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a b s t r a c t

Electrochemical nitrogen reduction reaction (ENRR) provides a promising strategy to achieve sustainable

synthesis of ammonia. However, despite great efforts devoted to this research field, the problems such as

low energy efficiency and weak selectivity still impede its practical implementation. Most of the research

to date has been concentrated on creating sophisticated electrocatalysts, and adequate knowledge of elec-

trolytes is still lacking. Herein, the recent progress in electrolytes for ENRR, including alkaline, neutral,

acidic, water-in-salt, organic, ionic liquid, and mixed water-organic electrolytes, is thoroughly reviewed

to obtain an in-depth understanding of their effects on electrocatalytic performance. Recently developed

representative electrocatalysts in various types of electrolytes are also introduced, and future research

priorities of different electrolytes are proposed to develop new and efficient ENRR systems.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Ammonia (NH3) has been used as fertilizer in the past cen-

tury and contributed to population growth. Besides, NH3 is rec-

ognized as a clean energy transporter for chemical energy storage

because of its high gravimetric density of hydrogen (17.8 wt%) [1–

4]. As the most widely formed industrial compound in the world,

89.9% of NH3 is synthesized by the Haber-Bosch method [2,5,6].

The Haber-Bosch process has been revolutionary in agriculture, but

it requires extreme temperature and high pressure to break the

N≡N triple bond, including pressures of 20–40MPa and temper-

atures of 400–600 °C even using Fe-based catalysts. Another draw-

back is that low temperature is required to capture nitrogen (N2)

for the Haber-Bosch process. Besides, hydrogen gas (H2) produced

from fossil fuels has extremely endothermic processes. Keeping in

mind, the cost of H2 owns about 75% of NH3 production cost [7].

The remaining 25% of expenditure is for separating and synthesiz-

ing NH3. Moreover, an estimated 300 million metric tons of carbon

dioxide (CO2) are produced, seriously aggravating the greenhouse

effect [7–10]. Hence, it is urgent to discover a more efficient ap-

proach that can operate under more moderate conditions for syn-

thesizing NH3.
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Over the past decade, several attempts, such as non-thermal

plasma catalysis, low-temperature thermal catalysis, photocataly-

sis, electrochemical catalysis, and enzymatic catalysis, have been

made to fix N2 toward NH3 under favorable reaction conditions

[11]. Among them, electrochemical N2 reduction reaction (ENRR)

using renewable electricity can provide a promising candidate for

sustainable NH3 synthesis [12]. ENRR has several potential advan-

tages. First, NH3 can be synthesized electrochemically under mild

conditions. Second, NH3 can be synthesized locally and on a small-

scale using electrochemical synthesis and renewable energy de-

rived from solar or wind sources. Finally, water is typically em-

ployed directly as the H source in the electrochemical synthesis of

NH3 without requiring fossil energy [2]. Despite experiments be-

ing reported in 1960, ENRR to NH3 has recently received major

attention, and therefore, the number of studies has dramatically

expanded.

The N2 reduction process on electrode surface can be summed

up as follows: N2 molecules adsorb on the electrode surface, which

is further reduced by the external circuit electrons while the pro-

tons are simultaneously supplied to produce NH3. Significant ad-

vancements have been made in ENRR over the past several years

under benign conditions. However, the poor NH3 production rates

and low Faradaic efficiency (FE) severely limit its practical applica-

tions [13,14]. The main limitations are shown as follows: (1) Due

to small overpotential, hydrogen evolution reaction (HER) is the

key competing reaction that impedes FE progression [15]; (2) Low
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Fig. 1. Schematic diagram for the recent progress on the electrolytes for ENRR to-

ward NH3.

electrochemical performance is caused by N2 molecules being dif-

ficult to adsorb and activate due to their high dissociation energy

(941kJ/mol) and low proton affinity [16]; (3) The electrocatalytic

performance is significantly affected by the slight solubility and

poor mass transfer of N2 in electrolyte solutions.

Since electrode materials are essential for ENRR, it has under-

gone extensive research, including unsupported and supported no-

ble metals, metal nitrides, metal oxides, and non-metals, expecting

to improve the excellent electrochemical efficiency. In addition to

electrocatalysts, electrolytes, as the significant component for elec-

trolysis, significantly influence the performance and catalytic pro-

cess. Liquid electrolytes such as aqueous alkaline and acidic elec-

trolytes, ionic liquids (ILs), alkali metal hydroxides or chloride salts,

and so on have been adopted in the electrochemical synthesis of

NH3. However, the rational selection of a new system for hetero-

geneous electrocatalytic reduction of N2 needs to comprehend the

mechanisms of electrode materials and electrolytes, which are still

immature. Previously, many reviews have focused on the advances

of electrocatalysts for ENRR, while the performance of electrocata-

lysts in various electrolytes has received comparatively little atten-

tion. Therefore, a timely review of the most recent developments

in this field is urgently needed.

Herein, the recent progress on the electrolytes for ENRR toward

NH3 is reviewed (Fig. 1). First, the fundamentals of ENRR are pro-

vided, with a brief discussion of reaction pathways, reaction kinet-

ics, and thermodynamics, as well as methods for NH3 detection.

Then, the important recent contributions of electrolytes and me-

diators in converting N2 to NH3 with some representative electro-

catalysts in various types of electrolytes are summarized. Finally,

the perspective of this technology is provided which also offers

thoughts on current issues and opportunities in this focus field.

2. Fundamentals of electrocatalytic nitrogen reduction

2.1. Reaction pathways

Typically, the ENRR is carried out in a three-electrode system

with cathodic and anodic cells separated by a membrane for pro-

ton exchange. N2 is used as the N source, while the H source is

supplied by acid electrolytes or water electrolysis in basic elec-

trolytes [17]. The oxygen evolution reaction (OER) is an anodic re-

action, and ENRR happens in the cathodic cell, dependent on pH of

electrolytes.

In acidic electrolytes, electrode reactions are represented as fol-

lowing equations.

Anodic reaction:

3H2O � 3/2O2 + 6H+ + 6e− (1)

Cathodic reaction:

N2 + 6H+ + 6e− � 2NH3 (2)

Under alkaline conditions, N2 molecules directly combine with

water and electrons in the cathode to produce NH3, unlike in acidic

electrolytes. The anodic reaction and cathodic reactions are shown

as follows [18].

Anodic reaction:

6OH− � 3H2O + 3/2O2 + 6e− (3)

Cathodic reaction:

N2 + 6H2O + 6e− � 2NH3 + 6OH− (4)

The overall reaction:

N2 + 3H2O � 2NH3 + 3/2O2 (5)

Due to its complexity, the reaction mechanisms for the ENRR

to NH3 are not entirely understood. Generally, the associative and

dissociative mechanisms are two main categories used to classify

the reaction mechanism [19,20]. The specific reaction pathways

adopted by N2 reduction reaction are determined by the config-

urations in which N2 molecules are adsorbed. As shown in Fig. 2,

N2 adsorption using an end-on pattern occurs through distal and

alternate pathways for the ENRR. Alternatively, the N2 molecule is

adsorbed with a side-on pattern through enzymatic and consecu-

tive pathways for the reduction reaction [21]. Before hydrogena-

tion, the dissociative pathway breaks the triple bond of the ad-

sorbed N2 molecule, leaving N atoms on the catalyst surface. The

left N atom subsequently hydrogenates to form NH3 [22]. Such dis-

sociative pathway generally occurs in Haber-Bosch process and is

difficult to realize in ambient conditions due to its high energy

consumption. In an associative alternating pathway, the adsorbed

N2 with two N centers are protonated until the final N–N bond

is dissociated. In particular, the first NH3 is produced with the last

N–N bond dissociation, while another NH3 is formed by proton ad-

dition one by one. The first NH3 is produced through consecutive

hydrogenation, which occurs predominantly at the N atoms located

far away from the catalyst for associative distal pathway. Then, the

generation of the second NH3 is accomplished by adding protons

to the N atom. According to the thermodynamics prospectus, the

associative mechanism is the preferred pathway for the ENRR to

produce NH3 [23].

Fig. 2. Schematic diagram of ENRR to NH3 over catalyst via associative and dis-

sociative pathways. Reproduced with permission [21]. Copyright 2019, American

Chemical Society.

2



S. Mahmood, H. Wang, F. Chen et al. Chinese Chemical Letters 35 (2024) 108550

2.2. Reaction kinetics and thermodynamics

The hydrogenation of N2 to produce NH3 is thermodynami-

cally preferred (�Gf
Ɵ =−16.48 kJ/mol, �Hf

Ɵ=−92.22 kJ/mol), but

kinetics hindered. The negative electron affinity (−1.9 eV), high

ionization potential (15.83 eV), significant energy gap (10.82 eV),

low proton affinity (493.8 kJ/mol), and high dissociation energy

(941.0 kJ/mol) between the lowest unoccupied and highest oc-

cupied molecular orbitals of the N2 molecule all work to-

gether to prevent electron transfer. Additionally, the partially hy-

drogenated diazene (N2H2) (�Hf
Ɵ =212.90 kJ/mol) and hydrazine

(N2H4) (�Hf
Ɵ =95.34 kJ/mol) molecules exhibit extremely high for-

mation enthalpies. As a result, even in a very acidic environment,

N2 is difficult to activate and cannot immediately protonate [17,24].

