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a b s t r a c t

Charge-neutral method (CNM) is extensively used in investigating the performance of catalysts and the

mechanism of N2 electrochemical reduction (NRR). However, disparities remain between the predicted

potentials required for NRR by the CNM methods and those observed experimentally, as the CNM method

neglects the charge effect from the electrode potential. To address this issue, we employed the constant

electrode potential (CEP) method to screen atomic transition metal-N-graphene (M1/N-graphene) as NRR

electrocatalysts and systematically investigated the underlying catalytic mechanism. Among eight types

of M1/N-graphene (M1 =Mo, W, Fe, Re, Ni, Co, V, Cr), W1/N-graphene emerges as the most promising

NRR electrocatalyst with a limiting potential as low as −0.13V. Additionally, the W1/N-graphene system

consistently maintains a positive charge during the reaction due to its Fermi level being higher than that

of the electrode. These results better match with the actual circumstances compared to those calculated

by conventional CNM method. Thus, our work not only develops a promising electrocatalyst for NRR but

also deepens the understanding of the intrinsic electrocatalytic mechanism.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ammonia (NH3), a crucial compound, serves as fertilizer, chemi-

cals, and a potential medium for hydrogen storage [1–4]. Currently,

the Haber–Bosch process is commonly used for industrial NH3 pro-

duction, operating at high pressure and temperature (200 atm and

400–450 °C) [5]. This process consumes >1% of the Earth’s energy

supply and contributes to about 3% of global CO2 emissions [6,7].

Therefore, exploring alternative pathways for more efficient NH3

production under milder conditions is urgently needed.

A multitude of innovative approaches have been developed for

the conversion of N2 into NH3, including biological catalysis [8,9],

photocatalysis [10,11], and electrocatalysis [12–15]. Among them,

the electrochemical N2 reduction reaction (NRR) stands out as a

highly promising avenue owing to its ability to operate at atmo-

spheric pressure and moderate temperature using renewable elec-

tric energy [16–20]. In the electrochemical NRR, the NH3 yield

is mainly governed by the activity of the electrocatalyst and op-
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erating parameters such as potential, electrolyte, pH [21]. In re-

cent years, single-atom catalysts (SACs) have emerged as a fron-

tier in catalysis due to their maximized utilization efficiency of

metal atoms and tunable electronic properties. Various SACs in-

cluding Co-, W-, Ni-, Mo-, Fe-, and Cr-based SACs, have been devel-

oped for electrocatalytic synthesis of NH3 [22–25]. Unfortunately,

many of these catalysts exhibit a low faradaic efficiency of <50%

[17,18,26,27]. Hence, further advancements in NH3 synthesis using

single-atom electrocatalysts necessitate an insightful understand-

ing of the intrinsic catalytic mechanisms. To this end, an accurate

atomistic simulation method to provide insights into the NRR pro-

cesses is essential.

Constant charge density functional theory (DFT) calculations

are extensively employed to study the catalytic properties of SACs

for NRR [28–30]. These computations generally assume that the

catalyst is charge neutral for computational simplicity (known as

CNM method). Consequently, the Fermi level of the neutral cata-

lyst changes as the reaction proceeds due to the variation in the

adsorbed chemical species. However, in reality, the Fermi level of

the catalyst is fixed by the electrode potential. As a result, the sys-

tem often has net electronic charges changing along the reaction
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coordinate [31,32]. Thus, there is a significant discrepancy between

the theoretical potential predicted by the CNM method and the ac-

tual potential observed in experiments [18,33,34].

To address this issue, applying constant electrode potential

(CEP) method to investigate the electrocatalytic performance of

SACs in NRR is a possible solution. The CEP method can automati-

cally adjust the charge of catalyst and ensure that the Fermi level

of catalyst consistently aligns with the electrode voltage, which

is closer to the actual reaction environment [35,36]. For example,

Liu et al. applied the CEP method to clearly explain the reversible

transformation between copper single atoms and clusters observed

in experiments [37]. Gao et al. reproduced the macroscopic data

(i.e., polarization curves and Tafel slope) of electrochemical experi-

ments on a Pt surface using CEP method [38].

