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Abstract
Electrocatalytic nitrogen reduction reaction (E-NRR) to ammonia is becoming a major topic of interest in the field of large-
scale energy storage from renewable sources and water. This approach is considered as an alternative route of ammonia 
production that could replace the high energy demanding and polluting Haber–Bosch process or high pressure stored 
hydrogen from electrolysis. This focused review covers different recent aspects of ammonia production via E-NRR electro-
catalysis, including the challenges of E-NRR, reaction mechanisms, different materials of E-NRR catalysts such as noble 
metal-based, non-noble transition metal-based oxides, nitrides, carbides, and hetero-atom-based catalysts, emphasizing 
bifunctional catalysts reacting at ambient pressures and temperatures, which were not included in previous reviews. In addi-
tion, we discuss important issues concerning the commonly used experimental setup, testing protocols, and various  NH3 
quantification methods. The various fundamental and applied research methodologies summarized in this review can serve 
to promote efficient research on electrocatalytic nitrogen reduction and ammonia production, making it a promising future 
energy storage as a synthetic alternative fuel.
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Introduction

The ongoing surge in the cost of petroleum-based fuels 
indicates both an unsustainable demand as well as a deple-
tion in finite crude oil reservoirs [1]. In addition, the wide-
spread infrastructure development and the overwhelming 
consumption of fossil fuels have resulted in a series of 
environmental and economic issues such as air pollution, 
global warming, and geopolitical frictions [2]. Therefore, 
the need for intensive scientific research and development 

for exploiting carbon-free, clean energy and fuel is of high 
priority. These clean energy technologies mostly depend on 
the electrochemical reactions associated with the abundant 
species in the earth’s atmosphere such as  N2,  H2O, and  O2. 
Sustainable and environmentally friendly nitrogen and water 
energy cycles can be established through nitrogen reduction 
reaction (NRR), ammonia oxidation reaction (AOR), oxy-
gen evolution reaction (OER), and oxygen reduction reaction 
(ORR) [3]. Among these various methods, electrocatalytic 
NRR (E-NRR) is an emerging route for ammonia  (NH3) 
production [4]. Ammonia is one of the major chemical 
commodities which plays a vital role in the global economy 
via chemical and hydrogen storage industries [5]. In addi-
tion,  NH3 is a promising substitute for hydrogen in fuel cell 
energy conversion technology since it comprises high hydro-
gen content (17% compared to 12.5% and 13% in methanol 
and ethanol, respectively), it is a carbon-free fuel, and it liq-
uefies under low pressures of 8–10 bars at ambient tempera-
tures, thus may be stored as a liquid at about 10 atm at room 
temperature [6, 7]. Almost 200 million tons of ammonia 
 (NH3) are produced annually for industrial and agricultural 
applications, and more than 80% of it is used for the manu-
facturing of artificial fertilizers and various industries such 
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as pharmaceuticals, dye industry, and explosives [8, 9]. Ger-
man scientist Fritz Haber started the research on ammonia 
production in 1904. Later, in 1918, Haber patented the syn-
thesis of ammonia, and he was awarded the Nobel Prize in 
Chemistry for this invention [10]. In 1910, Alwin Mittasch 
successfully synthesized  NH3 using the promoted iron-based 
catalyst [11]. Afterward, in 1931, Carl Bosch was awarded a 
Nobel Prize for the scale-up process of ammonia synthesis 
to the industrial level [10, 12, 13]. Thus, today’s process is 
known as the Haber–Bosch process (HBP) [14]. At present, 
the only industrial method for  NH3 production is this pro-
cess, which produces around 200 million tons of  NH3 per 
year [15]. In this method, a mixture of hydrogen  (H2) and 
nitrogen  (N2) gases is being passed over an iron-based cata-
lyst. Steam reforming of coal and/or natural gas to produce 
the inlet  H2 leads to 1.87 tons of the greenhouse gas  (CO2) 
released per 1 ton of  NH3. The exothermic  N2 reduction 
reaction requires temperatures of 300–500 °C to improve the 
kinetics and a pressure of 150–200 atm [16–18]. Thus, this 
method is highly energy demanding and not environmentally 
friendly due to the emission of  CO2 [19, 20]. Therefore, 
there is an urgent need for an alternative, green, and sus-
tainable method for the production of efficient and clean 
energy. Recent years have witnessed the selective attraction 
among researchers in the direction of sustainable ammonia 
production via nitrogen reduction reactions (NRRs) [3, 21], 
as an alternative method to the conventional HB process. 
One of the most promising methods is the electrocatalytic 
nitrogen reduction process using noble metal-based, non-
noble transition metal-based oxides, nitrides, carbides,  
hetero-atom-based electrocatalysts, and bifunctional cata-
lysts which utilize a synergistic effect between two compo-
nents to enhance the E-NRR and increase its efficiency. The 
key topics in this review include various catalyst systems 
including bifunctional electrocatalysts, reported for NRR 
with the supporting mechanisms, challenges of NRR, and 
finally the commonly used experimental setup, testing pro-
tocols, and various  NH3 quantification methods. We believe 
that the various approaches summarized in this review may 
provide valuable insights to promote efficient research on 
electrocatalytic nitrogen reduction.

Fundamental understanding 
of electrochemical ammonia synthesis

Basic challenges of E‑NRR

Various methods such as electrochemical nitrogen reduc-
tion reaction (E-NRR) [22–25], electroreduction of nitrate 
[26, 27], photocatalytic NRR [28], plasma chemical NRR 
[29], biochemical and photocatalytic NRR [30] have been 
proposed for the alternative synthesis of ammonia. The 

photocatalytic and electrocatalytic  N2 reduction using water 
as the hydrogen source is regarded as renewable approaches 
under ambient conditions, offering a promising way for 
green and sustainable  NH3 production [17, 31, 32]. The ideal 
scenario for these processes requires a catalyst to ensure a 
high rate and selectivity, which remains a coveted goal. In 
the past decades, catalysis by electrochemical methods was 
the heart of several energy production and storage systems, 
which gained great attention and opened a new window for 
 NH3 synthesis [33]. The chemisorption of a reactant on 
active sites and the subsequent activation process induced by 
the electron transfer demonstrate an alternative conversion 
route in which the free energy barrier is low [15, 34]. There-
fore, significant efforts have been devoted recently to devel-
oping a novel catalyst design that evades the large energy 
barrier of  N2 reduction. However, its widespread employ-
ment is still hindered by various factors, such as low yields 
of  NH3, costly electrolytes, and harsh operating conditions 
[35, 36]. The inertness of nitrogen  (N2) is due to the strong 
triple bonding between two N atoms (N≡N) with a bonding 
energy of 940.95 kJ  mol−1 and high ionization energy of 
15.6 eV [37, 38], non-polarity, and negative electron affinity 
(− 1.9 eV). These properties result in large overpotential and 
a very low Faradaic efficiency (FE) (typically < 10%) for 
NRR [18, 39]. In addition, the first protonation of  N2 which 
is an endothermic process with ΔH0 = +37.6 kJ  mol−1 is 
thermodynamically hindered [15, 37, 40–42]. It is worth not-
ing that although the first protonation of  N2 on many cata-
lyst systems is endothermic, subsequent protonation to form 
 NH3 is relatively easy. Thus, the overall Gibbs free energy 
change of the NRR is negative [43], as exemplified by the 
conversion of  N2 to  NH3 by natural nitrogenase systems, the 
Haber–Bosch process, photocatalysis, and electrocatalysis. 
In addition, the large energy gap, about 10.82 eV, between 
the highest occupied and the lowest unoccupied molecular 
orbitals of  N2 does not favor the one- or two-electron transfer 
process and therefore endows the NRR with sluggish kinet-
ics where most protons and electrons have preferred ten-
dency towards a competing cathodic  H2 generation [44, 45]. 
Subsequently, selectivity remains a major challenge for the 
multi-electron and multi-proton NRR pathways in competing 
with the dominant HER for active catalysts. Theoretically, 
the transition metal-based catalysts overcome the kinetic 
limitation of N≡N activation through their π-back-donation 
process. Transition metals have the unoccupied d-orbitals 
which can receive the  N2 lone-pair electrons, and at the same 
time, the occupied d-orbitals of transition metal atoms can 
donate their electrons to the antibonding orbital of  N2. This 
electron transfer weakens the N≡N bond [46]. But practi-
cally, the transition metals can also facilitate the formation 
of a metal−H bond, leading to undesirable side reactions 
[47]. In summary, the NRR competes aggressively with the 
hydrogen evolution reaction (HER) which lowers the FE. As 
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a result, the majority of the transition metal-based catalysts 
can give  10−8 mol  cm−2  s−1 or below  NH3 producing rates 
and Faradaic efficiencies (FEs) lower than 10%, which is 
far from the necessary amount needed for practical applica-
tion in the industry [26, 48]. Giddey et al. suggested that for 
commercial and industrial applications, we need to have an 
 NH3 formation rate near  10−6 mol  cm−2  s−1 and FE of more 
than 50% [49].