The ENRR is a multi-step reduction involving the transfer of six

electrons and six protons. The respective equilibrium potentials for

HER and ENRR in acidic and alkaline conditions are shown as fol-

lows [25,26].

2H+
(aq)

+ 2e− � H2(g)E
θ = 0.000V vs. RHE (6)

N2(g) + 6H+
(aq) + 6e− � 2NH3(aq)

Eθ = 0.092V vs. RHE (7)

2H2O(l) + 2e− � H2(g) + 2OH−
(aq)E

θ = 0.000V vs. RHE (8)

N2(g) + 6H2O(l) + 6e− � 2NH3(aq) + 6OH−
(aq)E

θ = 0.092V vs. RHE

(9)

Equilibrium potentials for Eqs. 6 and 8 that create H2 are com-

parable to those for Eqs. 7 and 9 for N2 reduction. In contrast, dur-

ing a single half-reaction, the HER process only takes two electrons

to make one hydrogen. On the other hand, the average of several

stages is used to compute the standard electrode potential (EƟ) for

the 6e− reductions of N2 to NH3. The thermodynamic parameters

for 2e− reductions from N2 to NH3 are provided in Eqs. 10–12 in

terms of EƟ values. EƟ values are calculated using experimentally

determined standard generating Gibbs free energy (�Gf
Ɵ, 298K).

Some EƟ values in the primary source have questionable attribu-

tion and different values have been reported. References to �Gf
Ɵ

(298.0K) are used for aqueous conditions whenever available to

prevent ambiguity. The �Gf
Ɵ (298.0K) values used to determine

EƟ, unless otherwise stated, were obtained from the National Bu-

reau of Standardization database [27].

N2(g) + 2H+ + 2e− � N2H2(g) E
θ = −1.19V vs. RHE (10)

N2H2(g) + 2H+ + 2e− � N2H4(aq) E
θ = 0.529V vs. RHE (11)

N2H4(aq) + 2H+ + 2e− � 2NH3(aq) E
θ = 0.939V vs. RHE (12)

Poor FEs for NH3 production are consistent with the highly en-

doergic process in Eq. 10 [19]. The thermodynamic restrictions im-

posed for hypothetical one-electron reduction intermediates can

be used to understand the N2 reduction cycle. EƟ establishes one-

electron reduction by the gas phase electron affinity for N2 (Eq. 13)

[28].

N2(q)
+ e− � N2(g) E

θ = −2.78V vs. RHE (13)

Hence, HER is more energetically favorable than the ENRR to

NH3, as demonstrated by Eqs. 6–9. Significant barriers exist to

forming potential intermediate species linked with the first reduc-

tion processes, that must be overcome through electrolytes and

catalyst design.

The thermodynamic technique has also demonstrated an energy

link, known as the scale relationship, between the intermediates

in catalytic reactions involving several intermediates [29]. As the

binding energies of N2H and NH2 are not independent, ENRR re-

quires a limiting overvoltage of 0.4V [11]. Therefore, it is possible

to find alternative reaction routes that can link the intermediates

in various ways [29,30].

Besides, from a kinetic perspective, the ENRR may undergo ei-

ther proton-coupled electron transfer (PCET) process or sequential

proton-electron transfer (SPET) process. Yet, compared to SPET, the

PCET process is thermodynamically preferable. Besides, due to the

involving of proton and electron during the PCET processes, the

HER process would be more competitive as it only requires two

protons and two electrons [31,32]. Additionally, it has been theo-

retically established that H atoms adhere to electrocatalyst surfaces

far more readily than N2 molecules, resulting in H atoms occupying

most of the active sites [32]. Hence, the HER displays substantially

faster kinetics and is more favorable compared to the ENRR pro-

cess, acting as the bottleneck problem for ENRR [14]. Additionally,

the NH3 yield rate is constrained by the difficulty of N2 activation

due to the thermodynamic stability and chemical inertness of the

N2 molecules [26,33].

Generally, the PCET process, the desorption of products, and the

transport and adsorption of reactants including proton donors or

N2 molecules all occur concurrently at the electrode/electrolyte in-

terface where both the HER and ENRR take place [25,34]. The com-

ponents of the electrolytes and the local microenvironment close

to the electrode/electrolyte interface may significantly influence

the mass diffusion, the protons and electron availability for the two

processes, which have a significant impact on the ENRR and HER

performances [35]. Hence, electrolyte engineering and microenvi-

ronment regulation at the electrode/electrolyte interface with a fo-

cus on adjusting the diffusion, availability, and local concentration

of proton donors are crucial to the trade-off between ENRR and

HER and, in the end, facilitates the ENRR process [26,36].

2.3. Methods for ammonia detection

The key parament to evaluate the electrocatalyst performance

is based on the quantity of NH3 produced. Ion-selective elec-

trode detection, isotope detection, ion chromatography, and spec-

trophotometry are primary techniques for NH3 detection [26]. The

most common spectrophotometric techniques are known as the

indophenol blue method and Nessler reagent method. These two

methods are generally adopted for NH3 detection because of their

high sensitivity levels and low cost. Indophenol blue method has

higher color rendering, low detection limits (10×10−6 mol/L), and

excellent reproducibility. In contrast, the Nessler reagent method is

better in reducing reagent consumption and saving time, but it is

a mercury-containing color reagent that failed to protect the en-

vironment. However, specific metal ions that have been dissolved

in the solution can lead to inaccurate measurements. To get rid

of interference, it has been proposed that a controlled experiment

should be carried out [37]. The ion-selective electrode is straight-

forward, rapid, and has a broad dynamic range for detection (0.01–

17,000ppm). During the experiment, you must maintain control of

both the temperature and the stirring speed. Ion chromatography

is notable for its high repeatability, precision, and low detection

limitation of 3×10−7 mol/L. Because of the short retention time,

electrolytes containing Li+ and Na+ are inappropriate, and organic

electrolytes are also irrelevant [26]. Furthermore, the NH3 source

for the catalyst responsible for the ENRR can only be identified by

experiments involving the 15N2 isotope. To determine the number

of products, employing at least two distinct detection techniques

is recommended since this can yield more convincing results [38].

Moreover, Nafion membrane is frequently used for ENRR to sepa-
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rate NH3 from anode products. It has been found Nafion membrane

can allow NH3 to travel through, be adsorbed, and even interact

with the membrane [39]. This results in a measurement error and

speeds up the membrane deterioration process, both of which are

detrimental to NH3 quantification and long-term stability. In this

case, using a salt bridge (saturated KCl) to replace Nafion mem-

brane is demonstrated to be a feasible method. Besides, further re-

search on membrane engineering is needed to solve this problem,

which is essential to NH3 quantification and electrocatalyst evalu-

ation.

3. Characteristics of electrolytes

Recent advances in ENRR toward NH3 have depended signifi-

cantly on the theoretical and empirical development of novel types

of electrolytes along with compatible electrocatalysts. In the recent

past, several efforts have been made to increase the NH3 produc-

tion rate and FE using different electrolytes under ambient con-

ditions. Choosing an appropriate electrolyte is crucial in boosting

the electrocatalysts performance for N2 reduction to NH3. The sup-

porting electrolytes break down into charged ions during ioniza-

tion, which scatters evenly throughout the solvent. When an elec-

trochemical system is active, charged ions flow predictably, form-

ing a conductive route with the external electron transfer circuit.

The conductivity of the electrolytes is crucial for achieving charge

equilibrium rapidly and reducing the resistance to charge transfer.

N2 has very poor solubility in aqueous electrolytes (0.66mmol/L

at room temperature), resulting in insufficient reactants [37]. The

solubility of N2 has a close relationship with the proton concen-

tration in the electrolytes. Using a fixed saturated N2 concentra-

tion and different HCl concentrations, higher proton concentrations

may reduce the N2 concentration near the catalyst surface [40].

Apart from the proton concentration, the concentrations of salt in

the electrolyte have a notable impact on N2 solubility. At concen-

trations higher than 0.6mol/L LiClO4, a decrease in N2 solubility

and diffusivity is observed, as well as an increase in SEI conductiv-

ity as measured [41]. Therefore, there is animmediate need for an

electrolyte with a high gas solubility to circumvent this limitation.

Moreover, the electrolyte serves as the source of the protons in-

volved in the electrocatalytic reduction reaction. According to den-

sity functional theory (DFT) calculations and the findings, H atoms

predominate the active site both thermodynamically and kineti-

cally [42,43]. In this scenario, the competitive HER is mostly pro-

duced by the overstock of protons (Fig. 3a). Consequently, it is of

considerable importance to manage the concentration of the pro-

tons or raise the proton transfer barrier to the surface of catalyst

by adjusting the electrolyte (Fig. 3b). Overall, when improving the

electrolysis performance based on the crucial roles of electrolytes,

several electrolyte characteristics, such as gas solubility, ion con-

ductivity, pH, and proton transfer rate, affect electrocatalyst activ-

ity and selectivity, must be taken into consideration.

