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A B S T R A C T

N2 fixation using electrochemical methods offers a promising strategy for NH3 production. However, it remains a
grand challenge to efficiently produce NH3 in a large scale due to the low activity and poor selectivity of the
current electrocatalysts. Herein, by means of density functional theory (DFT) computations, we systematically
explored the great potential of two-dimensional (2D) single-atom catalysts (SACs), namely carbon-based iron-
nitrogen systems (Fe@Nx, x = 0–4), for N2 electroreduction. Significantly, the catalytic activity and selectivity of
Fe@Nx systems are influenced by the coordination environment of single Fe atom. Among all the proposed
configurations, Fe@N2-opp, in which two N atoms are located at the opposite coordination sites of single Fe
atom, exhibits the highest activity and selectivity for N2 electroreduction, with a limiting potential of −0.63 V.
By examining the scaling relations for the single vacancy and double vacancy-based SACs, we constructed a
volcano plot to describe the catalytic activity of carbon-based SACs and proposed an optimal nitrogen adsorption
energy for N2 electroreduction. This work calls for more attention to the coordination effect to the single-atom
active site, and helps provide guidance for further developing more effective carbon-based SACs for N2 fixation.

1. Introduction

Ammonia (NH3) is not only essential for producing various chemi-
cals, like fertilizers, but also is an important carbon-free energy carrier
and energy storage intermediate [1–3]. Nowadays, increasing amount
of NH3 is required to meet the growing needs of economic development.
Thus, it is of great importance to develop a sustainable and effective
strategy to produce NH3 from N2 by the so-called N2 fixation process
[4–6]. Industrial N2 fixation is currently dominated by the traditional
Haber-Bosch process, which requires extreme reaction conditions and
consumes large quantity of energy. On the contrary, electrochemical N2

reduction reaction (NRR), which can be performed at ambient condi-
tions using energy from renewable solar and wind sources, is regarded
as a green and sustainable strategy for N2 fixation. However, NRR in
aqueous media has some elementary steps with high reaction barriers
and is competed by hydrogen evolution reaction (HER), which lead to
low activity and poor selectivity of the electrocatalysts. Nevertheless,
tremendous efforts have been devoted to improving the yield of NH3,
such as developing more effective NRR electrocatalysts [7,8] and using
non-aqueous electrolyte [9,10].

NRR requires catalysts with specific electronic structures that could
activate N2 and bind intermediates not too weak nor too strong [11,12].
By first principles computations, Nørskov and co-workers found vol-
cano plots between the nitrogen adsorption energy and the catalytic
activity of various metal surfaces [13,14]. And several metals, such as
Ru, Rh, Mo, and Fe, have been identified as potential catalysts. Parti-
cularly, Fe and Fe-based electrocatalysts have attracted much attention
due to the potential high catalytic activity, along with its low cost and
abundance [15]. However, even though the metal Fe is near the top of
the volcano plot, the sizable overpotential and sluggish rates associated
with NRR are limiting its application as NRR electrocatalyst. Thus, it is
highly desirable to tune the electronic properties of Fe-based electro-
catalysts to improve their activity and selectivity for N2 reduction.

The emerging single-atom catalysts (SACs), which have dispersed
single atoms supported on substrates, such as two-dimensional (2D)
graphene [16–18], C3N4 [19,20], MoS2 [21] and BN [22] monolayers,
provide the possibility to explore the relationship between structure
and catalytic activity. Especially, with high electrical conductivity and
excellent chemical stability, metal-nitrogen-doped (M@Nx) carbons
represent a unique class of SACs, and caught great attentions [23–26].
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Recently, a series of M@Nx moieties have been successfully anchored
on graphene monolayer using different methods such as wet-chemical
routes and mass-selected soft-landing techniques [27–32]. Experi-
mental studies revealed that the catalytic activity of M@Nx are strongly
correlated with the coordination number [33–35]. Following the ex-
perimental synthesis of Fe@N4 moiety, other types of Fe@Nx moieties
have been proposed for catalyzing oxygen reduction reaction (ORR)
[36–39] and NRR [40]. Unfortunately, due to the lack of a systematical
study of Fe@Nx systems, the dependence of catalytic activity and se-
lectivity on the coordination environment, which also plays an im-
portant role for NRR, remains unclear, and the scaling relations cannot
be well used to predict more efficient NRR catalysts.

