for the NRR process, which 
can limit the amount of water access to the catalyst surface and 
suppress the HER.[26,140] Recently, a single chamber was also 
developed for the NRR electrocatalytic system, which has a 
compact and simplified structure.[144,199–202] Both the H-type and 
the single-chamber cells both have the problem, however, that 
gaseous NH3 or NH4+ may be oxidized at the anode.

4.2. Electrolyte Selection

The optimal electrolyte can increase the solubility of N2, circum-
vent the HER, maintain the catalyst stability, and enhance the 
current efficiency. Generally, the electrolytes applied in NRR 
catalysis can be divided into four categories, including aqueous, 
nonaqueous, polymer electrolyte. and solid polymer electro-
lyte.[24,143,203] In the early stages, substantial research efforts were 
dedicated to eliminating the thermodynamic restrictions and 
searching for a solid-state proton-conducting electrolyte that 

could be operated at high temperature but atmospheric pres-
sure. Since SrCe0.95Yb0.5O3 had been successfully applied in 
ammonia synthesis at atmospheric pressure,[145] a series of solid-
state electrolytes were explored to improve the ammonia syn-
thesis rate, such as La1.9Ca0.1Zr2O6.95,[204] BaCe0.85Y0.15O3−α,[205] 
and Ce0.2M0.2O2−δ (M = La, Y, Gd, Sm).[206]

With the development of the ammonia electrochemical con-
version process, the researchers’ attention has turned to the 
aqueous electrolyte, which they hope can achieve ammonia 
synthesis in the ambient environment.[207] The most common 
aqueous electrolytes include alkaline electrolytes (KOH,[208] 
KHCO3

[25]), acidic electrolytes (HCl, H2SO4), and neutral electro-
lytes (Li2SO4,[209] LiClO4

[140]). Among these aqueous electrolytes, 
the Li-mediated electrolytes have been regarded as promising 
electrolytes due to the enhanced interactions between Li+ and 
N2.[21,210,211] This pioneering work concluded that Li+ is more 
efficient than Na+ for N2 adsorption, because the presence of 
core electrons in large cations limits the stabilizing contribution 
of the electrostatic and induction terms to the total energy.[194] 
Hans Mikosch et al. also confirmed that the adsorption energies 
for N2 decrease in the order Ca2+ > Na+ > Li+.[195] Recently, Chen 
et  al. used the Li+-incorporation strategy, resulting in sluggish 
kinetics and a higher energy barrier for H2 formation, but also 
providing appropriate NRR sites.[209] Song et al. used LiClO4 for 
the electrochemical conversion of ammonia, because, compared 
to NaClO4 and KClO4 electrolytes, the LiClO4 exhibited the 
highest Faradaic efficiency and yield rate due to the enhanced 
interactions between Li+ and N2.[21]

In consideration of the presence of the water, the HER 
side-reaction is regarded as the main reason for low Faradaic 
efficiency in the aqueous electrolytes employed.

Figure 16.  Overview of the electrolyte selection, from solid-state electrolyte to polymer electrolyte, ionic liquid electrolyte, and aqueous electrolyte, as 
well as Li-mediated electrolyte. Reproduced with permission.[145] Copyright 1998, The American Association for the Advancement of Science. Repro-
duced with permission.[99] Copyright 2019, Wiley-VCH.
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5. Conclusion and Outlook

5.1. Open Up a New Way to NH3 Synthesis

Within the published literature, the electrochemical synthesis 
of N2 and H2O to NH3 under ambient conditions is emerging 
as a most promising alternative to the H–B process among 
the aforementioned four kinds of NH3 synthesis methods. 
The high dissociation energy of 945 kJ mol−1 for NN bonds, 
however, makes the N2 molecule very stable.[212] The low yield 
rate and low Faradaic efficiency of the N2 fixation process in an 
aqueous solution are mainly because of the difficult activation 
of N2 and the competitive HER. Although theoretical analysis 
and experimental results have demonstrated that the occupied 
and unoccupied p states of B atoms can prohibit the binding 
of Lewis acid and H+, which can circumvent the HER and pro-
mote the NRR,[173,175,213,214] the NRR process still has insufficient 
efficiency. Importantly, another root of the problem is the low 
water solubility of N2 (KH = 6.24 × 10–4 mol L–1 atm–1).[215] Thus, 
seeking accessible nitrogenous species or searching for an 
alternative and efficient NH3 synthesis pathway is highly prom-
ising but challenging.

Several alternative methods to the electrochemical synthesis 
NH3 have been proposed. The NH3 synthesis process can be 
achieved over transition metal nitrides (TMNs) via the MvK 
mechanism.[51] The NH3 can be synthesized using the lattice N 
in TMNs, and the lattice vacancies can be further replenished 
with gaseous N2.[50,74] Such an MvK strategy provides another 
alternative to the participation of nitrogenous species in the 
NRR reaction. The N2 reduction method must be conducted, 
however, to demonstrate the origins of the produced ammonia 
origins, and the TMN-based catalyst may incur decomposition 
during the catalytic process.