Fig. 3. (a) Schematic illustration of the competitive adsorption and surface cover-

age on the catalyst during the ENRR and HER process (blue, N2; purple, proton;

gray, catalyst). (b) Illustration of the limiting proton transfer rate by decreasing bulk

solution proton concentration and increasing the surface proton transfer barrier. Re-

produced with permission [36]. Copyright 2017, American Chemical Society.

4. Aqueous electrolytes for electrochemical nitrogen reduction

Aqueous electrolytes feature low cost, environmental friendli-

ness, excellent conductivity, and a large electrochemical working

window, making it possible to carry out electrochemical reduc-

tion processes within a wide potential range [44]. Besides, it is

simple to collect the necessary protons to create important inter-

mediates such as NNH∗ in aqueous electrolytes (∗ denotes an ac-

tive site on the surface of the electrocatalyst) [45]. Benefiting from

these advantages, aqueous electrolytes have been extensively in-

vestigated in ENRR. Aqueous electrolytes are generally divided into

alkaline, neutral, acidic, and water-in-salt (WiS) electrolytes. More-

over, Table 1 compares the electrochemical performance of cat-

alysts in various types of aqueous and non-aqueous electrolytes

[46–70]. The following will briefly introduce some representative

works linked to these.

4.1. Alkaline electrolytes

4.1.1. Electrocatalytic performances in alkaline electrolytes

Alkaline electrolytes are widely used in ENRR due to their ca-

pability to suppress HER and promote selectivity toward NH3 for-

mation. For instance, the evaluation of ENRR in 0.1mol/L KOH and

0.1mol/L HCl over CF-ZIF-1100–1h catalyst shows that the NH3

yield is higher in a basic electrolyte than that of an acidic medium

[71]. Besides, the NH3 production rate in an acidic medium drops

with temperature, but it increases with the rise of temperature

in 0.1mol/L KOH. These findings indicate that higher proton con-

centration in acidic electrolytes significantly enhanced the HER,

thus suppressing the ENRR. Chen et al. [72] investigated the ef-

fect of pH of electrolytes on the ENRR to produce NH3 over a

30% Fe2O3–CNT electrocatalyst at a constant potential. The rate of

NH3 production is observed to be 1.06×10−11 mol cm−2 s−1 in

0.5mol/L KOH, which is higher than the rate of NH3 production

achieved in 0.25mol/L KHSO4 electrolyte (Fig. 4). It is believed that

the transfer of H2O is the determining factor of the production rate

of NH3 in alkaline ENRR. Herein, the ENRR requires a careful pH

adjustment of the electrolyte environment to achieve desired re-

sults.

4.1.2. Electrocatalysts for alkaline electrochemical nitrogen reduction

To enhance the alkaline ENRR performance, Guo et al. devel-

oped a ZIF-67-derived CoP hollow nanocage (CoP HNC) as an elec-

trocatalyst with 1.0mol/L KOH solution (pH 14, Fig. 5) as the elec-

trolyte [73]. The CoP HNC catalyst with a structure of 3D hierar-

chical of nanoparticles, nanosheets, and nanocage provides a sur-

face with rich active sites. It exhibited a high FE of 7.36% at 0V

vs. RHE, and the rate of NH3 yield improved exponentially with-

out hydrazine. It reached 10.78μg mgcat.
−1 h−1 at −0.4V vs. RHE.

Ma et al. [74] attained a high NH3 yield of 45.7 g mgcat.
−1 h−1 in

0.1mol/L KOH (pH 13) with 3D unalloyed nanoporous Au as the

extremely efficient and durable electrocatalyst. It was believed that

the numerous surface steps and bends on the Au ligament surface

of NPG were the N2 reduction’s active sites, making it an efficient

catalyst for ENRR with a FE as high as 3.41%.

Bao et al. used the seeded growth method to produce tetrahexa-

hedral Au nanorods with a stepped (730) face and a multi-step face

composed of (210) and (310) sub-faces for ENRR in 0.1mol/L KOH

electrolyte (Figs. 6a and b) [70]. The maximal rate of NH3 produc-

tion and FE were 1.648 g h−1 cm−2 and 3.879%, respectively. Mean-

while, hydrazine hydrate was produced to be 0.102 g h−1 cm−2.

NH3 production rate and FE reduce considerably as HER dominates

the electrode reaction when the potential is lower than −0.2V vs.

RHE (Fig. 6c). The significant number of high-index (310) and (210)

facets exposed on the catalysts, which provide considerable active

sites for N2 reduction, was respond for the extraordinarily high

4
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Table 1

Comparison of ENRR performances in various electrolytes.

Electrolytes Electrocatalysts NH3 production rates FEs Refs.

0.1mol/L Na2SO4 TiO2/Ti 9.16×10−11 mol s−1 cm−2 2.50% [46]

0.1mol/L Na2SO4 MnO/TM 1.11×10–10 mol s–1 cm–2 8.02% [47]

0.1mol/L Na2SO4 MoS2/CC 8.08× 10−11 mol s−1 cm−2 1.17% [48]

0.1mol/L Na2SO4 Hollow Cr2O3 microspheres 25.3 μg mgcat.
–1 h–1 6.78% [49]

0.1mol/L Na2SO4 TiO2-rGO 15.13 μg mgcat.
–1 h–1 3.3% [50]

0.1mol/L Na2SO4 Fe2O3 nanorods 15.9 μg mgcat.
–1 h–1 0.94% [51]

0.1mol/L Na2SO4 Defect-rich MoS2 nanoflower 29.28 μg mgcat.
–1 h–1 8.34% [52]

0.1mol/L Na2SO4 Fe3O4/Ti 0.012 μg h–1 cm–2 2.6% [53]

0.5mol/L LiClO4 AuHNCs 3.90 μg h–1 cm–2 30.2% [54]

0.5mol/L LiClO4 β-FeOOH nanorods 23.32 μg mgcat.
–1 h–1 6.7% [55]

0.1mol/L HCl Ru/C 3.43×10−12 mol s−1 cm−2 0.28% [56]

0.01mol/L H2SO4 Mo nanofilm 3.09× 10–11 mol s–1 cm–2 0.72% [57]

0.1mol/L HCl Mo2N 4.60× 10−10 mol s–1 cm–2 4.5% [58]

0.1mol/L HCl VN/TM 8.40× 10–11 mol s–1 cm–2 2.25% [59]

0.1mol/L HCl Bi4V2O11/CeO2 23.21 μg mgcat.
–1 h–1 10.16% [60]

0.05mol/L H2SO4 N-doped porous carbon 23.8 μg mgcat.
–1 h–1 1.4% [61]

0.1mol/L HCl B4C 26.57 μg mgcat.
–1 h–1 15.95% [62]

0.1mol/L HCl Nb2O5 nanofiber 43.6 μg mgcat.
–1 h–1 9.26% [63]

0.1mol/L HCl Cr2O3/CPE 28.13 μg mgcat.
–1 h–1 8.56% [64]

0.1mol/L HCl TA-reduced Au/TiO2 21.40 μg mgcat.
–1 h–1 8.11% [65]

0.1mol/L HCl α-Au/CeOx-RGO 8.31 μg mgcat.
–1 h–1 10.1% [66]

0.1mol/L HCl MoN 0.06 μg h–1 cm–2 1.15% [67]

0.5mol/L H2SO4 Ru/Ti 7.34 μg h–1 cm–2 – [68]

0.1mol/L HCl Au flowers 25.57 μg mgcat.
–1 h–1 6.05% [69]

0.1mol/L KOH Au nanorods 1.648 μg mgcat.
–1 h–1 3.88% [70]

Fig. 4. (a) Current density profiles in different electrolytes. (b) Average NH3 formation rates and FEs in different electrolytes. Reproduced with permission [47]. Copyright

2017, American Chemical Society.

Fig. 5. (a) Schematic procedure, (b) HIM image, (c) TEM image, and (d) HRTEM

image of CoP HNC. Reproduced with permission [73]. Copyright 2018, Wiley-VCH.

activity of Au nanorods. According to DFT calculations, N2 elec-

troreduction on Au nanorods followed an associative alternating

pathway rather than an associative distal pathway, as evidenced

by the concurrent synthesis of hydrazine of NH3. Mukherjee et al.

[71] performed ENRR using ZIF-8-derived N-doped and defect-rich

nanoporous carbon as an electrocatalyst prepared by one-step ther-

mal activation. At benign temperature conditions, the as-prepared

electrocatalyst reveals a remarkable rate of NH3 synthesis and FE

of 3.4×10−6 mol cm−2 h−1 and 10.2%, respectively, using alkaline

electrolyte. The N-doped nanoporous carbon electrocatalyst also

demonstrated excellent stability for a continuous test of 18h with

a constant rate of NH3 production. Further, the catalytic activity

of N-doped nanoporous carbon with Fe doping was investigated.