The E-NRR involves multistep  N2 protonation and multi-
electron transfer, as illustrated below [24, 38, 50, 51];

Equations (1)–(3) show that the main hindrance to the 
electrochemical conversion of  N2 to  NH3 is the first one-
electron reduction/protonation of  N2, which is the rate-
determining step. The subsequent six and four-electron 
reductions are comparatively easier. When comparing Eqs. 
(7) and (1), it is clear that the activation of  N2 via H bind-
ing is more favorable than that via reduction to  N2

− as 
the latter requires more severe conditions (pH = 14) and 
occurs at higher potential. The two groups of reactions 
described by Eqs. (4)/(8) and (5)/(9) show that in addition 
to the E-NRR steps, the competitive HER is unavoidable in 
aqueous solutions and it is the main side reaction, charge 
consuming of E-NRR systems. In addition, if  N2H4 can-
not be further protonated on the catalyst surface to break 
the remaining N–N bond, the formation of this specie 
may compete with the generation of  NH3 (Eqs. (3) and 
(6)). The relatively large equilibrium potential, numerous 

(1)N2 + H+ + e− ↔ N2H E
0 = −3.20 V vs RHE

(2)
N2 + 2H+ + 2e− ↔ N2H2(g) E

0 = −1.10 V vs RHE

(3)
N2 + 4H+ + 4e− ↔ N2H4(g) E

0 = −0.36 V vs RHE

(4)
N2 + 6H+ + 6e− ↔ 2NH3(g) E

0 = −0.148 V vs. RHE

(5)N2 + 6H2O + 6e− ↔ 2NH3(g) + 6OH−
E
0 = 0.09 V vs. RHE, pH = 14

(6)N2 + 4H2O + 4e− ↔ N2H4(g) + 4OH−
E
0 = −0.334 V vs. RHE, pH = 14

(7)
N2 + e− ↔ N2−(aq) E

0 = −3.37 V vs. RHE, pH = 14

(8)
2H + +2e− ↔ H2(g) E

0 = 0 V vs. RHE, pH = 0

(9)2H2O(l) + 2e− ↔ H2(g) + 2OH−
E
0 = 0 V vs. RHE, pH = 14

intermediate states, and widespread side reactions (mainly 
the HER) of the E-NRR greatly hinder the mechanistic 
investigation. Hence, higher requirements are put forward 
for an improved design of E-NRR catalysts and the overall 
optimization of the electrochemical system efficiency.

Mechanisms of E‑NRR

E-NRR is one of the typical heterogeneous reactions, 
which involves three basic steps: adsorption of dinitrogen 
molecule at the catalytically active site on the surface of 
the catalyst, then hydrogenation, and finally the desorption 
of  NH3 molecules (or other intermediates). The E-NRR 
mechanisms are generally divided into associative and dis-
sociative mechanisms based on the different hydrogenation 
processes such as protonation and reduction sequences and 
the breaking of the N≡N bond as shown in Fig. 1 [51, 52]. 
In the associative mechanism,  N2 molecule is adsorbed 
on the catalyst surface, and then, the hydrogenation pro-

cess proceeds. Here, the hydrogenation process consists 
of various approaches such as distal(end-on), alternating, 
and enzymatic pathways [53]. In the distal pathway, the 
hydrogenation preferentially takes place on the N atom far 
away from the surface of the catalyst. When the first  NH3 

molecule is formed and released, the N atom bound to 
the surface of the catalyst gets hydrogenated subsequently 
and produces the second  NH3 molecule. In the alternat-
ing pathway, the hydrogenation happens on two nitrogen 
atoms alternatively, and the N≡N bond breaks at the last 
step with the formation of the first  NH3 molecule, which 
leaves one  NH3 molecule behind [54, 55]. In the enzymatic 
pathway, which is different from the alternating one, the 
 N2 adsorbs sideways on the surface of the catalyst in the 
first step. The following hydrogenation steps are similar 
to those in the alternating pathway [56]. In the dissocia-
tive mechanism, the N≡N bond is broken in the process 
of adsorption, leading to the adsorption of individual N 
atoms separated by a distinct distance. The hydrogena-
tions on each N atom in the following steps result in the 
formation of ammonia, which is released at the last step. 
Moreover, the dissociate pathway is applied in industrial 
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production processes, mainly in the Haber–Bosch process, 
featuring the cleavage of the N≡N bond of  N2 on the cata-
lyst surface at high temperature to form activated atomic 
nitrogen (N*) that is subsequently hydrogenated to gener-
ate  NH3. The conversion of  N2 to  NH3 via this pathway 
is driven by high thermodynamic energy and is therefore 
difficult to implement under ambient conditions. Recently, 
a new mechanism that is completely different from the 
dissociative and associative pathways has been proposed 
for the conversion of  N2 to  NH3, i.e., Mars-van Krevelen 
mechanism (the MvK pathway) [57]. In general, the for-
mation of  NH3 on the surface of transition metal nitrides 
is believed to follow the MvK pathway. According to this 
mechanism, the N atom on the transition metal nitride is 
reduced to  NH3. The  N2 provided by the environment fills 
the vacancy of the extracted lattice N atoms to complete 
catalyst recovery and prepare for a new reaction [58]. The 
MvK mechanism has been recognized by researchers and 
compared with the associative pathway to reveal that in the 
former case,  N2 is electrochemically converted into  NH3 
with a lower overpotential [59]. Given the poor solubility 
of  N2 in water, the MvK mechanism can compensate for 
the lack of  N2 supply to a certain extent. This compensa-
tion can be attributed to the large area effect of the catalyst 
that can capture traces of  N2 in the electrolyte to fill the 
N defects.

Research on the mechanism of  N2 conversion to  NH3 in 
the E-NRR remains largely theoretical, with only a limited 
number of reports containing fundamental experimental 
data. At present, some detection methods can be introduced 
into the E-NRR to determine the key steps of the  N2 to  NH3 
conversion. For instance, in situ electrochemical infrared 
and in situ electrochemical Raman spectroscopy can be 
used to track subtle real-time changes in the electrolyte and 
catalysts on the working electrode. Moreover, experimental 
data analysis can be combined with theoretical calculations 
to elucidate the type of  NH3 formation mechanism occur-
ring on a specific catalyst, which will have a far-reaching 
influence on E-NRR development. Despite the significant 
experimental and theoretical studies on the E-NRR, the 
selectivity for proton-coupled electron transfer (PCET) and 
sequential proton-electron transfer (SPET) pathways in the 
conversion of  N2 to  NH3 remains unclear. It is often assumed 
that the PCET pathway occurs on the surface of solid metal 
catalysts, whereas certain works also show the importance 
of the SPET pathway under these conditions [38, 60, 61]. 
Kumar et al. used theoretical calculations to show that the 
ammonization of  N2 in the E-NRR preferentially follows 
the SPET pathway; specifically,  H+ ions attack the activated 
 N2, and electrons are then introduced into the obtained posi-
tively charged intermediate [62]. The potential barrier of 
proton transfer in the SPET pathway (28.78 kcal  mol−1) is 
lower than that in the PCET pathway (31.03 kcal  mol−1). 
Although the former pathway is preferred in the E-NRR, 
the selectivity for these two pathways depends on the pH of 
the environment [60]. To avoid the undesired occurrence of 
the HER, the above studies did not consider pH. Therefore, 
regarding the selectivity of PCET and SPET pathways, more 
detailed theoretical calculations are needed to optimize the 
physical and chemical properties of E-NRR catalysts. There-
fore, further research is needed for more sustainable and 
cost-effective methodologies to produce  NH3 to support the 
growing world demand.