Another alternative pathway to NH3 synthesis is to electro-
chemically reduce nitrates to ammonia (NtrRR), which can use 
the extensive nitrates from industrial wastewater or domestic 
sewage.[53,216] In contrast to N2, the nitrate salts are soluble 
in water and promote the mass transfer during the reaction 
process. Such NtrRR pathways can also greatly increase the 
ammonia yield rate by two or three orders of magnitude.[50,78] 
The Faradaic efficiency of NtrRR is nearly 100%.[36] Besides the 
MvK and NtrRR pathways, the metal–N2 rechargeable batteries 
provides another method to produce NH3 in spite of some 
intractable problems that still exist in such reversible energy-
storage systems.[22,217,218] In addition, Li et al also proposed a 
new pathway, which active the N2 to NOx via plasma technique 
and convers the NOx to NH3.[219]

5.2. Boost Efficient NH3 Synthesis by Theoretical Studies

Although recent years have witnessed a blossoming interest 
in the development of the electrocatalytic conversion of N2 to 
NH3, the design of the catalyst is still largely a trial-and-error 
process. Thus, catalyst design by the theories of constructivism 
is extremely important. Theoretical studies have been proven 
to be a powerful tool in this electrochemical synthesis of NH3. 
They not only predict the most promising catalysts via com-
putational screening, but also provide the reaction pathways 

via thermodynamic analysis over different catalysts for better 
understanding of the reaction mechanism.[67–69,74,91] Based on 
the free energy of intermediates found by DFT calculations, vol-
cano plots relating to the NRR activity of different catalysts have 
been constructed, which provide theoretical guidance toward 
the selection and optimization of electrocatalysts. [86,220,221] In 
addition, the electronic structure analysis between the catalyst 
and the intermediates, such as for the density of states (DOS), 
spin density, and charge density also provides strong evidence 
to aid in the investigation of mechanisms.[222] With the develop-
ment of in situ technology, such as in situ Raman, in situ FTIR, 
online differential electrochemical mass spectrometry (DEMS), 
which can determine the electrochemical reaction intermedi-
ates. The combination of advanced online characterization and 
theoretical study accelerates the understanding of the reaction 
pathway.[223]

5.3. Improve the Activity and Selectivity of the NRR

Research on the electrochemical synthesis of NH3 has seen 
much progress in recent years, as evidenced by the rapidly 
increasing number of publications on this subject, but the 
major challenges are the limited yield rate and low Faradaic 
efficiency resulting from the higher N2 activation barrier and 
the competing HER reaction. To improve the activity and selec-
tivity during the electrochemical NH3 synthesis process, in this 
review, some strategies have been summarized. One important 
strategy is to rationally design highly effective and selective 
catalysts, which can expose more active sites, possess binding 
energy with N or intermediates, and simultaneously suppress 
the competing HER reaction. The advanced design strategies, 
such as the introduction of defects, heteroatom doping, crystal-
facet design, and alloying, could tune the physicochemical prop-
erties on the atomic level, improve the affinity of N-adatoms, 
and further enhance the catalytic activity.

Besides the rational design of the catalyst, advanced elec-
trocatalytic systems should be considering for suppressing the 
HER reaction. The optimization of the interfaces between the 
electrolyte and the cathode, such as using MEA technology, can 
prevent H2O access to the cathode. The addition of 2-propanol 
can suppress the HER, and the Li+-incorporation strategy can 
increase the solubility of N2.[21]

5.4. Optimize the Measurement of Ammonia

Up to now, a series of measurement methods have been used 
for ammonia detection, such as ion-selective electrodes (ISEs), 
ion chromatography, the colorimetric method (including 
indophenol blue, salicylate acid, the phenate method, and 
Nessler’s reagent method), and enzymatic testing. However, 
the amount of ammonia produced is usually as low as the 
nanomole level, it cannot be firmly attributed to the nitrogen 
electroreduction process. Both out-system and intrasystem 
may contain the contamination source, such as the NH3, NOx 
in the air or human breath, nitrogen-containing compounds 
in the electrocatalyst or electrolyte.[224] It is difficult to com-
pletely rule out the contribution of NH3 derived from N-based 
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materials or N-containing electrolytes,[225] and the synthesized 
ammonia in the cathode may cross over the Nafion mem-
brane to be oxidized in the anode, accurate and reliable meas-
urements of the ammonia have been limited.[226] Therefore, 
to clarify the source of ammonia and accurately measure the 
amount of ammonia, a protocol for rigorous experimentation 
must be proposed.

•	 As the existence of NOx in the electrolyte could cause signifi-
cant false positive results. The prejudgment of NOx

− in the 
electrolyte is strongly recommended prior to NRR. Running 
the NRR test under Ar gas is necessary and the impurity in 
the electrolyte can be effectively removed by high-tempera-
ture treatment.

•	 Because the spectroscopic assays can be influenced by the 
solution conditions. The isotopic labeling experiments (15N2) 
should be performed. Before the labeling experiment, the 
15N2 gas should be treated with sulfuric acid overnight to re-
move the 15NH4

+, 15NO2
−, and other impurities.[224] Moreover, 

to obtain reliable and reproducible results, the error bars are 
suggested to be included in repeated runs of NRR testing.

•	 The nitrogen-containing compounds in the electrocatalyst 
may lead to false positive result, typically metal nitride. Thus, 
mass spectroscopy and NMR are suggested to verify the 
source of nitrogen.
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