The rate of NH3 production was significantly decreased, as the Fe

doping blocked the active sites of the electrocatalyst and facilitated

HER.

Fig. 6. (a) Geometric models and (b) TEM image of Au nanorods. (c) Average yield of NH3 and hydrazine hydrate and FEs of Au nanorods in 0.1mol/L KOH. Reproduced with

permission [70]. Copyright 2016, Wiley-VCH.

5



S. Mahmood, H. Wang, F. Chen et al. Chinese Chemical Letters 35 (2024) 108550

4.2. Neutral electrolytes

4.2.1. Electrocatalytic performances in neutral electrolytes

The method of ENRR is greatly desired in neutral electrolytes in

light of averting corrosion issues in both acidic and alkaline elec-

trolytes. Moreover, neutral electrolytes with lower proton concen-

trations can be applied quickly and easily to reduce the compe-

tition from HER by lowering the coverage of ∗H, thus improving

electrocatalytic selectivity. The ENRR activity in acidic and neutral

electrolytes were investigated using Au catalyst [65,75]. The cat-

alytic activity decreases at potentials greater than −0.5V vs. RHE in

both acidic and neutral electrolytes. Theoretically, the presence of

plentiful protons in acidic electrolytes would cause a large amount

of ∗H to cover the metals that prevent ∗N2 adsorption, whereas

the presence of protons in neutral electrolytes might increase the

activity of ENRR on those metals. Consequently, the current den-

sities, NH3 production, and FEs vary with the different pH values

of electrolytes over Pd/C electrocatalyst and operate best in phos-

phate buffer solution (PBS) of neutral pH (Fig. 7a) [76]. An NH3

production rate of ∼4.5 μg mg−1 h−1 and FE of 8.2% were achieved

at −0.1V vs. RHE. Mukherjee et al. [77] used three electrolytes, in-

cluding 0.01mol/L HCl with pH 1, 0.5mol/L LiClO4 with pH 8, and

0.1mol/L KOH with pH 13, to compare their catalytic activity for

ENRR. The optimal NH3 production is 115mg cm−2 h−1 in a neu-

tral medium, and the maximum FE is 18.5% for the atomic Ni site

on N-doped carbon. Wu et al. analyzed the most recent findings

and developments in Fe-based catalysts for N2 reduction processes

and found that these are well-suited for NH3 production, especially

in the presence of neutral electrolytes at lower potentials [78,79].

Liu et al. [80] reported a FE of 18.6% ± 0.8% and an NH3 yield rate

of 62.9±2.7 μg h−1 mg−1 were produced using a Fe single-atom

catalyst for ENRR in 0.1mol/L PBS electrolyte. Hu et al. [81] em-

ployed Fe/Fe3O4 catalyst for ENRR and attained a maximum 0.19μg

cm−2 h−1 of NH3 production rate with an 8.29% of FE at −0.3V

vs. RHE in 0.1mol/L PBS electrolyte (pH 7.2). Chen et al. success-

fully created NiFe-MoS2 nanocubes (NiFe@MoS2 NCs) as a catalyst

and evaluated their ENRR performance by adopting an electrolyte

of 0.1mol/L Na2SO4 solution [82]. Excellent electrocatalytic perfor-

mances due to trimetallic synergistic interactions and the hollow

Fig. 7. (a) NH3 yield rates and FEs in different electrolytes. Reproduced with per-

mission [76]. Copyright 2018, Springer Nature. (b) NH3 yields of Ni-Fe-MoS2 and

MoS2. Reproduced with permission [82]. Copyright 2020, Royal Society of Chem-

istry. (c) Chronoamperometric curves of NH2-MIL-88B-Fe in 0.1mol/L Na2SO4 and

0.05mol/L H2SO4 measured at −0.45V. (d) NH3 yield rates and FEs in 0.1mol/L

Na2SO4 and 0.05mol/L H2SO4 electrolytes. Reproduced with permission [83]. Copy-

right 2020, Springer Nature.

NC structure with a high NH3 yield rate\break (128.17μg h−1 mg−1)

and FE (11.34%) are obtained at a temperature of 40 °C, at −0.3V

vs. RHE (Fig. 7b). To investigate the impact of H+ concentration

on ENRR performance, Li et al. examined the current density, NH3

yield rate, and FE in 0.05mol/L H2SO4 and 0.1mol/L Na2SO4 elec-

trolytes [83]. Particularly the cathodic current density at negative

potentials, is significantly higher in Ar-saturated 0.05mol/L H2SO4

aqueous solution than in Ar-saturated 0.1mol/L Na2SO4 aqueous

solution, indicating the active HER in acidic electrolytes. As shown

in Fig. 7c, similar patterns may be seen in the chronoamperom-

etry test at −0.45V. Lastly, the NH3 yield rate as well as FE are

much larger in 0.1mol/L Na2SO4 than those in 0.05mol/L H2SO4

electrolyte (Fig. 7d). Yu et al. [84] reported a FE of 42.68% and

an NH3 yield rate of 13.09 μg h−1 mg−1 using a Sn-based elec-

trocatalysts for ENRR in 0.1mol/L Na2SO4 electrolyte at −0.2V vs.

RHE. Zheng et al. designed a series of dual metal single atom cata-

lysts containing adjacent M-N-C dual active centers to uncover the

structure-activity relationship through combined theoretical and

experimental study [85]. The catalyst revealed promising ENRR ac-

tivity with the limiting potential of −0.64∼0.62V in aqueous elec-

trolyte. As an effective electrocatalyst for ENRR to NH3, a hybrid of

TiO2 and juncus effusus-derived carbon microtubes with a three-

dimensional cross-linked hollow tubular structure is presented,

which provides a significant NH3 yield of 20.03 μg h−1 mgcat.
−1 and

a high FE of 10.76% at −0.50V vs. RHE, as well as greater electro-

chemical and structural durability in 0.1mol/L Na2SO4 [86].

4.2.2. Electrocatalysts for neutral electrochemical nitrogen reduction

By engineering efficient electrocatalysts, the ENRR perfor-

mance in natural electrolytes can be significantly enhanced.

Fe2O3 nanorods with porous nature on carbon cloth (p-Fe2O3/CC)

were created by Wang et al. [87] using the hydrothermal tech-

nique and high-temperature calcination (Fig. 8a). The binder-free

porous structure of p-Fe2O3/CC exhibits active sites in large num-

bers and available open channels for N2 adsorption, contribut-

ing to the reduction of NH3. As a result, the p-Fe2O3/CC catalyst

presents excellent stability, with a maximal NH3 production rate of

13.56 μg mgcat.
−1 h−1 and a FE of 7.69% in 0.1mol/L Na2SO4 (Fig.

8b). Moreover, the highest NH3 production rate and FE were

achieved over p-Fe2O3/CC catalyst with a hydrothermal time of 6h.

The high efficiency of p-Fe2O3/CC was ascribed to its higher value

Fig. 8. (a) schematic illustration for preparing p-Fe2O3/CC catalyst. (b) NH3 pro-

duction rates and FEs of p-Fe2O3/CC catalyst. (c) NH3 production rates and FEs of

p-Fe2O3/CC, Fe2O3–4/CC, Fe2O3–8/CC, and CC catalysts. Reproduced with permission

[87]. Copyright 2019, American Chemical Society.
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Fig. 9. (a) NH3 production rates and FEs for TiO2-rGO/CP in 0.1mol/L Na2SO4. (b) NH3 production rates using various electrodes at −0.90V. (c) NH3 production rates and

FEs at −0.90V during recycling tests. Reproduced with permission [50]. Copyright 2018, Royal Society of Chemistry.

of double layer capacitance, which offers a larger electrochemical

active surface area and exposes active sites for N2 reaction (Fig.

8c).

Zhang et al. [46] synthesized TiO2/Ti catalyst using a hydrother-

mal method, and achieved a maximum NH3 production rate of

9.16×10−11 mol s−1 cm−2 in 0.1mol/L Na2SO4 electrolyte, which

is superior to most reported electrocatalysts for ENRR (Table

1). The highest FE of TiO2/Ti electrocatalyst for NH3 produc-

tion was obtained to be 3.34% at −0.6V and reduced to 2.50%

at −0.7V due to the competing HER. Zhang et al. [50] loaded

TiO2-reduced graphene oxide (rGO) on carbon paper (CP) to pre-

pare TiO2-rGO/CP electrocatalyst for the ENRR to NH3. The TiO2-

rGO/CP electrocatalyst revealed a maximum rate of NH3 production

(15.13μg mgcat.
−1 h−1) and high FE (3.3%) in 0.1mol/L Na2SO4 at

−0.90V vs. RHE. The NH3 yield rate was also compared with CP,

rGO/CP, TiO2/CP, and TiO2-rGO/CP electrocatalyst (Figs. 9a and b). A

negligible performance of the CP as an electrocatalyst is observed,

and the performance of the TiO2-rGO/CP was superior to those of

the TiO2/CP and rGO/CP electrocatalysts. The superior performance

is attributed to the well-dispersed TiO2 nanoparticles over rGO,

which provides maximum exposure of active sites for N2 adsorp-

tion and reduction to NH3. Furthermore, the NH3 production rate

and FE maintain for six successive recycling tests at −0.9V, indi-

cating the good electrochemical stability of the TiO2-rGO/CP elec-

trocatalyst (Fig. 9c).