Herein, we employed the CEP method to study the electrocat-

alytic NRR performances of SACs supported by N-doped graphene

(M1/N-graphene) to comprehensively understand their catalytic

properties and underlying mechanisms. N-doped graphene, a two-

dimensional material [39–41], is a favored substrate for SACs due

to the good ability of lone pair electrons in N atoms for coordi-

nating with metal atoms. Simultaneously, N-graphene features a

large specific surface area, high conductivity, and excellent elec-

trochemical stability. In addition, the electronic structures of N-

graphene are more susceptible to environmental conditions (e.g.,

pH, charge, and potential effects) compared to those of three-

dimensional metal catalysts [42].

Firstly, we screened eight types of M1/N-graphene materials

(M1 =Mo, W, Fe, Re, Ni, Co, V, Cr) based on three criteria and iden-

tified Mo1/N-graphene and W1/N-graphene as potential NRR elec-

trocatalysts. The reason for selecting those metal atoms is because

transition metal-based materials have been widely applied for NH3

synthesis due to their good catalytic activity, resource availability,

cost-effectiveness and environmental friendliness [43–46]. Then

we systematically compared the electrocatalytic performances be-

tween Mo1/N-graphene and W1/N-graphene through CEP method

and found that W1/N-graphene exhibits higher NRR activity. The

enhanced catalytic activity of W1/N-graphene is attributed to the

stronger interaction between N2 and W atoms, as well as greater

electron transfer from W1/N-graphene to the antibonding orbital

of N2. Meanwhile, we also calculated the NRR processes on W1/N-

graphene using the CNM method. By comparison, it was discovered

that the estimated UL along the distal pathway is lower and the

variations in atomic charges of the catalyst along the distal path-

way are more positive in the case of CEP method, which is more

consistent with the actual conditions.

Structures of eight types of single metal atoms M1 (M1 =Mo, W,

Fe, Re, Ni, Co, V, Cr) supported on N-graphene were constructed, as

illustrated in Fig. 1a. N2 adsorption on the catalyst surface served

as the initial stage of the NRR process, and its initial adsorption

manner (end-on and side-on modes) is pivotal in determining the

subsequent reaction. After full structural relaxation, we observed

that the end-on configuration has a stronger adsorption energy

than the side-on mode (Fig. 1b), indicating that N2 favors end-on

adsorption mode. Thus, we will exclusively focus on the end-on ad-

sorption mode of N2, and the subsequently mentioned adsorption

energy refers specifically to the end-on mode.

We further compared the adsorption energies of hydrogen and

N2 to evaluate whether N2 can be effectively captured by metal

active sites. Fig. S1 (Supporting information) shows that N2 ex-

hibits higher binding energies compared to hydrogen for all struc-

tures. This suggests that the competitive hydrogenation evolution

reaction would be suppressed, thereby potentially increasing the

surface concentration of N2 and facilitating subsequent NRR. Fur-

thermore, we calculated the adsorption energies of hydrogen and

N2 using CNM methods, as depicted in Fig. S2 (Supporting infor-

mation). CNM methods also reveal a higher binding energy for N2

Fig. 1. (a) Structures of single metal atoms supported on N-graphene. (b) Adsorp-

tion energy of N2 with end-on and side-on modes on various metal atoms. (c) Des-

orption free energy (�Gdes) of NH3 on various SACs. (d) The free energy barriers

(�G) for the hydrogenation of ∗N2 to ∗NNH and the hydrogenation of ∗NH2 to ∗NH3.

compared to hydrogen. However, the adsorption energies of N2 and

hydrogen calculated by CEP methods are weaker than those ob-

tained with CNM methods due to the neglect of surface charge ef-

fects in CNM methods. The influence of surface charge on the ad-

sorption strength of both N2 and hydrogen onto M1/N-graphene is

possibly attributed to the reason that the surface charge can alter

the electronic state occupation and thus affect the adsorption of

N2 [36].