Herein by means of density functional theory (DFT) computations,
we examined a series of SACs with atomically dispersed Fe atom an-
chored on N-doped 2D graphene monolayer and investigated their
catalytic performance towards NRR. Our results revealed that the cat-
alytic activity and selectivity of Fe@Nx are significantly affected by the
coordination environment of the single Fe atom. Fe@N2-opp moiety, in
which two N atoms are located at the opposite coordination sites of the

single Fe atom, presents the highest catalytic activity and selectivity. On
the basis of linear scaling relation, we also constructed an activity
volcano plot using well-described adsorption energy of nitrogen atom
(ΔEN*), which helps guide further design of carbon-based SACs for N2

fixation.

2. Computational methods

All the spin-polarized DFT computations were performed using the
Vienna ab initio simulation package (VASP) [41]. A kinetic energy
cutoff of 400 eV was used for plane wave expansion. Projector-aug-
mented-wave (PAW) potentials [42] were employed to represent the
electron-ion interactions, and the electron exchange-correlation inter-
actions were treated using generalized gradient approximation (GGA)
in the form proposed by Perdew, Burke and Ernzerhof [43]. The dis-
persion correction was carried out using the DFT-D3 method with the
standard parameters programmed by Grimme and co-workers [44].

For adsorption energy calculations, a supercell of 6 × 6 lateral size
was used. To avoid artificial interactions between periodic images, the

Fig. 1. (a) Geometric structures of single Fe atom embedded in double vacancy graphene and N-doped double vacancy graphene (Fe@Nx, x = 0–4). (b) The
calculated formation energy (Ef) of Fe@Nx systems.

X. Guo, et al. Catalysis Today xxx (xxxx) xxx–xxx

2

Soli
d P

DF Too
ls

 

htt
p:/

/w
ww.S

oli
dD

oc
um

en
ts.

co
m/ 

http://www.SolidDocuments.com/


interlayer vacuum distance was set to 20 Å. The Brillouin zone was
sampled with a 3 × 3 × 1 Monkhorst-Pack k-points grid. Geometry
optimizations were carried out using energy and force convergence
limits below 10−5 eV and 0.02 eV/Å, respectively. The Gibbs free en-
ergy of adsorption was corrected from the electronic energy with zero-
point energy (ΔZPE) and entropy (ΔS) contributions estimated using the
harmonic approximation. For gases, the translational, rotational, and
vibrational entropy terms were taken into account, whereas for ad-
sorbates both translational and rotational entropy were neglected. The
zero–point energies and entropies of the NRR species were computed
from the vibrational frequencies, in which only the adsorbate vibra-
tional modes were calculated explicitly, while the substrate atoms were
rigidly constrained. Here, solvation effects were not considered since
solvation-induced stabilization of NRR adsorbates are within 0.1 eV
[14].

All the Gibbs free energy values for the NRR reaction pathways were
referenced to the computational hydrogen electrode (CHE) model as
proposed by Nørskov and co-workers [45]. The chemical potential of
the H+/e− pair is equal to half of the gas-phase H2 under standard
reaction conditions (pH = 0, T =298.15 K, P =1 atm)

H+ + e− ⇌ 1/2 H2 (g) (1)

and the electrode potential was considered by shifting the electron
energy by -eU. Thus, the change in Gibbs free energy (ΔG) for each
reaction step was given by Eq. (2).

ΔG = ΔE + ΔZPE – TΔS – eU (2)

The good agreement between the computed thermodynamic quantities
for free N2, H2, NH3 molecules with the experimental values (Table S1 of
Supporting Information) illustrates the reliability of our DFT computations.

3. Results and discussion

3.1. SAC models and N2 adsorption

The single Fe atom is embedded in double vacancy graphene (DVG)
or N-doped double vacancy graphene, and SACs with different N co-
ordination numbers in the range of 0˜4 can be obtained, namely Fe@
DVG, Fe@N1, Fe@N2, Fe@N3 and Fe@N4 (Fig. 1a). Note that there are
three possible configurations for the Fe@N2 system: a) two N atoms at
the opposite sides of Fe atom (Fe@N2-opp), b) Fe and its adjacent N
atoms are in the same hexagonal ring (Fe@N2-hex), and c) two N atoms
in the same pentagonal ring (Fe@N2-pen).