Zhang et al. developed MnO nanoparticles on a Ti mesh

(MnO/Ti) for natural ENRR and achieved a very high NH3 produc-

tion rate of 1.11×10−10 mol s−1 cm−2 and FE of 8.02% in 0.1mol/L

Na2SO4 at −0.39V vs. RHE [47]. After ten repeated cycles, no loss

of NH3 production rate, and FE are observed at −0.39V, suggest-

ing outstanding electrochemical stability. DFT calculations demon-

strate low adsorption energy of N on the Mn atom than that

of H on the O atom of the MnO (200) surface, indicating the

high selectivity of MnO/Ti catalyst for N2. Multi-shelled hollow

Cr2O3 microspheres (MHCMs) served as useful electrocatalysts for

ENRR to NH3 [49]. The highest value of NH3 production rate by

MHCMs electrocatalysts is 25.3 g mgcat.
−1 h−1 with a FE of 6.78%

in 0.1mol/L Na2SO4. DFT calculations were executed to understand

the mechanism on the MHCMs electrocatalyst surface for ENRR.

The calculations and results suggest that the first N2 adsorbed on

the Cr3+ species of MHCMs, followed by the hydrogenation, took

place by (H + e−) pair addition. Thus, both partially alternative

routes and distal associative are involved during the ENRR over the

MHCMs electrocatalysts. To improve the ENRR performance in nat-

ural aqueous electrolytes, Li et al. [88] hydrothermally synthesized

Y2O3 nanosheets. The NH3 production rate and FE are attained to

be 1.06×10−10 mol s−1 cm−2 and 2.53%, respectively, in 0.1mol/L

Na2SO4 aqueous solution utilizing Y2O3 nanosheets at −0.9V vs.

RHE. DFT simulations show that the ∗N2 hydrogenation to gener-

ate ∗N2H is the potential deciding step of the reaction. Song et al.

[89] used the chemical vapor deposition method to synthesize N-

doped carbon nano-spikes (CNS) as an effective electrocatalyst for

ENRR to NH3. Using CNS electrocatalyst, the maximum NH3 pro-

duction rate (97.18μg h−1 cm−2) and FE (11.56%) are obtained at

−1.19V vs. RHE in 0.25mol/L LiClO4. The remarkable electrocat-

alytic activity of CNS catalyst for ENRR is ascribed to its sharp tip

texture that amplifies the strong electric field and significantly af-

fects molecular orbital energy levels in N2.

4.3. Acidic electrolytes

4.3.1. Electrocatalytic performances in acidic electrolytes

Typically, acidic electrolytes exhibit a higher solubility of N2

compared to alkaline and natural media [90]. Nevertheless, HER

often dominates the electrochemical process due to the adequate

supply of protons. Therefore, the acidic ENRR performance can be

efficiently adjusted by regulating the mass transfer of protons. For

instance, Cheng et al. [91] used molten salt synthesis and fabri-

cated Mo2C/C catalyst by embedding Mo2C nanodots on ultra-thin

carbon nanosheets with a particle size of 2–3nm (Figs. 10a). Figs.

10b and c show the activity of N2 reduction over Mo2C/C catalyst

supported on hydrophilic CC as well as hydrophobic CC in aqueous

solutions of 0.5mol/L Li2SO4 with pH of 2 and 3. It is anticipated

that hydrophobic CC and an electrolyte with a higher pH value are

thought to reduce HER by limiting the number of protons avail-

able at the electrode surface, hence boosting FE. The results of the

experiments corroborated with this theory show that when the

accessibility of protons decreased, the highest FE increases from

1.6% to 7.8%. Yet, higher FEs are met with lower NH3 formation

rates. This suggests that while severe HER suppression can increase

faradic efficiency, more is needed to accomplish a high NH3 gen-

eration rate. These results illustrate the challenges to establish a

high NH3 production rate and FE at an electrode surface. Han et al.

obtain the highest NH3 production rate of 4.80×10−10 mol s−1

cm−2 and FE of 0.8% at −0.50V vs. RHE in 0.1mol/L HCl with

MoO3 nanosheets as electrocatalysts [63,92]. Besides, Excellent per-

formance in the ENRR to NH3 on Nb2O5 nanofibers was reported,

Fig. 10. (a) An illustration of a schematic for synthesizing Mo2C/C using the molten

salt approach. (b) FEs and (c) NH3 yield rates over Mo2C/C on hydrophilic CC and

hydrophobic CC with pH of 2 and 3 in 0.5mol/L Li2SO4. Reproduced with permis-

sion [91]. Copyright 2018, Wiley-VCH.
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and a maximum NH3 production rate of 43.6 μg mgcat.
−1 h−1 and

FE of 9.26% at −0.55V vs. RHE in 0.1mol/L HCl is attained. DFT

simulations show that the surface Nb-edge atoms of Nb2O5 (181)

are responsible for polarizing and activating N2 molecules, which

is necessary for their reduction to NH3.

4.3.2. Electrocatalysts for acidic electrochemical nitrogen reduction

To improve the performance of acidic ENRR, Du et al.

[64] reported the Cr2O3 nanofiber as the catalyst for N2 re-

duction. The Cr2O3 nanofiber reached a high production rate of

28.13μg mgcat.
−1 h−1 and FE of 8.56% in 0.1mol/L HCl at −0.7V vs.

RHE with strong electrochemical durability after six cycles during

electrolysis. Lv et al. [60] used electrospinning followed by calcina-

tion in the air to prepare a Bi4V2O11/CeO2 hybrid catalyst for ENRR

to NH3 under benign conditions. The molar ratio of Ce and Bi can

affect the crystallinity of Bi4V2O11 in a hybrid catalyst profoundly.

The obtained Bi4V2O11/CeO2 hybrid with an amorphous phase

(BVC-A) hybrid catalyst exhibited crystalline CeO2 and amorphous

Bi4V2O11 when the molar ratio of Bi and Ce was 2:1 (Fig. 11a).

The BVC-A hybrid catalyst outperformed in terms of NH3 produc-

tion rate than Bi4V2O11/CeO2 hybrid with a crystal phase (BVC-C)

with the Bi and Ce molar ratio of 4:1, Bi4V2O11, and CeO2

(Fig. 11b). In 0.1mol/L HCl, a maximum NH3 generation rate

of 23.32 μg mgcat.
−1 h−1 and a FE of 10.16% are achieved with

the BVC-A hybrid catalyst (Fig. 11c). The inclusion of amorphous

Bi4V2O11 species, which can offer abundant faulty sites and a low

energy barrier for N2 reduction to NH3, is credited with the out-

standing performance of the BVC-A hybrid catalyst.

By thermal nitriding in an NH3 flow environment, Zhang et al.

[93] created VN nanosheet arrays on a Ti grid (VN/TM) and VN

nanowire arrays on CC (VN/CC). In N2-saturated 0.1mol/L HCl, an

NH3 production rate of 8.40×10−11 mol s−1 cm−2 with a corre-

sponding FE of 2.25% is realized at −0.50V vs. RHE. Additionally,

the catalyst maintains a steady voltage of −0.50V vs. RHE dur-

ing recycling. Zhang et al. sythesized an array of MoN nanosheets

on carbon fabric (MoN/CC) and similarly used a method sim-

ilar to that of VN nanostructures [67]. Ren et al. used a N2-

saturated 0.1mol/L HCl electrolyte and investigated the Mo2N

nanorods as an electrocatalyst to obtain an NH3 production rate of

78.4 μg mgcat.
−1 h−1 and FE of 4.5% for N2 reduction at −0.3V vs.

RHE [58]. The Mars Van Krevelen mechanism is responsible for the

N2 reduction over the Mo2N catalyst. Li et al. [66] used the facile

co-reduction method to deposit Au and CeOx nanoparticles on RGO

Fig. 11. (a) Schematic illustration for prrparing BVC-A and BVC–C catalysts. (b) Elec-

trochemical performances of Bi4V2O11, CeO2, BVC-A, and BVC–C at −0.2V vs. RHE.

(c) NH3 formation rates and FEs of BVC-A in 0.1mol/L HCl. Reproduced with per-

mission [60]. Copyright 2018, Wiley-VCH.

Fig. 12. (a) NH3 synthesis rates achieved using several catalysts at −0.2V vs. RHE.

(b) NH3 synthesis rate and FEs of the Au/CeOx-RGO composite in 0.1mol/L HCl. Re-

produced with permission [66]. Copyright 2017, Wiley-VCH.