Recent progress in the theoretical study 
of electrocatalysts for E‑NRR

Transition metal catalysts

Favorable chemisorption of  N2 and its subsequent activa-
tion through hydrogenation on the active catalytic center are 
the primary criteria for designing efficient electrocatalysts 
for E-NRR. Improving the selectivity of NRR by limiting 
the competitive HER on the catalyst center and durability 
of the catalysts are also key factors to be considered while 
designing electrocatalysts for E-NRR applications. Recent 
advancement in the computational and modeling field is very 
helpful in designing such electrocatalyst and exploring the 

Fig. 1  Schematic diagram of dissociative and associative pathway, 
Mars-van Krevelen mechanism, and surface hydrogenation mechanism. 
Reproduced with permission [52]
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reaction mechanisms by determining the reaction-free ener-
gies. Norskov et al. theoretically studied the free energies for 
the adsorption and reduction of N and H atoms on stepped 
and flat surfaces of various transition metal surfaces using 
DFT calculations to scrutinize the suitable metal surface for 
electrochemical ammonia synthesis under ambient condi-
tions [41]. They have predicted that the surfaces of metals 
such as Mo, Fe, Rh, and Ru, located at the top of the volcano 
plot, are predicted to be more active in E-NRR. But these 
materials are also predicted to be more active in promoting 
the competitive HER, thus leading to a poor FE of ammo-
nia production. On the other hand, the flat surface of early 
transition metals such as Sc, Y, Ti, and Zr are expected to 
show higher ammonia production as these elements strongly 
bond with N-adatoms than the H-adatoms at the expense of 
increasing the applied bias from − 1 to 1.5 V. In contrast, 
the elements located on the right side of the volcano dia-
gram, such as Rh, Ru, Ir, Co, Pt, and Ni, strongly adsorb 
H-adatoms and thus tend to show more selectivity towards 
HER than NRR. Xu et al. used the Vienna Ab Initio Simu-
lation Package (VASP) software based on DFT to explore 
the d-block metal atoms embedded in arsenene for different 
transition systems of phosphorus coordination as potential 
E-NRR catalysts [63]. They have found that the Nb@P3-
Ars system is thermodynamically stable, with a low E-NRR 
overpotential which facilitates the efficient reduction of  N2. 
Qian et al. studied Fe-Ti3C2O2 catalysts using DFT calcula-
tions [64]. They have found that the charge transfer from Fe 
to  N2 molecules weakens the N–N bond making it a poten-
tial E-NRR catalyst. Doping with F or S atoms reduces the 
limiting potential of the two potential-limiting steps in the 
reduction reaction. Guo and Jiao studied different diatomic 
catalysts by density functional theory calculations and con-
cluded that FeTi@Pc (Pc = phthalocyanine) catalyst has the 
best catalytic activity with the limiting potential of − 0.37 V 
and selectivity for NRR reaction [65].

Transition metal oxide catalysts

Transition metal oxide (TMO)-based catalysts have been 
studied for various electrochemical reactions, including the 
E-NRR owing to their variable oxidation states, ease of syn-
thesis, chemical stability, and low cost. In search of efficient 
TMOs to boost the E-NRR activity under ambient condi-
tions, Höskuldsson et al. performed the DFT calculations on 
the (110) facets of  NbO2,  RuO2,  RhO2,  TaO2,  ReO2,  TiO2, 
 OsO2,  MnO2,  CrO2,  IrO2, and  PtO2 in the rutile structure and 
proposed a volcano-type plot of the applied potential versus 
the binding energy of NNH intermediates (Fig. 2) [66]. The 
oxides located at the left leg of the volcano map preferably 
adsorb  N2 and NNH, while the oxides located at the right leg 
strongly bond H-adatoms. Their study predicted that higher 

yields of ammonia formation are possible by employing the 
 ReO2 and  TaO2 as these TMO surfaces favor NNH adsorp-
tion over hydrogen adsorption. Further,  IrO2 was found to 
be the most active catalyst for E-NRR with the lowest onset 
potential of − 0.36 V, but adsorbed hydrogen atoms might 
poison its surface.

Miscellaneous catalysts and supports

Several theoretical studies also predicted the activity of vari-
ous transition metal nitrides [67], iron boride [68], single 
and double transition metal atom catalyst supported on gra-
phyne [69], graphdiyne [70],  MoS2 [71], MXene [72], and 
g-CN [73], for electrochemical ammonia synthesis under 
ambient conditions. For instance, Zhai et al. systematically 
investigated a series of single transition metal atoms sup-
ported on  MoS2 nanosheets (TM@MoS2) for their E-NRR 
performance [71]. DFT calculations study revealed that the 
Re supported on  MoS2 (Re@MoS2) can be a potential NRR 
catalyst at potentials lower than − 0.43 V with high NRR 
selectivity over the competing HER. In another study, Lv 
et al. examined the potential of various transition metal dou-
ble atom catalysts (TM-DACs) supported on the graphitic 
carbon nitride (g-CN) by DFT calculations for E-NRR appli-
cations [73]. Their study predicted that the Fe–Fe distrib-
uted on g-CN  (Fe2/g-CN) can achieve the highest theoretical 
Faradaic efficiency of 100% with the lowest applied potential 
of − 0.13 V. The synergistic effect of dimer Fe sites and 
g-CN thus promoting the chemisorption of  N2 and its suc-
cessive activation through hydrogenation with good selectiv-
ity and stability is mainly responsible for the highest activity 
of  Fe2/g-CN among the 23 transition metal centers studied. 
The enhancement of the electroactivity of different E-NRR 

Fig. 2  Potential determining step for electrochemical ammonia for-
mation on each metal oxide is plotted against the binding energy of 
NNH. The lines are constructed using scaling relations. Reproduced 
with permission [66]
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catalyst types utilizing defect engineering, by changing the 
electronic states as well as creating additional active sites 
for the reduction reactions, was recently reviewed by Zhang 
et al. [74]. Zhao et al. investigated the potential applica-
tion of metal-free single B atom-doped  C5N2 electrocatalyst 
for NRR employing the DFT calculations. Their study evi-
denced that B is doped to the interstitial site of  C5N2 and the 
resultant catalyst activates the  N2 via acceptance-donation 
process. Further,  N2 is getting reduced with low overpoten-
tial of 0.38 V via alternating mechanism [75]. These impor-
tant theoretical studies may pave the way to design novel 
and efficient electrocatalysts that deliver higher ammonia 
production rates with high selectivity.

Summary of various electrocatalysts 
for E‑NRR

Recently, significant efforts have been devoted to design-
ing and fabricating NRR electrocatalysts. The slow reac-
tion kinetics, low Faradaic efficiencies, low production rate, 
and selectivity toward  NH3 under mild reaction conditions 
limit the development of commercial applications for NRR 
electrocatalysts. Therefore, the current research in E-NRR 
is highly demanding for developing novel efficient elec-
trocatalysts to overcome the challenges. This section will 
elaborate on the NRR performance of relevant reported 
electrocatalysts.

Noble metal‑based catalysts

Noble metals have excellent electrical conductivity, abun-
dant active polycrystalline surface facets, and unfilled 
d-electron orbitals for the strong adsorption and binding of 
 N2 and with a wide range of reactants. Thus, they can be a 
better candidate for efficient electrocatalysts in many reac-
tions. These electrocatalysts exhibit excellent catalytic prop-
erties and are widely used in electrochemical reactions such 
as hydrogen evolution reaction (HER) and oxygen reduction 
reaction (ORR) [76]. Thus, it is expected that the Noble 
metal-based catalysts will exhibit efficient catalytic activity 
for nitrogen reduction reaction, and there have been many 
reports of NRR by noble metals such as Pt [77], Ru [78, 79], 
Rh [80], Au [81, 82], and Pd [83].