We firstly examined the formation energy (Ef) to evaluate the re-
lative stability of Fe@Nx systems. The Ef was calculated by the equation
of = + + +E E nµ E xµ E( )f Fe N C gra N Fe@ x , where EFe N@ x, Egra, and EFe
are the total energies of Fe@Nx, pristine 6 × 6 graphene supercell, and
single Fe atom, respectively. µC is the chemical potential of a single C
atom in graphene, and µN is defined as a half of the nitrogen molecule
energy in gas phase. x is the number of N atoms in Fe@Nx systems, and
n represents the number of carbon atoms replaced by Fe and N atoms.
According to this definition, a lower (more negative) Ef indicates a
higher thermodynamic stability of the examined SAC.

As illustrated in Fig. 1b, the Ef values of Fe@Nx systems depend on
both doping concentration and doping configuration of N atoms. With
increasing the number of coordinated N atoms, the Ef of Fe@Nx systems
decreases, leading to the much higher possibility to observe the ther-
modynamically most favorable Fe@N4 moiety in experiments. For Fe@
N2 system with three different configurations, Fe@N2-hex has the
lowest formation energy (-1.77 eV), closely followed by Fe@N2-pen
(-1.46 eV) and Fe@N2-opp (-1.29 eV). Since the Co@N2-opp and Fe@
N2-opp have been synthesized in experiments [34,36,46], we expect

Fig. 2. (a) Optimized structures of N2 mole-
cules adsorbed on Fe@Nx surfaces. The key
bond lengths (Å) are given. (b) Charge density
difference for N2 molecule adsorbed on Fe@Nx

surface. The isosurface is set to 0.006 e/Å3.
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that the Fe@N2-hex and Fe@N2-pen could also be formed under the
proper conditions.

We then investigated the adsorption of N2 molecule on Fe@Nx

surfaces in both side-on and end-on configurations. Our computations
showed that N2 prefers adsorption onto the Fe@Nx via end-on config-
uration (Fig. 2a), with adsorption energies of between −0.41 to
−0.60 eV (Table S2). The N^N bond is elongated from 1.12 Å in a free
N2 molecule to 1.135 ˜ 1.142 Å when adsorbed on Fe atom, which is a
sign of the N2 activation. Bader charge analysis revealed that there exist
strong charge transfers between the adsorbed N2 molecules and Fe@Nx

surfaces, where N2 acts as the electron acceptor and the underlying Fe@
Nx systems transfer about 0.20～0.28 |e| to the adsorbed N2 molecule.
Note that the activation of N^N bond is primarily associated with so-
called “acceptance-donation” process in which the metal atom provides
unoccupied d-orbital to accept electrons from N2, at the same time, the
occupied d-orbital of metal atom backdonate electrons into 2π* anti-
bonding orbitals of N2. The latter process, termed π backdonation, leads
to the elongated and electronically depleted N^N bond. Thus, the bond
length of adsorbed N2 presents an approximately linear relation with
the amount of transferred charges (Fig. S1). The charge density differ-
ence (Fig. 2b) indicates that upon adsorption, the transferred charges
accumulate on 2π* orbital of N2, resulting in the redistribution of
charge density.

3.2. N2 reduction mechanism

The electrochemical NRR can undergo four possible pathways,
named distal [47], alternating [48], enzymatic [49] and mixed me-
chanisms [50,51]. Since N2 molecule prefers the end-on adsorption,
only distal, alternating and mixed mechanisms (depicted in Fig. 3) were
considered to evaluate the catalytic activity of the Fe@Nx systems.
Moreover, since the NH3* can be easily protonated to NH4

+ and re-
leased into solution under the electrochemical conditions [52,53], the
further protonation of NH3

* into NH4
+ was not considered. The geo-

metric structures of the key intermediates are summarized in Fig. S2,
and their Gibbs free energies are listed in Table S3.

According to our computations, all the Fe@Nx systems follow very
similar reaction steps. Among them, Fe@N2-opp exhibits the best cat-
alytic activity towards NRR. Therefore, we take Fe@N2-opp as the ex-
ample to elucidate the specific mechanism and the origin of its high
activity for N2 electroreduction.