Fig. 13. (a) NH3 formation rates and (b) FEs of PCN in 0.1mol/L HCl which is

N2-saturated. (c) The charge density difference of the N2-adsorbed PCN with N-

vacancies and the geometry of N2 adsorption on PCN with N-vacancies. Reproduced

with permission [97]. Copyright 2018 Wiley-VCH.

(Au/CeOx-RGO) for ERNN. Au nanoparticles amorphous formation is

observed, having a particle size of ∼5nm. Compared with Au/CeOx

and Au/RGO, Au/CeOx-RGO electrocatalyst is a more efficient cata-

lyst in acidic ENRR (Fig. 12a). Its superior performance is attributed

to amorphous Au nanoparticles on the substrate having abundant

unsaturated coordination sites. The maximum NH3 synthesis rate

of 8.3 μg mgcat.
−1 h−1 and FE of 10.10% are obtained using Au/CeOx-

RGO catalyst having 1.31 wt% loading of Au at −0.2V vs. RHE in

0.1mol/L HCl. A noteworthy decline in the rate of NH3 production,

as well as the FE, are observed due to the HER at higher negative

potentials (Fig. 12b).

Liu et al. [61] used the same approach to formulate an elec-

trocatalyst composed of ZIF-8 derived N-doped nanoporous car-

bon and 0.05mol/L H2SO4 electrolyte to achieve a maximum NH3

production rate (2.6×10−10 mol s−1 cm−2) as well as FE (0.9%) at

−1.1V vs. RHE. Under optimal conditions, Cu3P nanoribbon is de-

veloped as a highly effective electrocatalyst for the conversion of

N2 to NH3. Such Cu3P nanoribbon exhibits remarkable FE up to

37.8% and a significant yield of 18.9 μg h−1mgcat.
−1 at −0.2V when

measured in N2-saturated 0.1mol/L HCl [94]. Chen et al. fabricated

plasma-etched Ti2O3 with oxygen vacancies which presents out-

standing N2 fixation performances with the maximum NH3 yield

and FE of up to 37.24μg h−1 mgcat.
−1 and 19.29%, respectively in

0.1mol/L HCl [95]. Ti2O3 nanoparticles function effectively as a

pure Ti3
+ system for NH3 electrosynthesis. According to the in-

vestigation, the Ti3
+ ions serve as the primary catalytically active

sites and considerably boost ENRR activity. In an acidic electrolyte,

Ti2O3 performs exceptionally well with high NH3 yield and FE, out-
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Fig. 14. (a) Schematic illustration for preparing boron-doped graphene. (b) TEM image, (c) NH3 yields and FEs of boron-doped graphene. Reproduced with permission [98].

Copyright 2018, Elsevier.

Fig. 15. (a) UV–vis spectra of NH3 production rate after electrolysis for 2h at −0.35V vs. RHE. (b) Comparison of NH3 yield rates and FEs on pure Rh, SnO2, Rh0.3@SnO2,

Rh0.5@SnO2, Rh1.3@SnO2, and mechanically mixed Rh0.5/SnO2 catalysts at −0.35V vs. RHE. (c) NH3 yield rates and FEs on Rh0.5@SnO2 at −0.35V vs. RHE after consecutive

tests. (d) Chronoamperometry curve for 20h on Rh0.5@SnO2. Reproduced with permission [99]. Copyright 2022, American Chemical Society.

performing the majority of titanium-based catalysts previously re-

ported [96]. Lv et al. [97] also used the thermal treatment method

and fabricated polymeric carbon nitride (PCN) for ENRR. The PCN

catalyst reveals excellent electrocatalytic efficiency with an NH3

synthesis rate of 8.09 μg mgcat.
−1 h−1 and FE of 11.59% in 0.1mol/L

HCl electrolyte (Figs. 13a and b). DFT calculations suggest that the

N-vacancy of the PCN catalyst is the active site for N2 molecule,

which dramatically increases the N2 bond length from 1.10 Å (for

free N2 molecule) to 1.26 Å due to the electrons transfer between

adsorbed N2 and adjacent carbon atoms (Fig. 13c). This N2 bond

length falls between diazene (1.20 Å) and hydrazine (1.47 Å) and fa-

cilitates the reduction of N2 into NH3.

Yu et al. [98] performed a thermal reduction to yield a boron-

doped graphene electrocatalyst. The graphene framework retains

its conjugated planar structure and sp2 hybridization but induces

electron deficiency by doping boron atoms (Figs. 14a and b). The

boron being positively charged atoms not only offers active sites

for N2 adsorption but also prohibits the binding of protons, re-

sulting in an outstanding electrocatalytic performance and high FE

for N2 reduction to NH3. According to DFT calculation, the BC3

structure of boron-doped graphene reveals the lowest energy bar-

rier between the various boron doping positions such as B4C, BC3,

BC2O, and BCO2 and is beneficial for N2 adsorption and its reduc-

tion to NH3. The boron-doped graphene having 6.2% boron concen-

tration shows a maximum NH3 production rate of 9.8 μg h−1 cm−2

and FE of 10.8% in 0.05mol/L H2SO4 electrolyte at −0.5V vs. RHE

under benign conditions (Fig. 14c).

Through interfacial engineering approach, Rh atomic layer-

coated SnO2 hetero-structured catalyst was rationally designed

with the maximum NH3 yield rate (149μg mgcat.
−1 h−1) and FE

(11.69%) in 0.05mol/L H2SO4 electrolyte (Fig. 15) [99]. According

to DFT and X-ray absorption spectra calculations, the SnO2 het-

erostructure and the Rh atomic layer exhibit strong electron inter-

actions, efficiently controlling the interfacial electron transfer and

d-band center. The adsorption energy of H is significantly lowered,

and the reaction kinetics for N2 reduction is dramatically expe-

dited as a result of the downshift of the d-band center. By reducing

H adsorption and further enhancing the electrocatalytic N2 reduc-

tion, this work offers unique insight into the regulation of interfa-

cial electrons.

4.4. Water-in-salt electrolytes

WiS, as a novel type of electrolyte, has extremely high salt con-

centrations and have been explored for boosting the efficiency of

ENRR. Two benefits would be anticipated from such a system. First,

the high quantity of salt has a substantial solvation effect, locking

down water molecules, reducing the amount of free water avail-

able, and effectively suppressing HER [100,101]. Also, the WiS elec-

trolyte provides a chance to fine-tune the H2O concentration for

electrokinetic studies of ENRR, a parameter that is previously chal-

lenging to change but crucial to understanding the intricate mech-

anisms. It also has safety benefits and low toxicity.

It should be noted that WiS electrolytes can increase the elec-

trochemical stability window to over 3.0V, which could overcome

the restricted electrochemical windows of HER/OER for conven-

tional aqueous electrolytes [102,103]. As a result, WiS electrolyte

is a desirable choice for ENRR research in the future. Wu et al. re-

cently described an NH3 production method with 20mol/L lithium

bis(trifluoromethanesulfonyl)imide (LiTFSI) as a super-concentrated

WiS system. As the catalyst for ENRR, oxygen vacancy-rich TiO2

loaded with Au nanoparticles was used. A high FE of 37.2% and
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Table 2

Compositions of non-aqueous electrolytes and their ENRR performances.

Electrolytes Electrocatalysts NH3 production rates FEs Refs.

FPEE and [C4mpyr][eFAP] α-Fe 2.35× 10−11 mol s−1 cm−2 32% [110]

[C4mpyr][eFAP] Fe dep. Ni foam 2.9mg h−1 m−2 60% [111]

Methanol/LiClO4/H
+ Pt-plate-PAN 57 μmol/L 16% [112]

2-Propanol/H2O Porous Ni cathode 1.54× 10−11 mol s−1 cm−2 0.89% [113]

0.1mol/L LiCl/EDA Ni cathode 3.58× 10−11 mol s−1 cm−2 17.2% [114]

CH3OH–H2O FeOOH/CNTs 262.5± 7.3 μg h−1 mg−1 75.9% [115]

THF-based electrolyte Ag-Au@ZIF 0.61 μg h–1 cm–2 18% [116]

NH3 yield of 20.3 μg h−1 cm−2 were achieved at −0.4V vs. RHE.

According to theoretical calculations, the H2O molecules are ef-

fectively stopped from accessing the catalytic surface by the ex-

tremely concentrated LiTFSI salt solution, which deactivates them

by intense ionic contact. Hence, in this WiS electrolyte, the energy

barrier for the HER is raised, and the H2O diffusion is severely con-

strained. Since the current density and the onset potential decrease

drastically due to the unique action of the WiS electrolyte, the HER

is severely slowed down [104].