According to previous investigations, three criteria can be used

to screen NRR electrocatalysts [30,47]: (1) The adsorption energy

(�Eads) of N2 should be more negative than −0.50 eV to activate

its inert N≡N triple bond sufficiently; (2) the desorption free en-

ergy of ∗NH3 should not exceed 0.80 eV to guarantee the reduction

of the overpotential; and (3) the free energy barriers for the hy-

drogenation of ∗N2 into ∗NNH and the hydrogenation of ∗NH2 into
∗NH3 should be lower than 0.50 eV. The reason for choosing these

two steps is that the first protonation (∗N2 +H+ + e- → ∗NNH) and

the last protonation step (∗NH2 +H+ + e- → ∗NH3) are responsible

for the relatively high energy barrier of the NRR process. The first

protonation reaction converts stable ∗N2 into the unstable ∗NNH,
requiring a significant amount of energy to break the strong N≡N

triple bonds. This process is thermodynamically unfavorable with

a positive change in free energy. Similarly, the transition from the

stable ∗NH2 moiety to the much less stable ∗NH3 intermediate al-

ways necessitates a relatively high energy input. All remaining re-

action steps are typically thermodynamically favorable.

According to the above criteria, we screened a series of M1/N-

graphene using CEP methods. Following criterion 1, we compared

�Eads of N2 on various structures (Fig. 1b). Except for the anchored

V and Cr atoms, the �Eads values for N2 adsorption on other met-

als are below −0.50 eV. This indicates that V and Cr atoms are

not suitable as NRR electrocatalysts due to their poor performance

in N2 activation. Following criterion 2, it is evident that Re1/N-

graphene, Ni1/N-graphene, and Co1/N-graphene are also not suit-

able for NRR due to their relatively strong interaction with ∗NH3

species, with desorption free energies of 1.20, 0.89, and 1.34 eV, re-

spectively (Fig. 1c). Finally, Fe1/N-graphene is excluded as an elec-

trocatalyst candidate according to criterion 3 because of its rela-

tively high energy barrier of >0.50 eV for the hydrogenation of ∗N2

into ∗NNH (Fig. 1d).

In addition, we investigated the relationship between the ad-

sorption energy of N2 and the degree of N2 activation over vari-

ous M1/N-graphene by conducting linear fittings between adsorp-
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Fig. 2. Schematic depiction of three mechanisms for N2 electroreduction to NH3 on

M1/N-graphene.

Fig. 3. Gibbs free energy diagrams for electrochemical NRR on (a) W1/N-graphene

and (b) Mo1/N-graphene along the distal pathways. The temperature used for cal-

culating Gibbs free energy was 298.15K.

tion energy and the N-N bond length in ∗N2 and ∗NNH species.

As shown in Fig. S3a (Supporting information), the adsorption en-

ergy of N2 is linearly related to the N-N bond length of ∗N2, while

no linear correlation is observed for the N-N bond length of ∗NNH
(Fig. S3b in Supporting information). Specifically, the N-N bond

length in ∗N2 elongates with the increase of adsorption energy of

N2, signifying a higher degree of activation of N2.

Based on the above discussion, we conclude that W1/N-

graphene and Mo1/N-graphene are supposed to serve as promising

NRR electrocatalysts. Thus, we will further investigate the whole

reaction pathways of electrochemical NRR on W1/N-graphene and

Mo1/N-graphene. Fig. 2 illustrates all proposed reaction pathways

for NRR, encompassing distal, alternating, and enzymatic mecha-

nisms. Each mechanism involves the transfer of six protons and six

electrons. Since the N2 adsorption on W1/N-graphene and Mo1/N-

graphene favors end-on modes, the NRR processes on W1/N-

graphene and Mo1/N-graphene tend to follow distal or alternating

pathways.