Fig. 4a presents the free energy diagram of NRR on Fe@N2-opp.
Firstly, a proton coupled with an electron (H+/e−) attacks the upper N
atom of the adsorbed N2 molecule. This reaction step is slightly uphill in
the free energy profile by 0.63 eV, which indicates that the transfer of
the first H+/e− pair to the adsorbed N2 is a nonspontaneous thermo-
dynamic process. Subsequently, the protonation of N2H* (or transfer of
the H+/e−) can proceed via two reaction pathways: (a) N2H* + H+/
e− NNH2* (Distal Mechanism) and (b) N2H* + H+/e− NHNH*
(Alternative mechanism). Comparing the Gibbs free energy change of
these two reaction steps, we found that Fe@N2-opp prefers to catalyze

NRR via distal mechanism, since the protonation of N2H* to form
NNH2* intermediate is only 0.04 eV uphill, while the corresponding
value for the NHNH* formation is 0.61 eV. Following the distal me-
chanism, once NNH2* is formed, all the other elementary steps are
downhill in the Gibbs free energy profile. Further protonation of NNH2*
leads to the release of the first NH3 molecule, leaving the N* inter-
mediate on the catalyst surface, and the step is downhill in the free
energy profile by 0.26 eV. The remaining N* is continuously hydro-
genated to NH*, NH2*, and NH3*, and the free energy changes for these
subsequent steps are −0.26, −0.81 and 0.06 eV, respectively. Finally,
the second NH3 molecule can be desorbed from the Fe@N2-opp surface
after overcoming a positive free energy change of 0.07 eV. Note that for
the mixed mechanism, the required energy to protonate NNH2* to
NHNH2* is 0.19 eV, much higher than that of releasing NH3 following
the distal pathway (−0.26 eV). Thus, from the thermodynamic aspect,
the distal mechanism could be mostly preferred on the Fe@N2-opp
surface.

The Fe@N2-opp catalyzed NRR is not spontaneous at a bias poten-
tial of 0 V (Fig. 4a, red line). Tuning the bias potential in electro-
chemical reactions could help overcome the potential barriers. We
plotted free energy vs. applied bias potential (Fig. 4b and c) and found
that the formation of NNH* species is the potential determining step
(PDS) due to the maximum ΔG values (+0.63 eV) among all the ele-
mentary steps Thus, the limiting potential (UL), which is the applied
potential required to eliminate the energy barrier of PDS, is determined
to be −0.63 V following the equation UL = −ΔG/e, where ΔG is the
free energy of PDS.

Hereby, the computed UL for Fe@N2-opp is −0.63 V, and the UL for
other systems (Fe@DVG, Fe@N1, Fe@N2-hex, Fe@N2-pen, Fe@N3, and
Fe@N4) are −0.98, −0.85, −0.96, −0.78, −0.72, and −1.32 V, re-
spectively. In comparison, the energy barrier of PDS for recently syn-
thesized ruthenium SAC (Ru1-N3) is about 0.73 V [54], corresponding
to a UL of −0.73 V. Since the Ru1-N3 catalyst exhibited the record-high
yield rate ( µg mg h120.9 NH cat.

1 1
3 ) ever reported, we expect that the more

favorable (less negative) UL (−0.63 V) could render Fe@N2-opp as a
promising candidate for electrochemical N2 fixation.

3.3. Origin of catalytic activity of Fe@Nx systems

To understand the origin of catalytic activity of Fe@Nx systems, we
analyzed the effect of doping concentration and doping configuration of
N atoms on limiting potential UL. The intrinsic NRR activity of Fe@Nx is
highly correlated to the doping concentration (Fig. 5a), since the UL

values on Fe@Nx vary significantly with augmenting the N contents.
Note that with the same N doping concentration, Fe@N2 with different
configurations also exhibit different activities, confirming the im-
portant effect of doping configuration to the catalytic activity.

On the other hand, the first protonation of N2* to form N2H* is
identified as the PDS, which means that the adsorption energy of N2H*
could be set as a descriptor. We plotted the scaling relation between UL

values and the adsorption energy of N2H* ( EN H2 *) (Fig. 5b), and found

Fig. 3. Schematic illustration of the distal, alternating and mixed mechanisms for NRR on Fe@Nx surfaces.
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a good linear relation, UL = −0.98 EN H2 * − 0.86. Among the SACs
under investigation, Fe@N2-opp exhibits the strongest adsorption
ability to N2H* and acts as the best catalyst, which agrees with the
consensus that the optimal NRR catalyst should selectively stabilize
N2H* [22].