Gold (Au) is considered one of the precious stable metals 
which have been extensively used as a potential catalyst for 
several reactions. Nowadays, gold-based catalysts are exten-
sively studied for E-NRR. This is because the unoccupied 
d-orbital of Au can accept the lone pairs of electrons from 
 N2 without much energy. In addition, the HER activity of 
Au-based materials is much lower than that of Ru-, Pt-, and 
Pd-based ones. So, Au-based materials favor the E-NRR 
over the HER.

Yan and co-workers explored these catalysts for NRR 
[81]. They synthesized novel tetra-hexahedral gold nanorods 
(THH Au NRs) with the help of a binary surfactant mixture 
by seed growth method. The synthesized gold nanorods were 
enclosed by the stepped (730) facet, composed of (210) and 
(310) subfacets. Further, they explored its catalytic activity 
towards E-NRR, which exhibited comparable NRR activity 
with an  NH3 formation rate of 1.648 μg  h−1  cm−2 at − 0.2 
V vs. RHE in 0.1M KOH. Along with  NH3,  N2H4 is also 
formed during the reaction with a production rate of 0.102 
μg  h−1  cm−2. Yet, the  NH3 yield, selectivity, and Faradaic 
efficiency (FE) were too low to meet the requirements of 
practical applications. The reason for the low  NH3 forma-
tion rate may be due to the structure which is detrimental 
to mass transport, and the possible residual surfactant used 
in the synthetic process which covers the active sites of the 
tetra-hexahedral gold nanorods covering the active sites of 
catalyst, resulting in relatively low  NH3 production rate. The 
removal of those surfactant molecules and construction of 
two or three dimension nanostructures might increase the 
number of free active sites and the efficiency of these cata-
lysts. Nazemi et al. invented hollow gold nanocages (AuH-
NCs) from silver solid nanocube (AgNC) template without 
using any surfactant [84]. These gold nanocages have shown 
the highest  NH3 yield rate of 3.9 μg  h−1  cm−2 at − 0.5 V vs. 
RHE, with the highest FE of 30.2% at − 0.4 V vs. RHE. 
In addition, they compared the NRR activity of solid Au 
nanoparticles with different shapes such as rods, spheres, 
and cubes and observed that the excellent catalytic activ-
ity is shown by cube structure having an increased surface 
area and the confinement of reactants in the cavity (cage 
effect). Recently, Wang and co-workers developed a cata-
lyst of uniformly deposited Au on Ni foam (pAu/NF), by a 
micelle-assisted electrodeposition method, with a porous Au 
film structure. These catalysts exhibit excellent NRR per-
formance with a greater  NH3 production rate of 9.42 μg  h−1 
 cm−2 and a FE as high as 13.36% at − 0.2 vs. RHE in 0.1 
M  Na2SO4 under ambient conditions without the formation 
of any side products [85]. The higher rate of  NH3 formation 
might be ascribed to the interconnected porous architecton-
ics and rich Au active sites on the Au film with a thickness 
of 400 nm.

In addition to Au, ruthenium (Ru) also shows high cata-
lytic activity towards NRR attributed to the strong adsorp-
tion of *HNNH (the desorption of *HNNH to liberate 
HNNH from the catalyst surface is energetically uphill by 
1.53 eV), or to the easiness to form *NH2NH2 because of the 
availability of other lower-energy pathways [86]. An excel-
lent NRR catalytic activity of Ruthenium nanoparticles (Ru 
NPs) prepared by MacFarlane and co-workers was investi-
gated in 0.1 M HCl. The catalyst exhibited high  NH3 yield 
rates of 5.5 mg  h−1  m−2 at 20 °C and 21.4 mg  h−1  m−2 at 60 
°C at − 0.1 V vs. RHE, while the highest Faradaic efficiency 
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of ~ 5.4% was realized at E = + 10 mV vs. RHE. The abil-
ity of Ru NPs to catalyze the E-NRR at potentials near or 
above RHE rendered the  H2 formation as a by-product and 
improved the NRR selectivity. DFT calculations suggest 
that the efficient NRR process occurs predominantly on the 
Ru (001) surfaces via a dissociative mechanism [87]. The 
Ru single atoms distributed on nitrogen-doped carbon (Ru 
SAs/N-C) via pyrolyzing the Ru-containing derivative of 
zeolitic imidazolate frameworks developed by Zeng and 
co-workers demonstrated highly catalytic activity with  NH3 
yield rate of 120.9 μg  h−1  mg−1 and high Faradaic efficiency 
of 29.6% at − 0.2 V vs. RHE for NRR [88]. This finding 
became a guide for the study of the uniform distribution 
of single atomic catalysts to improve the applicability of 
E-NRR.

Pd-based catalysts were also studied and reported for 
NRR. Palladium nanoparticles in phosphate buffer solution 
under ambient conditions exhibited high activity and selec-
tivity with an  NH3 yield rate of ~ 4.5 μg  mg−1 Pd  h−1 and a 
Faradaic efficiency of 8.2% at 0.1 V vs. RHE. DFT calcula-
tions suggest that the unique activity of palladium origi-
nates from its mitigated hydrogen evolution activity and the 
Grotthuss-like hydride transfer mechanism on α-palladium 
hydride that lowers the free energy barrier of  N2 hydrogena-
tion to *N2H, the rate-limiting step for  NH3 electrosynthesis 
activity [89]. Metalic palladium (Pd) is not suitable to serve 
as a catalyst for the nitrogen reduction reaction due to its 
stronger affinity with H atoms than N atoms, which will 
hinder the adsorption of  N2 on the surface of Pd and promote 
HER [90]. Noble metal catalysts cannot be used as a bench-
mark for distinguishing the activity of NRR catalysts, due 
to the complexity of the nitrogen reaction process and the 
competition of side reactions. Even though they still exhibit 
excellent reactivity and selectivity compared to non-noble 
metal catalysts.

Non‑noble metal‑based catalysts

Though the noble metal-based electrocatalysts have made 
a great advancement in their catalytic activity, selectivity, 
and Faradic efficiency, their wide practical application is 
still limited due to their high cost, limited availability, and 
relatively low selectivity towards  N2 [91]. In that direc-
tion, the non-noble metal-based electrocatalysts have been 
extensively used as a potential alternative for noble metal-
based electrocatalysts. The low cost, earth-abundant, and 
unique d-orbital electrons for the π-back donation process 
of non-noble metal-based catalysts, especially transition 
metal-based materials lighten a new direction to explore it 
widely for NRR [92, 93]. The naturally occurring nitroge-
nase enzymes contain non-noble metal catalytic active sites 
of Fe and Mo, which play a vital role in biological  N2 fixa-
tion to convert nitrogen to ammonia under normal conditions 

[17, 56, 94, 95]. Therefore, the development of non-noble 
metal catalysts, inspired by this process, attracted great 
attention. Sun and co-workers developed  MoS2 nanosheet 
arrays grown on carbon cloth  (MoS2/CC) and first used it for 
the NRR under ambient conditions. The catalytic activities 
in both neutral and acidic conditions were explored result-
ing in an  NH3 yield rate of 8.08 ×  10−11 mol  s−1  cm−1 and 
8.48 ×  10−11 mol  s−1  cm−2 in neutral and acidic conditions, 
respectively [96]. Wang and co-workers reported (110)- 
oriented Mo nanofilm for electrochemical reduction of  N2 at 
an overpotential of 0.14 V with Faradaic efficiency (FE) of 
0.72% [97]. In addition, the rate of  NH3 formation as high as 
3.09 ×  10−11  mol−1  cm−2 can be obtained under an applied 
potential of − 0.49 V vs. RHE. Similarly, the Fe-based cata-
lysts were also well explored for NRR. Zhou et al. reported 
that the nanostructured iron catalyst in ionic liquids could 
catalyze NRR under ambient conditions with a high FE of 
up to 60% and an  NH3 yield rate of 14 mg  m−2  h−1 [98].