The computed Gibbs free energy profiles of distal pathways

on W1/N-graphene and Mo1/N-graphene using the CEP method

are depicted in Figs. 3a and b, respectively, and the correspond-

ing results of alternating pathways are shown in Figs. S4 and

S5 (Supporting information), respectively. For W1/N-graphene, the

distal pathways manifest lower energies than the alternating path-

ways, suggesting that NRR on W1/N-graphene should follow the

distal pathways. In the distal pathways, under the condition

of U=0V, the adsorbed ∗N2 undergoes hydrogenation through

proton-coupled electron transfer, forming an ∗NNH species ad-

sorbed on the W sites. The H atoms are bonded to the distal N

site with a N−H bond length measured at 1.04 Å, while the N−N

bond extends to 1.23 Å. This step exhibits a slight increase in the

free energy by 0.13 eV. Subsequently, a proton-coupled electron se-

quentially attacks the distal N atom of the ∗NNH species. This leads

to the formation of the ∗NNH2 species, accompanied by a decrease

in Gibbs free energy of 0.38 eV.

Then the third proton-coupled electron interacts with the pre-

hydrogenated N site of the ∗NNH2 species. After that, the first NH3

is released, leaving one N atom on W with a W−N length of 1.72 Å.

The transformation from ∗NNH2 to NH3 + ∗N involves a downhill

free energy change of 0.06 eV. In the subsequent stage, the remain-

ing ∗N species undergo continuous hydrogenation to ∗NH, ∗NH2,

and ∗NH3 species, with free energy changes of −0.77, −0.45, and

0.01 eV, respectively, leading to the formation of the second NH3.

The second NH3 desorbs from the W sites, necessitating an energy

input of 0.71 eV. Remarkably, the limiting-potential step of NRR on

W1/N-graphene along the distal pathway at U=0V is the first pro-

tonation of ∗N2 to form the ∗NNH species, with a reaction Gibbs

free energy of 0.13 eV. The limiting potentials (UL) versus the re-

verse hydrogen electrode (RHE) on W1/N-graphene are calculated

to be −0.13V according to UL = −�GL/e, where �GL represents the

reaction Gibbs free energy of the limiting potential step.

We further investigated the processes of NRR on W1/N-

graphene at U=−0.13V using the CEP method (Fig. 3a). It is ob-

served that along the distal pathway, all elementary steps are

downhill except for the conversion from ∗N2 to ∗NNH, which has

a reaction Gibbs free energy of 0.01 eV, approximately equivalent

to no barrier. These results indicate that −0.13V effectively drive

the NRR. For comparison, we also performed calculations using the

CNM method. The results derived from the CNM method show

that, under the condition of U=0V, the limiting-potential step

for NRR on W1/N-graphene along the distal pathway is the last

protonation of ∗NH2 to ∗NH3, with a reaction Gibbs free energy

of 0.67 eV (Fig. S6 in Supporting information). The UL of −0.67V

calculated by CNM methods exceeds that calculated by the CEP

method (−0.13V). Yu’s work also demonstrated that the calculated

limiting potential by the CNM method for the Fe-N-C catalyst in

the oxygen reduction reaction (−1.0V vs. RHE) surpasses the ap-

plied potential in the experiments (−0.40V vs. RHE) [36]. Thus,

we speculate that the UL on W1/N-graphene calculated by the CEP

method is closer to the actual potential for triggering N2 reduction.

For Mo1/N-graphene, distal pathways exhibit lower energy than

alternating pathways, suggesting that NRR on Mo1/N-graphene

also follows the distal pathways (Fig. 3b and Fig. S5). Under

the condition of U=0V, the conversion from ∗N2 to ∗NNH is a

non-spontaneous process with a relatively positive free energy of

0.23 eV. The subsequent generations of ∗NNH2,
∗N, ∗NH, ∗NH2, and

∗NH3 are spontaneous processes with free energies of −0.18, −0.53,

−0.20, −0.33, and −0.47 eV, respectively. Thus, the limiting step of

NRR on Mo1/N-graphene in distal pathways is the first protonation

of N2 to form the NNH∗ species with an energy barrier of 0.23 eV.