Similarly, Wang et al. carried out ENRR in highly concentrated

LiCl electrolytes. This proof-of-concept system accomplishes a high

FE of 71.9% even when utilizing a metal-free electrocatalyst. They

believed the effectiveness of H2O as both a proton source and

a solvent is severely hampered by establishing a hydration shell

caused by the solute ions of highly concentrated electrolytes’ sig-

nificant attraction for the nearby H2O molecules. Hence, a sig-

nificant N2 flux and an effective inhibition of the HER occur

at the reaction interface, enhancing activity and selectivity dur-

ing the following reduction phase [105]. Chu et al. evaluated the

ENRR performances in various concentrations of LiClO4 WiS elec-

trolytes and obtained a good FE of 62.5% and NH3 production of

181.3 μg h−1 mg−1 in 12mol/L LiClO4 WiS electrolytes. They discov-

ered that the water molecules are slowed down by being encased

in solvation sheaths as the electrolyte concentration was raised, ef-

fectively blocking the HER. The decline in N2 affinity on the cata-

lyst surface is caused by the extremely low diffusion rate at ex-

tremely high concentrations, which limits the movement of N2 to

the catalyst surface. Meanwhile, WiS can support transfer electrons

to antibonding orbitals of N2 molecules favorably and promote N2

activation, as shown in XPS studies. As a result, the WiS system

effectively promotes ENRR activity and selectivity [106].

4.5. Summary

Aqueous electrolytes are generally the most popular choice for

N2 reduction reactions due to their ease of production, low cost,

and minimal toxicity. ENRR has demonstrated an astonishing ad-

vance by effectively selecting suitable aqueous electrolytes. The

previous literatures have reviewed that acidic electrolytes are gen-

erally more favorable for ENRR in terms of selectivity and activ-

ity compared to alkaline and neutral solutions. This may be as-

cribed to two reasons. First, in acidic electrolytes, the solubility

of N2 is generally higher than those in alkaline and natural solu-

tions. Besides, as the rate-determining step for ENRR is the for-

mation of ∗N2H through a PCET process, acidic electrolyte may

be beneficial for ENRR if the electrocatalysts are designed to has

weak adsorption of H species. Therefore, more efforts can be de-

voted to acidic ENRR. However, the comparatively poor N2 solu-

bility in the aqueous phase, even in acidic electrolytes, continues

to impede the advancement of ENRR. In addition, the lower FE

for ENRR resulting from the unavoidable HER side reactions are

still far from satisfactory. Hence, there is still a need of further

advancement in each category of aqueous electrolyte in terms of

solubility of N2. Besides, it is also crucial to develop alternative

techniques or optimize the catalysts to offset the disadvantage of

aqueous electrolytes by combining the HER suppression techniques

[32,78,107,108].

5. Non-aqueous electrolytes

Since non-aqueous electrolytes have much lower water content

than aqueous electrolytes and are good options considering that

many protons would be unfavorable for the required reactions.

Moreover, N2 is far more soluble in non-aqueous solutions than

in aqueous solutions [90]. Interestingly, alternative reaction path-

ways to promote ENRR are possible in non-aqueous electrolytes

[109]. As a result, non-aqueous electrolyte research has great po-

tential and receives great interest. Three categories of non-aqueous

electrolytes have been established by their varied chemical com-

positions: organic electrolytes, ILs, and mixed water-organic elec-

trolytes. Table 2 compares the electrochemical performance of cat-

alysts in various types of non-aqueous electrolytes [110–116]. These

will be introduced as follows.

5.1. Organic electrolytes

Organic electrolytes have received extensive attention in elec-

trocatalysis. As mentioned above, to slow down HER, we can either

raise the proton transfer barrier to the catalyst surface or lower the

concentration of proton in the bulk solution [36].

For example, the HER is suppressed by employing DMF to re-

duce proton donors [117], and a protective layer to prevent trans-

port of proton in the context of electrocatalysis for the production

and consumption of fuels [118]. In addition, the chemical struc-

ture of proton donor substantially affects the HER activity in ace-

tonitrile. With the donor, tetraethylammonium hydroxide (TEAH+),
which is less bulky, exhibits higher HER activity at all observed po-

tentials than the bulkier donor, N,N-diisopropylethylamine (proto-

nated) (DIPEAH+) [119]. Hence, organic electrolytes offer essential

approaches to regulating the transfer of both electrons and pro-

tons. Gorodisky et al. [120]. reported the Ti(OH)3−Mo(III) system

for catalytic N2 reduction. It has been suggested that clusters of

Ti(III) and Mo(III) hydroxides must have adhered to the cathode,

which forms a complex with Mo(III) for electrons to move from the

anode to the N2 molecule at a suitable negative potential. How-

ever, a more precise mechanism is still unknown. The highest NH3

and N2H4 yields are observed when the electrolyte contains up

to 3% water, indicating that water is also important for NH3 syn-

thesis. Lee et al. [116] employed a solvent mixture of ethanol and

0.2mol/L lithium trifluoromethanesulfonate (LiCF3SO4) in tetrahy-

drofuran as the electrolyte to increase the selectivity of NH3 under

ambient conditions, in which ethanol is used as the proton source.

Ag NCs were first positioned on an Au electrode and then covered

in a superhydrophobic ZIF layer to produce the ZIF/Ag-Au elec-

trocatalyst. The super-hydrophobic ZIF is employed to stop water

molecules from getting to catalyst surface. The ZIF with strong gas

adsorptive ability is used to concentrate the catalyst surface with

reactant molecules and N2. The ZIF/Ag-Au electrocatalyst enhances

N2 adsorption, promotes the ENRR, and blocks the competing HER.
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Fig. 16. (a) Schematic of Fe-SS electrode based N2 reduction process. (b) FEs for electro-reduction of N2-saturated ILs on different electrodes at −0.8V vs. NHE. (c) NH3

production rates on several electrodes and ILs at −0.8V vs. NHE. Reproduced with permission [111]. Copyright 2017, Royal Society of Chemistry. (d) FEs and the NH3 yields

at XIL =0.16. (e) NH3 yields and FEs at −0.65V vs. NHE. Reproduced with permission [110]. Copyright 2018, American Chemical Society. (f) Corresponding FEs and NH3 yield

rates. After chronoamperometry, the electrode was either coated with visible degradation products or was not, as indicated by the pink and light-green shading, respectively.

Reproduced with permission [124]. Copyright 2022, Nature.

The NH3 production rate and FE of the ZIF/Ag-Au electrode supe-

rior to those of the Ag-Au electrode. Remarkably, the Ag-Au@ZIF

electrocatalyst achieves a FE of 18% ± 4% when converting N2 to

NH3 electrochemically.

Organic electrolytes are the most widely studied for the Li-

mediated ENRR process. Li metal and N2 combine to form Li3N

at room temperature, as is well known. After that, Li3N produces

NH3 as a result of a reaction with water and ethanol as pro-

ton sources. Li may be used in the ENRR to NH3 as a catalyst,

as the initial potential for HER is substantially larger than that

for reducing Li+ to Li. Li metal very quickly reacts with water to

form H2, and therefore this process cannot be used in aqueous

solutions. As a result, aprotic solvents are frequently employed in

this reaction. One of the earliest demonstrations was provided by

Tsuneto et al. [121] using Zn, Ag, Cu, Ni, Co, Fe, Mo, Ti, Pb, and

Al as cathode materials and THF solution (0.18mol/L ethanol and

0.2mol/L LiClO4) as electrolyte for ENRR in a electrochemical cell

with single-compartment having a metal cathode and a Pt anode.

With respective values of 8.2% and 8.4% for the production of NH3

when N2 was present as atmospheric pressure, the highest FE was

offered by Ti and Ag among them. When the electrolysis was car-

ried out without adding ethanol to the electrolyte or when Ar was

used as the working medium, controlled investigations revealed

that only a trace amount of NH3 was produced. Additionally, the

amount of NH3 production was insignificant when water replaced

ethanol as the electrolyte or NaClO4, or Bu4NClO4 replaced LiClO4.

Ma et al. [122] described a rechargeable Li-N battery based on the

reaction of Li and N2 that utilized a Li-foil anode, a CC cathode, an

ether-based electrolyte comprising 1mol/L LiCF3SO3, and a glass

fiber separator. When N2 molecules mix with Li+ at the cathode

during discharge, Li-containing discharge products (mainly Li3N)

are formed; these discharge products break down during charging.

NH3 is formed when the discharge products are hydrolyzed, and

the best FE for NH3 production is 59%.

5.2. Ionic liquid electrolytes

ILs are suitable nonaqueous electrolytes for the ENRR due to

their high solubility of N2 and low water content. Zhou et al. used

two different ILs ([C4mpyr][eFAP] and [P6,6,6,14][eFAP]) to study

the performance of ENRR over Fe deposited F-doped SnO2 glass,

Fe deposited nickel foam, and Fe deposited stainless steel cloth

[111,123]. The lack of N atoms in [P6,6,6,14][eFAP] IL makes it pos-

sible to rule out IL as a N source. The ILs contain only 100ppm

of water, which serves as the sole source of protons for the ENRR.

All systems obtain a minimum NH3 generation rate of 2.9mg h−1

m−2 and a 60% FE (Figs. 16a–c). Suryanto et al. employed car-

bon fiber paper with α-Fe nanorods as electrodes, and they pro-

duced NH3 by reacting an aprotic fluorinated solvent with an IL

[70]. The electrode material was produced hydrothermally by β-

FeOOH growth on carbon fiber paper, which was then transformed

into α-Fe by annealing in the presence of a steady flow of H2.