Transition metal oxides

Transition metal catalysts such as  NbO2,  RuO2,  RhO2, 
 TaO2,  ReO2,  TiO2,  OsO2,  MnO2,  CrO2,  IrO2, and  PtO2 also 
showed appreciable E-NRR activity with selectivity and 
stability. Theoretical investigation and calculations done by 
Höskuldsson et al. showed that the (110) facets of  ReO2, 
 NbO2, and  TaO2 are promising candidates for E-NRR with 
onset potentials of − 0.57 V, − 1.07 V, and − 1.21 V vs. SHE 
[66]. Recently, it has been experimentally proved that  NbO2 
nanoparticles show excellent E-NRR activity at ambient reac-
tion conditions.. This catalyst exhibited a high rate of  NH3 
formation of about 11.6 μg h −1 mg −1 cat. at − 0.65 vs. RHE 
with outstanding Faradaic efficiency (FE) of 32% at − 0.60 
V vs. RHE [99]. In addition,  Nb2O5, with a  NbO2 analo-
gous crystal structure, is also an effective electrocatalyst for 
E-NRR under ambient conditions. It has been demonstrated 
that the  Nb2O5 nanofibers achieve a high  NH3 production rate 
of 43.6 μg  h−1  mg−1 cat. and a high FE of 9.26% at − 0.55 V 
vs. RHE in 0.1 M HCl [100]. In addition, Kong et al. reported 
the γ-Fe2O3 for NRR in basic aqueous conditions with FE of 
1.9% and an  NH3 formation rate of 0.212 μg  h−1  mg−1 at 0 
V vs. RHE [101].

Transition metal nitrides

Similarly, transition metal nitrides also show catalytic 
activity towards E-NRR. The MvK mechanism and DFT 
calculations were used to screen these catalysts for NRR. 
The stability of the lattice planes, the N vacancy on the 
catalyst surface, the catalytic activity, the stability of the 
nitrides at the onset potential, and the poisoning of the sur-
face vacancy suggest that the most promising nitride cata-
lysts are the (100) planes of rock salt VN and ZrN which 
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should form ammonia at − 0.51 V and − 0.76 V vs. SHE, 
respectively [102]. Rong et al. synthesized VN nanosheet 
array on Ti mesh and explored its NRR activity in 0.1 M 
HCl at room temperature and atmospheric pressure [103]. 
The results indicate that VN catalyzes NRR via an MvK 
mechanism with high electrochemical stability and selec-
tivity. The catalyst achieves a Faradaic efficiency of 2.25% 
and an  NH3 formation rate of 0.84 μmol  s−1  m−2 at − 0.50 
V. The DFT calculations on molybdenum nitride  (MoN2) 
nanosheets show that the catalyst has some activity for 
NRR at room temperature [104]. Despite the advantages, 
nitride-based electrocatalysts may not be a viable choice 
for E-NRR application in terms of long-term stability. In 
our previous study, we demonstrated the instability of 
vanadium-nitride powder in terms of the V and N leach-
ing out to the electrolyte solution, which was evidenced by 
the chemical and electrochemical analysis in acidic, neu-
tral, and alkaline aqueous electrolytes [105]. In acidic and 
neutral electrolytes, the nitrogen was chemically leached 
out at rates of 4.24 ×  10−9 mol  h−1  mg−1 and 3.77 ×  10−9 
mol  h−1  mg−1, respectively, while nitrogen was leached 
out electrochemically at higher rates of 3.85 ×  10−8 mol 
 h−1  mg−1 in HCl and 4.72 ×  10−8 mol  h−1  mg−1 in  Na2SO4. 
Similarly, rates of 1.28 ×  10−9 mol  h−1  mg−1 and 3.86 × 
 10−10 mol  h−1  mg−1 were observed for the chemical leach-
ing out of vanadium, while its electrochemical leaching 
rates were 2.62 ×  10−8 mol  h−1  mg−1 and 5.70 ×  10−8 
mol  h−1  mg−1 in HCl and  Na2SO4, respectively. Therefore, 
careful initial testing with rigorous control experiments 
is highly desirable while employing the transition metal 
nitrides and other types of nitrogen-containing catalysts 
for E-NRR application, to avoid overestimation of their 
activity and to realize long-term stability.

Carbon‑based catalysts

The carbon-based catalysts have a unique position in electro-
catalysis, irrespective of whether they are directly involved 
in the catalytic process or used as carriers for hybrid materi-
als. The porous and layered structure of carbon materials, 
their excellent electrical conductivity, abundant possibilities 
for surface engineering such as defect introduction and heter-
oatom doping, and low cost made these materials irreplace-
able catalysts for electrocatalysis [106]. The carbon-based 
E-NRR catalysts are mainly divided into pure carbon, single 
heteroatom-doped carbon, and multiple heteroatom-doped 
carbon materials [107]. The surface defects present in the 
carbon-based materials often become the active sites for the 
 N2 adsorption. In addition, the doping of heteroatom such 
as N, B, and P often leads to changes in the carbon material 
band gap, charge density, and spin density, thereby achieving 
the synergistic catalytic activity of the E-NRR [42]. Li et al. 
have shown that the catalytic activity of defect-rich CC-450 

by simple heat treatment of commercial carbon cloth (CC), 
for NRR, is less than that of the defect-free CC [108]. Many 
studies on carbon-based materials for E-NRR suggest that 
doping with heteroatoms having a strong electron affinity 
such as N, B, and oxygen group elements can increase the 
positive charge density of adjacent C atoms and thus stimu-
late the E-NRR activity of carbon-based materials [109]. 
To comprehensively present the real status of E-NRR cata-
lyst research, Table 1 lists the active catalysts for E-NRR 
reported in recent reports and have not been discussed in 
detail herein.

Electrocatalysts with bifunctional active sites

Factors such as sluggish kinetics due to the multiple proton-
electron transfer steps, competing HER, strong N–N triple 
bond of  N2, and  N2 poor solubility in aqueous electrolytes 
severely affect the ambient condition electrochemical ammo-
nia synthesis and lead to the poor FE. Designing an elec-
trocatalyst that plays a bifunctional role can be considered 
as an effective strategy to tackle these limitations associ-
ated with E-NRR as exemplified in Fig. 3 with the Pt–Ru 
catalyst system. Secondary active sites or components of 
such bifunctional catalysts are expected to play a crucial role 
in boosting the  N2 activation via facile hydrogenation and 
impede the HER, thus can help in achieving higher ammonia 
production with excellent NRR electrochemical selectivity.

For instance, Lv et al. fabricated PdO/Pd heterojunc-
tion supported on carbon nanotubes (PdO/Pd/CNTs) by 
ultraviolet laser irradiation of PdO/CNTs in distilled water 
[110]. Although both the Pd and PdO can absorb subsurface 
H to imitate α-PdH, the PdO exhibits superior affinity to 
H through the surface oxygen atoms (− 3.22 eV) than Pd 
(− 2.89 eV). Hence, the Pd in PdO/Pd/CNT heterojunction 
constructed in this study can strongly adsorb  N2 and form the 
chemisorbed Pd–N bond while PdO absorbs the activated 
H protons to imitate α-PdH, which is a stable phase for  N2 
hydrogenation under operating potentials. The synergistic 
effect arising from the PdO and Pd bifunctional active sites 
greatly decreases the transfer distance between the activated 
 N2 and H protons, thus leading to the kinetically favorable 
NRR process on PdO/Pd/CNT heterojunction composites. 
As the PdO-Pd interface plays a crucial role in NRR per-
formance, the effect of different amounts of PdO-Pd inter-
faces in PdO/Pd/CNTs was also optimized by controlling the 
irradiation time. As a result, the PdO/Pd/CNTs irradiated 
for 10 min with an optimal ratio of Pd (18%) to PdO (82%) 
exhibited the highest  NH3 yield of 18.2 μg  mg−1

catal.  h−1 with 
FE of 11.5% at 0.1 V vs. RHE.

The bifunctional activity of the  Fe2O3-TiO2 electrocata-
lyst for facile electrochemical ammonia synthesis directly 
from nitrogen and air in an alkaline electrolyte under ambi-
ent conditions was demonstrated by Manjunatha et  al. 
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(Fig. 4) [111]. At an applied potential of 0.023 V vs. RHE, 
the  NH3 yield of 1.25 ×  10−8 mmol  mg−1  s−1 was realized 
with  Fe2O3/TiO2/C electrocatalyst, at an overpotential of just 
34 mV. This rate increased to 2.7 ×  10−7 mmol  mg−1  s−1 
at − 0.577 V vs. RHE. The authors confirmed that  Fe2O3/
TiO2/C exhibits a superior nitrogen reduction reaction 

activity compared to  Fe2O3 alone and support the bifunc-
tionality of  Fe2O3 together with  TiO2 (see Fig. 4D). It is pro-
posed that the combination of these oxides created oxygen 
deficiencies in the grain boundaries of these catalysts, thus 
giving rise to improved nitrogen adsorption on these sites. 
During the reduction, the hematite structure  (Fe2O3) was 

Table 1  Summary of NRR activity of various catalysts reported very recently

Catalyst Electrolyte Potential (vs RHE) (V) 
(at maximum rate of  NH3 
formation)

Rate of  NH3 Formation 
(μg  h−1  cm−2)/μg  h−1 
 mgcat)

Potential (vs RHE) 
(V) (at maximum 
FE)

FE (%) Ref.