We also performed linear fitting between the adsorption energy of

N2 and the N-N bond length in ∗NNH2 for all M1/N-graphene cat-

alysts. It can be seen from Fig. S3c (Supporting information) that

no linear correlation exists between the two factors. Furthermore,

we examined whether a potential of −0.23V could drive the oc-

currence of distal pathways on Mo1/N-graphene. Upon applying

U=−0.23V, all elementary steps exhibit a downhill trend except

for the transformation from ∗N2 to ∗NNH, which has a reaction

Gibbs free energy of 0.16 eV. These results suggest that −0.23V

is insufficient to drive this process. Consequently, we attempted

to increase the electric potential to −0.45V. The results indicate

that the energy barrier of the limiting step for NRR decreases to
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Fig. 4. The crystal orbital Hamilton population between adsorbed N2 and the active

sites on (a) W1/N-graphene and (b) Mo1/N-graphene.

Fig. 5. Difference charge density diagrams of adsorbed N2 on (a) W1/N-graphene

and (b) Mo1/N-graphene. The optimal structures of the adsorbed N2 on (c) W1/N-

graphene and (d) Mo1/N-graphene.

0.02 eV, which is roughly equivalent to no barrier. Hence, we de-

duce that the minimum potential required to drive the NRR reac-

tion on Mo1/N-graphene is −0.45V.

From the above discussion, we know that the electrode po-

tential required for W1/N-graphene to drive the NRR reaction is

lower than that for Mo1/N-graphene, which indicates higher elec-

trocatalytic activity for W1/N-graphene. To further understand the

superior catalytic activity of W1/N-graphene to Mo1/N-graphene,

we performed crystal orbital Hamilton population (COHP) analy-

sis [48,49] between single metal atoms and the N atoms of ad-

sorbed N2 to assess the interaction between N2 and the active

sites at 0V. As illustrated in Fig. 4, the COHP diagram shows

positive peaks with a certain height below the Fermi level, indi-

cating that the electrons of Mo and W may fill the antibonding

orbitals of N2 to a certain extent. Besides, the integrated COHP

(ICOHP) between the atomic metal site and the N atom of ad-

sorbed N2 in W1/N-graphene is approximately −2.75 eV, which is

more negative than that of Mo1/N-graphene (−2.14 eV). This sug-

gests that W1/N-graphene manifests a stronger interaction with

N2 compared to Mo1/N-graphene. Furthermore, we computed the

charge density difference, Bader charge, and bond length of the

adsorbed N2 using CEP method. The charge density difference re-

veals a charge transfer between the adsorbed N2 and the cata-

lyst (Figs. 5a and b). Specifically, the amounts of charge transferred

from W1/N-graphene and Mo1/N-graphene to N2 are 0.44 and 0.11

e, respectively. This means that W1/N-graphene donates more elec-

trons to the antibonding orbital of N2 than Mo1/N-graphene. Fur-

thermore, the N≡N bond length on W1/N-graphene elongates from

1.11 Å (in the gas phase) to 1.15 Å, surpassing the length of the

N≡N bond on Mo1/N-graphene (1.13 Å) (Figs. 5c and d). Notably,

the UL of W1/N-graphene (−0.13V) is comparable to that of B2–

5-Ti2@C2N (−0.10V) which is also predicted to be a promising

NRR electrocatalyst [50]. The slight difference in UL between the

two catalysts should be ascribed to the distinct structural compo-

Fig. 6. Charge variation of the graphene (moiety 1), W1-N3 (moiety 2), NxHy

species (moiety 3) on W1/N-graphene at different species states along the mini-

mum Gibbs free energy surface, calculated by (a) constant-potential DFT and (b)

CNM methods. (c) Ab initio molecular dynamics simulations of W1/N-graphene with

variations in temperature (T) and energy (E) at 500K, with a time-step of 1 fs. The

inserts show top and side views of the atomic configuration snapshot before and

after the ab initio molecular dynamics simulation. (d) The relationship between the

first ionization energy (FIE) of metals and the adsorption free energy (�Gads) of N2.

sitions, active sites, and employed computational methods. Specif-

ically, B2–5-Ti2@C2N behaves as the double-atom catalysts, while

W1/N-graphene behaves as the SACs. In addition, the UL of B2–5-

Ti2@C2N was calculated using the CNM method rather than CEP

method.