A thin Fe2O3 layer of ∼5nm thickness is formed on the sur-

face of α-Fe because of exposure to air oxygen. Applying a neg-

ative voltage will electrochemically decrease this layer to the ac-

tive α-Fe surface. Because it has a high N2 solubility, the authors

of this work utilized the aprotic fluorinated solvent 1H,1H,5H-

octauoropentyl-1,1,2,2-tetrafluoroethyl ether (FPEE) to control the
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delivery of protons to the electrode. These solvents, however, typi-

cally have poor solubility when it comes to salts that are frequently

utilized in aprotic electrolyte media. As a supporting electrolyte,

[C4mpyr][eFAP], a strongly fluorinated IL, was used to solve this

issue. In these tests, the electrolyte’s water content was 106ppm.

It was discovered that the ideal applied potential is −0.65V vs.

NHE and IL mole fraction is 0.23. Under these conditions, the

NH3 formation rate and FE reach 1.58×10−11 mol s−1 cm−2 and

23.8%, respectively. These values increase to 2.35×10−11 mol s−1

cm−2 and 32% when the water content in the electrolyte reached

114ppm; however, both values decrease as the water concentration

increased (Figs. 16d and e) [110].

Hoang-Long et al. presented a high-efficiency, reliable tech-

nique made possible by compacting ionic stacking at the electrode-

electrolyte interface [124]. A high concentration of imide-based

Li salt is used as the electrolyte to create the interface, which

prevents electrolyte breakdown and promotes steady N2 re-

duction (Fig. 16f). Consequently, stabilized NH3 yield rates of

150±20nmol s−1 cm−2 and NH3 conversion efficiencies near 100%

are acquired. This research emphasized the connection between

the physicochemical characteristics of the electrode-electrolyte

interface and the ENRR performance, which could serve as a

roadmap for creating a reliable and highly efficient method for

NH3 production.

5.3. Mixed organic-water electrolytes

A mixture of water and organic solvents was often used as an

electrolyte for ENRR, which can also reduce the competition from

HER and boost the solubility of N2 in the electrolyte. The NH3 pro-

duction rate increases initially as the proton donor concentration is

increased from 0.015mol/L to 0.03mol/L but decreases when the

concentration is increased to 0.06mol/L in a methanol/LiClO4/H
+

solution on a Pt-plate coated with a polyaniline film. After elec-

trolysis, a maximum concentration of 57 μmol/L is produced

with a maximum current efficiency of 16% [112]. Recently, Ren

et al. [115] proposed a high-efficiency electrode-electrolyte inter-

face engineering strategy to promote ENRR by adopting an in-

novative alcohol-water electrolyte system. This new-type mixed

alcohol-water electrolyte was found possessing the ability to con-

trol the proton-donating ability and adjust the microenvironment

at the electrode-electrolyte interface, thus significantly suppress-

ing the competitive HER and enhancing the selectivity and re-

action rate for NH3 generation. As a result, using the methanol-

water electrolyte system, a distinguished FE of 75.9% ± 4.1%

and a record high NH3 yield rate of 262.5±7.3 μg h−1 mgcat.
−1

were achieved on the FeOOH nanospindles anchored on CNTs

(FeOOH/CNTs) catalyst, further demonstrating its superiority for

ENRR.

A workable strategy to improve ENRR selectivity is to limit the

proton donor concentration. Kim et al. utilized a mixture of 2-

propanol and water (9:1, v/v) as an electrolyte and observed that

2-propanol better suppressed HER and dissolved more N2 than

pure water for ENRR [113]. The mixed electrolyte (2-propanol and

water) reveals a high FE of 0.98% compared to 0.07% in pure water

(Fig. 17a). Kim et al. [114] employed 0.05mol/L H2SO4 as the an-

odic electrolyte and 0.1mol/L LiCl/ethylenediamine (EDA) as the ca-

thodic electrolyte. The effect of EDA on ENRR performance towards

NH3 is studied. The presence of EDA has a considerable influence

on the FE, resulting in a significantly higher FE. It is conceivable

because of the large electrochemical window of EDA to attain a

much higher FE of 17.2% (Fig. 17b). In addition, alkali metal ions

could interact strongly with molecular N2 in an electrolyte and

hinder the HER. It is also discovered that the selection of counter

ions in the aqueous electrolyte has a significant effect, and the or-

der of Li+ > Na+ > K+ in terms of NH3 production rate shows that

Fig. 17. (a) Effect of the electrolyte medium on NH3 synthesis rate and FE. Re-

produced with permission [113]. Copyright 2016, Electrochemical Society. (b) A

schematic representation of ethylenediamine (EDA)-based NH3 synthesis. Repro-

duced with permission [114]. Copyright 2016, Electrochemical Society. (c, d) Com-

parison of electrolyte counterion effect of Li+ , Na+ , and K+ on NH3 synthesis rate

and FE. Reproduced with permission [89]. Copyright 2018, Science.

the smallest counter ions are the most advantageous (Figs. 17c and

d) [89]. This might be the case because the ENRR is affected by the

steric effect and a significant interaction between counter ions and

N2 [54].

5.4. Summary

Since non-aqueous electrolytes improve reactant gas capture

and partially suppress HER, the yield and FE of the ENRR are of-

ten superior to those in aqueous electrolytes. Nonaqueous elec-

trolytes, however, still have a lot of challenges. First, their volatil-

ity, flammability, and probable toxicity under ambient conditions

vary from the objective of green synthesis. In addition, the cost of

nonaqueous electrolytes is quite high, particularly for ILs, and the

current density is limited. Furthermore, the complicated structure

of non-aqueous solvents such as ILs and mixed electrolytes makes

it challenging to carry out thorough and clear investigations in the

electrocatalytic process. A unique reaction mechanism for the dif-

ferent electrolytes has not been proposed. Therefore, a thorough

investigation of the potential of non-aqueous electrolytes for ENRR

in large-scale applications is necessary.

6. Conclusion and perspectives

The environmentally friendly N2 electroreduction procedure,

which has the potential to be used to store renewable energy in

chemical bonds, is anticipated to replace the outdated Haber-Bosch

process. The scientific community has been working hard to speed

up and improve the N2 electroreduction process since 2015. The

majority of research has concentrated on developing electrocata-

lysts, which has given researchers insights into how to boost the

activity and selectivity of the ENRR while stifling the rival HER. If

the catalyst design is the exclusive focus of the research, the sig-

nificance and requirements of the overall reaction system may be

missed. As discussed in this review, electrolytes serve as a pro-

ton source, a medium to trap N2, a method of transferring pro-

tons and intermediates during the reaction process, and a way of

proton transfer during the development of effective systems for

ENRR. Several exemplary works pertinent to the modulation of
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Fig. 18. Perspectives for enhancing ENRR.

electrolytes are listed according to the types of solvents, including

aqueous electrolytes and non-aqueous electrolytes. Even though FE

and the yield of ENRR have greatly improved, the industrialization

of ENRR is still a long way off. Several important aspects remain to

be considered (Fig. 18).

There is a further need to explore these tough but essential ar-

eas to know how electrolytes affect electrocatalytic performance

properly in the future. More complex in situ methods, such as in

situ spectroscopy and in situ mass spectrometry, should be de-

veloped in order to identify the real active sites and keep track

of significant intermediates. These kinds of advanced in-situ tech-

niques greatly improve catalytic performance and provide essential

resources to support deepgoing analysis of the electrolyte in elec-

trochemical reduction processes. Besides, it is urgently necessary

to make significant advancements in theoretical calculations and

computational analysis to provide a deeper insight into the elec-

trocatalytic mechanism, electrolyte effects (e.g., pH, buffer ability),

and the change that occurred on the surface of the catalyst un-

der different electrolytes. Computational analysis can identify the

active N2 activation sites in different electrolytes and reveal the

least-energetic chemical pathway. The method of DFT-guided syn-

thesis can also be used to tailor the electrolytes to improve the

quantity of N2 activation sites, encourage a reaction with lower

free energy, and require less overpotential. According to the find-

ings of the published experiments, the operating parameters, elec-

trolytes, and catalysts have a considerable impact on the genera-

tion and distribution of intermediates, as well as the mass trans-

fer of reactants and products, etc. But most of these components

have been overlooked. Further research is required to develop

multiscale techniques that can take into account the impacts of

mass transit, electrolytes, and catalysts to better understand the

ENRR in this setting. For the ENRR method to be used in prac-

tice, an N2-electrolyzer that incorporates the anode reaction into

the overall NH3 production process is required. Because the OER

at the anode can absorb a portion of the excess potential in the

aqueous phase, it is recommended to use flowing organic elec-

trolytes (ethanol, methanol, and urea) to reduce anodic overpoten-

tial. Hence, in this interdisciplinary subject, collaboration between

chemists, electrochemists, materials scientists, and chemical engi-

neers may lead to significant advancement. Only if ENRR is made

economically viable will they be a useful and practical option to

store renewable energy and drastically lower energy use and CO2

emissions.
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