RuPt/C 1 M KOH 0.023 38.8/- 0.123 13.2 [113]
PdCu/NC 0.05 M  H2SO4 − 0.45 -/69.2 − 0.45 24.8 [146]
FeNi@CNS nanocomposite 0.1M  Na2SO4 − 0.2 16.52/- − 0.2 9.83 [147]
MoS2-xOy) nanosheets 0.1M HCl − 0.35 35.0/- − 0.3 9.86 [148]
Ti2N nitride MXene 0.1M HCl − 0.25 11.33/- − 0.35 19.85 [149]
Li-intercalated  TiO2 

nanosheets
0.5 M  LiClO4 − 0.4 -/8.7 − 0.4 18.2 [150]

Fe2O3-TiO2 1 M KOH − 0.177 1.07/- 23 1.9 [111]
Boron carbonitride (BCN) 0.05 M  Na2SO4 − 0.6 8.39/- − 0.3 9.87 [151]
Reduced graphene oxide 

(DrGO)
0.1M HCl − 0.116 -/7.3 − 0.166 10.8 [152]

Vulcanized FeMoO 0.1M  Na2SO4 − 0.39 -/31.93 − 0.39 30.9 [153]
Fe ion grafted on  MoO3 

nanorods
0.1M  Na2SO4 − 0.6 -/9.66 − 0.6 13.9 [154]

Ag-doped Cu nanosheets 0.1M  Na2SO4 − 0.4 -/61.5 − 0.4 20.9 [155]
Cobalt single atom catalyst 0.01 M HCl − 0.1 -/67.6 − 0.1 56.9 [156]
Ag4Ni2 nanoclusters 0.1M HCl − 0.2 -/23.32 − 0.2 78.97 [157]
Single Mo atoms anchored 

on nitrogen-doped gra-
phene

0.05 M  H2SO4 − 0.05 -/3.6 − 0.05 50.2 [158]

Fig. 3  Schematic representation 
of the bifunctional activity of 
the Pt–Ru catalyst system
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partially reduced to magnetite  (Fe3O4). However, the pres-
ence of oxygen in the air preserved the complete reduction 
of Fe(III) sites and prevented the loss of activity.

In another study, Wang et al. demonstrated the  FeMo3S4 
nanorods as an effective and durable electrocatalyst for the 
nitrogen reduction reaction (NRR) by combined computa-
tion and experimental investigations (Fig. 5) [112]. DFT 
calculations suggested that the 3-fold coordinated Fe  (Fe3c) 
of  FeMo3S4 is the active center for NRR which can effi-
ciently back-donate 3d electrons into the antibonding 1πg*  
orbital of *N2, to polarize and activate the  N2 molecule, as 
illustrated in Fig. 5c. This observed activity of  FeMo3S4 cor-
related with the enzymatic  N2 fixation, where the peripheric 
Fe−protein around the Fe−Mo−S cofactor serves as a key 
active site for adsorption and activation of dinitrogen while 
the Mo−protein plays a secondary role. To understand the 
role of Mo in  FeMo3S4, the HER activity of  FeMo3S4 was 
investigated by determining the free energy of absorbed *H 
 (G*H). The results evidenced the  G*H of an 8-fold coordi-
nated Mo  (Mo8c) site in  FeMo3S4 is much lower in energy 
(0.54 eV) than that of  Fe3c (1.15 eV) (Fig. 5f). This indicates 
that the  Mo8c sites tend to attract protons and thus can help 
in protecting the NRR-active  Fe3c sites from the compet-
ing HER reaction. This secondary role of the  Mo8c site in 
 FeMo3S4 is beneficial in achieving the higher FE without 
disturbing the  Fe3c NRR-active sites. The  FeMo3S4 catalyst  
with bifunctional  Fe3c and  Mo8c active sites is expected to  
result in a high NRR activity and selectivity. Consequently, 
the  FeMo3S4 nanorods exhibited both a high  NH3 yield of 
65.3 μg  h−1  mg−1 and a high Faradaic efficiency of 19.2%  
at − 0.3 V.

Similarly, the bifunctional role of ruthenium–platinum 
(RuPt) alloy catalyst to electrochemically produce ammonia 
with high selectivity is reported in our previous study [113]. 
As shown in Fig. 6B, the ammonia formation rate of 3.0 × 
 10−10 mol  s−1  cm−2 with a 13.2% FE at an applied potential 
of 0.123 V vs. RHE and the highest ammonia production 
rate of 6.37 ×  10−10 mol  s−1  cm−2 was achieved at − 0.077 
V with a FE of 1.1%. The higher ammonia production rate 
and excellent FE are attributed to the synergistic mechanism, 
where the  N2 is adsorbed on a Ru site. At the same time, the 
preferable formation of Pt-H acts as the hydrogen source, 
thereby facilitating the selective  N2 activation without dis-
turbing the NRR active Ru site.

Another type of bifunctionality was reported in the study 
of Zhao et al. which studied the E-NRR activity of [CB[7]-
K2[B12H12]@Au] catalyst in which nanogold particles were 
supported on the dual-functional boron self-assembly carrier 
CB[7]-K2[B12H12] [114]. Theoretical calculations revealed 
that the presence of  K+ ion kinetically suppresses the HER 
by preventing the  H3O+ from approaching the gold surface 
due to the repulsion arising from the positively charged 
coordination sphere of the  K+ aqua complexes that make 
it possible to achieve the higher ammonia yield even at 
higher applied potentials without compromising on the FE. 
Further, the presence of  K+ lowers the energy of nitrogen 
reduction to ammonia which was evidenced by Gibbs free 
energy calculations. Compared to the bare gold, the nitro-
gen adsorption on K-doped Au (111) is stronger mainly 
due to the enhanced electron density caused by the charge 
transfer from  K+ ions to Au (111). This excess surface 
charge also lowers the free energy of the consecutive steps 

Fig. 4  Linear sweep voltammograms of A nickel foam and B  TiO2/C-; 
C   Fe2O3-; and D   Fe2O3/TiO2-coated nickel foam electrodes in an 
argon-saturated (black curve) and a nitrogen-saturated (red curve) 1.0 

M KOH solution. Scan rate 5 mV  s−1. E Schematic representation of 
the E-NRR process on the bifunctional  Fe2O3/TiO2 catalyst system. 
Reproduced with permission [111]
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Fig. 5  a, b Optimized structures of *N2 on a Mo8c and b Fe3c sites. 
c Schematic of the interaction between Fe atom and *N2. d Schematic 
of the distal and alternating NRR pathways on Fe3c. e  Gibbs free 
energy diagrams of NRR pathways on Fe3c at zero potential. f Gibbs 

free energies of *H adsorption on Fe3c (G*H (Fe3c)), *N2 adsorp-
tion on Fe3c (G*N2 (Fe3c)), RDS energy barrier on Fe3c (ΔGRDS 
(Fe3c)), and *H adsorption on Mo8c (G*H (Mo8c)). Reproduced with 
permission [112]
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by effectively polarizing the nitrogen. Consecutively, the 
CB[7]-K2[B12H12]@Au electrocatalyst comprising the Au 
nanoparticles and the  K+ ion that plays a bifunctional role 
exhibited a higher ammonia yield of 41.69 μg  h−1  mgcat