The variations in atomic charges during each elementary step

along the favorable distal pathway under the condition of U=0V

were examined. According to previous studies [51], the W1/N-

graphene system is categorized into three moieties: moiety 1

(graphene monolayer), moiety 2 (W1-N3, composed of W and its

surrounding three N atoms), and moiety 3 (the adsorbed NxHy

species). In the CEP method, as illustrated in Fig. 6a, ∗N2,
∗NNH,

∗NNH2,
∗N, and ∗NH species on W1/N-graphene gain electrons,

while ∗NH2 neither gains nor loses electrons. W1-N3 always gains

electrons, and graphene always loses electrons. The reason why
∗NH2 neither gains nor loses electrons is assumably because the

electron loss of graphene and electron gain of W1-N3 are suffi-

cient to maintain U at 0V, which makes ∗NH2 neither gain or lose

electrons. It is worth noting that the sum of the charges of moi-

eties 1, 2, and 3 always exhibits a positive charge. The reason for

this is that the Fermi level of W1/N-graphene in its charge-neutral

state is higher than the electrode potential. To align the Fermi lev-

els, W1/N-graphene had to lose electrons, thus acquiring a posi-

tive charge. This result is in line with a recent theoretical study

reporting that the higher EF of the surface of N-doped graphene

supported Fe SAC than the electrode potential causes the Fe SAC

surface to acquire a positive charge under U=0.50V [36]. Never-

theless, this positive charge phenomenon is not observed in CNM

simulations, as the method neglects charge effects, resulting in

the sum of the charges of moieties 1, 2, and 3 always being zero

(Fig. 6b).

To assess the stability of W1/N-graphene and Mo1/N-graphene,

we performed ab initio molecular dynamics simulations at 500K.

The geometric structures of both W1/N-graphene and Mo1/N-

graphene have no significant distortion during the simulation, in-

dicative of their high thermodynamic stability (Fig. 6c and Fig. S7

in Supporting information).

Currently, large-scale materials screening for NRR catalysts is

largely hindered by expensive costs. To reduce these screening
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costs and improve efficiency, we attempt to find a suitable descrip-

tor to replace the calculations. Fig. 6d shows the relationship be-

tween the first ionization energy of metals and the �Gads of N2,

revealing a clear volcano curve. Among nine structures, W1@N-

graphene is predicted to have the best catalytic activity in the NRR

process, corresponding to its adsorption free energy for N2 being

closest to the peak of the volcano. Thus, the first ionization en-

ergies of metals obtained from the database can serve as a valu-

able descriptor for predicting the catalytic performance of cata-

lysts, thereby reducing costs and accelerating the discovery of cat-

alysts for NRR.

In conclusion, we investigated the impact of charges on electro-

catalytic NRR using the CEP method, aiming to reconcile discrep-

ancies observed between experimental results and conventional

charge-neutral DFT calculations. Atomic M1-N-graphene catalysts

were selected as the model NRR electrocatalysts. The calculations

derived from CEP method reveal that W1/N-graphene stands out

among eight types of atomic M1-N-graphene structures, exhibiting

a UL of −0.13V along the distal pathway. The high catalytic activity

of W1/N-graphene is attributed to the stronger interaction between

N2 and W atoms, as well as the enhanced electron transfer from

W1/N-graphene to N2. Furthermore, the W1/N-graphene system

consistently maintains a positive charge during the reaction due to

its higher Fermi level compared to the electrode. These phenom-

ena cannot be accessed using CNM simulations. Thus, our work

deepens the understanding of the electrocatalytic mechanisms of

NRR by incorporating the charge effects and offers guidelines for

designing superior NRR electrocatalysts.
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