−1 
and Faradaic efficiency of 29.53% at − 0.4 V vs RHE. The 
potential role of the S site in  FeNi2S4/NiS hetero-interface 
electrocatalysts in inhibiting the occurrence of competing 
HER on the NRR active Ni site was both experimentally 
and theoretically studied by Liu et al. [115]. DFT calcula-
tions revealed that the barrier for the NNH* formation on 
the NiS (101) is much lower with a free energy of 0.88 eV 
than that of both the NiS (102) (0.92eV), and  FeNi2S4 (311) 
(1.71eV). Further, the DFT calculations disclosed that on 
all these three structures, HER is more favorable on the top 
site of the S atom than on the top site of the Ni atom (0.45 
vs. 0.95 eV, 0.31 vs. 0.87 eV, and − 0.05 vs. 1.58 eV), and 

the adsorption energy of  N2 molecule on the top site of Ni 
atom is more stable than that of the adsorption energy of H 
atom (0.04 vs. 0.95 eV, 0.22 vs. 0.87 eV, and 0.30 vs. 1.58 
eV). These results suggest that E-NRR preferably occurs on 
the Ni site while the S site protects the NRR active Ni site 
from the competing HER reaction. Moreover, facile charge 
transfer resulting from the intimate coupling between the 
 FeNi2S4 and NiS leads to improved reaction kinetics. As 
a result, the optimized  FeNi2S4/NiS electrocatalyst (FNS/
CC-2) exhibited an ammonia production rate of 128.398 ± 
1.32 μg  h− 1  cm− 2 and a high FE of 28.64 ± 0.18% at − 0.30 
V vs. RHE under ambient conditions.

Decreasing the concentration of protons or electrons 
while increasing the availability of the  N2 is a key strategy 
in achieving selective ammonia production. This can be 
achieved via interface engineering of the catalyst with the 

Fig. 6  A Chronoamperograms of RuPt/C modified electrodes in 1.0 M 
KOH under nitrogen atmosphere at various applied potentials. B Cor-
relation between rate of ammonia formation and Faradaic efficiency at 
different potentials. C Chronoamperometry of RuPt/C-modified elec-

trodes in 1.0 M KOH under nitrogen atmosphere at different tempera-
tures. D Rates of ammonia formation and Faradaic efficiency at vari-
ous temperatures. Reproduced with permission [113]
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aid of a hydrophobic layer. The existence of such a hydro-
phobic layer suppresses the HER by not only limiting the 
water concentration but also modifying the d-band center 
of the TMs; thus, it weakens the H adsorption and prefer-
ably adsorbing  N2. For instance, Sim et al. demonstrated 
the bifunctional role of zeolitic-imidazole framework (ZIF) 
hydrophobic layer in ZIF modified Pt/Au electrocatalyst 
[116]. The interface engineering of the ZIF and Pt/Au mod-
ify the d-band center of the Pt-Au catalyst thus delivering 
a FE of > 44% with a high ammonia yield rate of > 161 
µg  mgcat

−1  h−1 at ambient conditions. As stated above, the 
ZIF the hydrophobic layer’s presence also greatly increases 
the  N2 concentration and limits the water availability at the 
electrocatalyst active sites. As a result, the achieved FE with 
ZIF-coated Pt/Au electrocatalyst is > 44-fold higher com-
pared to the bare Pt/Ru (FE ~ 1%) at a wide range of applied 
potentials (− 2.1 V to − 2.9 V). Similarly, Xiao modified the 
self-supporting nanoporous  Mo4P3 (np-Mo4P3) electrode by 
coating fluoro silane (FAS) to form a hydrophobic surface 
[117]. This hydrophobic-coated np-Mo4P3 catalyst exhibits a 
FE of 10.1% at − 0.15 V vs. RHE, which is 3.9 times higher 
than that of the non-coated np-Mo4P3 catalyst. Moreover, 
the hydrophobic np-Mo4P3 catalyst exhibits the highest  NH3 
yield of ammonia production rate of 17.3 μg  h−1  cm−2. The 
key factors, including the d-band center alteration arising 
from the interaction of FAS and np-Mo4P3 thus weakening 
the H adsorption, and the improved  N2 concentration with 
limited water concentration near the catalyst center due to 
the presence of hydrophobic FAS layer, are responsible for 
this enhanced NRR performance of FAS coated np-Mo4P3 
electrocatalysts.

In another study, Zhang et al. demonstrated the presence 
of hydrophobic carbon fiber paper (CFP) on which Au nan-
oparticles are supported (Au/o-CFP) facilitates the three-
phase contact points (TPCPs) for  N2 (gas), electrolyte (liq-
uid), and Au NPs (solid) [118]. Such interfacial engineering 
improving the  N2 concentration by effectively lowering the 
proton concentration at the catalyst active sites leads to the 
higher selectivity for E-NRR over competing HER. Conse-
quently, the Au/o-CFP electrocatalyst with favorable TPCPs 
exhibited an excellent NRR performance with a high  NH3 
yield rate of 40.6 µg  h−1  mg−1 at −0.30 V and maximum 
FE of 31.3% at − 0.10 V vs. RHE in 0.1 M  Na2SO4. The 
role of strong interactions of the hydrophobic interface with 
 N2 and its weak electrocatalytic activity towards HER was 
also evidenced from the  N2 bubble contact angle result and 
cyclic voltammetry analysis. Lai and co-workers enhanced 
the NRR selectivity of the selenium vacancy-rich  ReSe2@
carbonized bacterial cellulose (Vr-ReSe2@CBC) nanofiber 
catalyst by sandwiching it between the two CBC layers 
[119]. The nitrogen bubble adhesive force analysis, supe-
rhydrophilic measurements, and COMSOL Multiphysics 
simulations demonstrated that the hydrophobic and porous 

CBC layer prevents the internal Vr-ReSe2@CBC active cata-
lyst layer from water and leads to the more free active sites 
available for  N2 adsorption and its successive activation. As 
a result, this unique sandwiched structured catalyst boosted 
FE by 42.5% and ammonia yield of 28.3 μg  h−1  cm−2 at 
− 0.25 V. The critical role of the hydrophobic component in 
elevating the NRR selectivity by suppressing the HER was 
also studied on several other catalyst systems including the 
hydrophobic oleylamine-functionalized ZIF-coated Ag-Au 
[120] and ZIF-coated  MoS2 [121]. As discussed in detail, the 
coating of the hydrophobic layer mainly leads to the limited 
availability of water at the active catalyst sites. However, a 
further study focusing on the restriction of  H3O+ at the cata-
lyst site is highly required as  H3O+ acts as the proton donor 
in the E-NRR process in acidic media [122].

Experimental setup, testing protocols, 
and various  NH3 quantification methods

The core components for E-NRR study comprise the electro-
chemical workstation, which includes an electrolytic cell, a 
working electrode with the catalyst, a reference electrode, and 
a counter electrode. The choice of the electrolytic cell con-
figuration is important for the nitrogen reduction to ammo-
nia. At present, cell configurations are mainly of four types: 
(1) back-to-back cells, (2) polymer electrolyte membrane 
(PEM)-type cells, (3) H-type cells, and (4) single-chamber 
cells. Figure 7 shows a schematic diagram of the different cell 
configurations [61, 76]. In back-to-back cells, the E-NRR is 
mainly performed in the cathode cell, while the anode cell 
generates  O2 [123, 124]. In addition, the two gas diffusion 
electrodes are separated by a dense membrane and Nafion 
membranes which possess high ionic conductivity under 
ambient conditions [11, 125]. In the PEM-type cell, nitrogen 
is supplied to the cathodic chamber, and the anode is filled 
with a liquid electrolyte solution that supplies protons to the 
cathode by electrolyzing water on the anode. After the reduc-
tion, the ammonia gas generated is dissolved in the acidic 
electrolyte [36]. Here, the cathode has no direct contact with 
the electrolyte. This type of cell configuration in PEM-type 
cells and the back-to-back cell helps to inhibit the HER [26, 
126, 127]. The H-type cell and single-chamber cell are usu-
ally filled with liquid electrolytes. So, there is direct contact 
between the electrode and the electrolyte [128]. This leads 
to vast competition between HER and NRR at the catalyst 
surface and results in a lower rate of  NH3 formation and low 
Faradaic efficiency [129]. At present, the H-type cell is the 
most widely used electrolytic cell, where the working and 
reference electrodes are assembled in the cathode chamber in 
which the reduction occurs, the counter electrode is located 
in the anode chamber, and the system allows the precise con-
trol of the potential applied to the working electrode. In the 
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cases of a single-chamber cell that avoids the use of proton-
exchange membranes, the generated  NH3 is easily oxidized 
to NOx on the anode [130]. Therefore, the use of this cell 
configuration for the E-NRR is not recommended. In sum-
mary, the cell configuration involving two isolated cham-
bers allows more precise and better results for the E-NRR. 
Another major issue is the solubility of the non-polar  N2 
in electrolytes, which is extremely low in most common 

electrolytes. Researchers found that generally, the use of a 
flow cell increases the solubility of  CO2 in the electrolyte 
[61, 131], thereby increasing the current density of the cor-
responding electrochemical reduction. Hence, it is believed 
that the use of flow cells can enhance  N2 solubility in the 
electrolyte by increasing the electrolyte circulation and time 
of contact between  N2 and hence facilitates the electrocata-
lytic nitrogen reduction with a better rate of  NH3 formation 

Fig. 7  Schematic view of 
four different electrocata-
lytic nitrogen reduction Cell 
configurations. a Back-to-back 
electrolytic cell, b polymer 
electrolyte membrane (PEM) 
type electrolytic cell, c H-type 
cell, and d single-chamber cell. 
Reproduced with permission 
[61]

Fig. 8  Flow chart of experimental steps for ENRR and testing protocol. Reproduced with permission [138]
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and higher Faradaic efficiency [61]. In E-NRR experiments, 
the most commonly used counter electrodes are high-purity 
graphite or Pt. The reference electrode should be selected 
according to the type of electrode-filling solution, the elec-
trolyte, and the electrode material. In addition, the catalyst 
is often dispersed on specific support (such as carbon paper, 
CC, and Ni foam) and fixed on the working electrode. In 
some reports, the catalyst is directly coated on the working 
electrode (e.g., glassy carbon) surface. Although this strategy 
is also suitable for the E-NRR, it should prevent inaccuracies 
in the normalization of activity caused by the low catalyst 
loading and ultra-low current density.

Further, selecting a suitable ammonia quantification 
method is a very critical as well as challenging step which 
determines the electrocatalytic efficiency of the developed 
catalysts for the NRR. Hence, the chosen method for ammo-
nia detection must be highly sensitive, selective, accurate, 
and reproducible. The accurate ammonia quantification 

methods depend on various parameters such as quantifi-
cation time, pH, supporting electrolytes, and presence of 
the scavenging agent. Currently, the  NH3 quantification is 
mostly accomplished by spectrophotometry or colorimetric 
methods which include Nessler’s reagent, indophenol blue or 
phenate [132],  NH3-sensitive electrode methods [133], ion 
chromatography [134], mass spectrometry (MS) [135], 1H 
NMR [136], and also some commercially available test kits 
[26]. In routine experiments, ammonia detection and quan-
tification mostly depend on the indophenol blue method/
salicylate method and Nessler’s method, due to their good 
sensitivity, lower detection limit, more stable color devel-
opment, better reproducibility, and low cost [26, 137–139]. 
The colorimetric reagent in Nessler’s method mainly com-
prises  K2HgI4, KOH solution. In an alkaline medium, 
 [HgI4]2− reacts with  NH3 to form a red-brown complex 
 (Hg2ONH2I) with strong absorption at 420 nm which is pro-
portional to the concentration of  NH3 [140]. The indophenol 

Fig. 9  Summary for determining the E-NRR activity of a catalyst by avoiding the pitfalls in electrocatalytic nitrogen reduction for ammonia syn-
thesis. Reproduced with permission [145]
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blue method or the salicylate method comprises sodium 
nitroprusside dehydrate, salicylic acid, sodium citrate, 
sodium hypochlorite, and sodium hydroxide. The obtained 
product in the presence of  NH3 changes its color from light 
yellow to blue-green depending upon the  NH3 concentration 
which is linearly related to absorbance at 655 nm [141]. 
However, these spectrometric methods are closely linked 
with various parameters such as temperature, time, pH, and 
reagent concentrations. Hence, control experiments using 
electrolytes with intentional ion addition are recommended 
to eliminate the potential interferences [132, 142]. Excellent 
reproducibility and accuracy are obtained by the well-known 
ion chromatography technique which uses the principle of 
ion exchange to determine specific ionic strength. Suitable 
ion-exchange columns such as Dionex IonPac CS16-4 mm 
Column, Origin 9512HPBNWP  NH3, and Radiometer Ana-
lytical ISE25NH4-9  NH4

+ can reliably quantify  NH4
+ ions 

with a low detection limit and larger detection range (5 × 
 10−7 or 3 ×  10−6 mol  L−1). However, this method requires 
a much longer measurement time to attain stable and pre-
cise results at lower concentrations, and it is not suitable for 
organic electrolytes as well as electrolytes containing  Li+ 
and  Na+ due to the shorter retention time [26, 112, 143]. 1H 
NMR can be used to analyze  NH3 present in the electrolyte 
both quantitatively and qualitatively and has excellent reso-
lution for 14NH4

+ and 15NH4
+ [136, 144]. In mass spectrom-

etry, 14NH4
+ and 15NH4

+ can be differentiated based on their 
mass/charge ratio (m/z), and quantitative measurements can 
be performed using the relationship between the mass spec-
trometric signal and analyte amount. In 1H NMR, 14NH4

+ 
affords three peaks of equal intensity, while the signal of 
15NH4

+ is split into two peaks of equal intensity, which 
allows one to distinguish these ions. Moreover,  NH3 can 
be quantified using integrated peak areas [145]. It is highly 
important to note that the NMR isotope labeling method is 
costly and insensitive to very low concentrations. There-
fore, it is not suitable for every measurement and should 
be applied only for catalysts that contain nitrogen in their 
structure (e.g., metal nitrides, nitrogen-doped carbon, and 
nitrogen coordinated metal complexes) to quantify the elec-
trochemically formed from the leached out ammonia. The 
background ammonia signal can be easily subtracted from 
the sample in metal and metal oxide electrodes. Finally, to 
avoid false results, it is recommended to run NRR experi-
ments rigorously by performing a set of non-electrochemical 
and electrochemical experiments in both Ar and  N2 for each 
catalyst to verify that the ammonia measurements are repeat-
able and reliable. A general sequence for electrochemically 
formed ammonia detection and quantification is shown in 
Fig. 8, and the systematic evaluation of the E-NRR activity 
avoiding the pitfalls is exemplified in Fig. 9.

Summary comprising the possible research 
directions and future perspectives

In this review, we have attempted to summarize the recent 
development of the electrocatalysts including the catalysts 
that play a bifunctional role in effectively addressing the 
limitation associated with the electrochemical ammonia 
synthesis under ambient conditions. Understanding the 
reaction mechanism is the key challenge of the E-NRR 
process from the theoretical prediction of suitable electro-
catalysts to cell design and ammonia quantification meth-
ods; all these were concisely highlighted. Designing strate-
gies implemented in the featured studies summarized in 
this review, particularly the designing strategy of bifunc-
tional catalysts, can be extended to create a series of such 
bifunctional activity materials in view of further improv-
ing the performance art ambient condition electrochemical 
ammonia synthesis. Particularly, the future study focusing 
on the role of secondary hydrophobic coating in restricting 
the  H3O+ at the catalyst site is highly required to realize 
higher E-NRR selectivity in acidic media as  H3O+ acts as 
the proton donor into the adsorbed *NxHy intermediates 
(x = 1–2, y = 0–5) process in this media. Catalysts with 
high-affinity active sites to protons adjacent to the NRR 
active sites may also have higher NRR activity.

Another approach would be the development of non-
aqueous or low free water-electrolyte solutions, which will 
have high  N2 solubility and low HER kinetics (high over-
potential), thus enabling a wider electrochemical potential 
window for NRR without the hindrance of competing reac-
tions. Fast-growing research in the E-NRR field is highly 
promising for renewable energy storage on a large scale 
and holds great potential for improvement from its current 
performance level, which can be realized by an innovative 
approach relying on a fundamental understanding of the 
electrocatalytic reaction on various materials surfaces.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10008- 022- 05228-5.
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