In general, the different adsorption behaviors of N2H* on Fe@Nx

can be rationalized by either the charge transfer, a non-covalent in-
teraction, and/or the band hybridization, a covalent interaction.
According to Bader charge analysis, there are about 0.21～0.26 |e|
transferred from the substrates to the adsorbed N2H (Table S4).
Checking the relation between EN H2 * and the amount of transferred

charge (Fig. S3) revealed that no good linear relationship exists be-
tween EN H2 * and the transferred charge, suggesting that covalent in-
teraction between the N2H intermediate and attached single Fe atom
could play a more important role in N2H adsorption.

Thus, we examined the partial density of states (PDOS) of N2H ad-
sorbed on Fe@Nx surface (Fig. 6). The 2π and 3σ orbitals of N2H in-
termediate strongly hybridize with the Fe-3d band, forming bonding
states below the Fermi level. Note that for the 2π* antibonding orbital,
the band hybridization is significantly affected by the substrates,
leading to partial occupation of the formed d-2π* orbitals.

To further elucidate the bonding nature of the N2H intermediate, we

Fig. 4. (a) Gibbs free energy profile for N2

electroreduction on Fe@N2-opp surface at zero
potential. The bias potential is relative to the
standard hydrogen electrode (SHE). Different
intermediates following the distal and alter-
native mechanisms are denoted by red and
green lines, respectively. (b) and (c) are the
potential-dependent NRR phase diagram for
Fe@N2-opp system. The zero value on the free
energy axis is referenced to N2 and H2 in gas
phase.

Fig. 5. (a) Calculated limiting potential UL for nitrogen reduction reaction (NRR) on Fe@Nx surfaces. (b)The scaling relation for limiting potential UL versus the
adsorption energy of N2H* ( EN H2 *).
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examined the bonding and antibonding states of N2H adsorbed on Fe@
Nx by crystal orbital Hamilton population (COHP) analysis [55,56].
Fig. 7a presents the -COHP curves of the covalent N2H-Fe interaction in
the adsorption configurations. The N2H adsorption is characterized by
massively bonding states below the Fermi level, whereas the anti-
bonding states are found above the Fermi level. Clearly the 2π* of N2H*
are partially occupied. Integrating the -COHP up to the Fermi level
gives a bonding energy (-ICOHP). Interestingly, the EN H2 * values have
a rather good linear relation with the -ICOHP (R2 = 0.84), as shown in
Fig. 7b. Note that a more negative -ICOHP value indicates a stronger
covalent interaction between N2H and Fe atom, which benefits the
adsorption of N2H intermediate and decreases of the potential barrier of
NRR.

Notably, though Fe@N4 displays superior ability in π backdonation
to N2, its interaction with N2H*, which determines the limiting poten-
tial, is not that strong. This can be well understood by checking its
-ICOHP value. Fe@N4 displays a more positive value relative to other
Fe@Nx systems (Fig. 7), which indicates a weaker binding between
N2H* and Fe atom. As a result, the N2H*, an important reaction inter-
mediate in N2 reduction, presents low stability on Fe@N4, thus re-
sulting in the poor catalytic performance for N2 reduction.

Overall, we proposed that a COHP analysis can be used to quanti-
tatively describe the band hybridization, which highlights the im-
portant role of the partially occupied d-2π* state of N2H* in the ad-
sorption of N2H intermediate.

3.4. Catalytic selectivity of Fe@Nx for NRR

After studying the catalytic activity of Fe@Nx for NRR, it is im-
portant to consider the competing hydrogen evolution reaction (HER)
during the whole NRR process in aqueous media, since the HER might

greatly impede the Faradaic efficiency.
Thus, we computed the free energy diagram of HER on Fe@Nx

(Fig. 8a, for detailed adsorption configurations and Gibbs free energies,
see Fig. S4). For Fe@DVG surface, due to the strong interaction between
the H atom and catalyst surface, the HER process is limited by H*
desorption step (H* + (H+/e−) H2(g)) with a Gibbs free energy
change of 0.23 eV. In contrast, the HER process is limited by the H atom
adsorption step (H+/e− H*) on the N-doped analogues: for Fe@N1,
Fe@N2, Fe@N3 and Fe@N4 systems, and the HER potential barriers are
0.22, 0.34, 0.13, 0.45, 0.29 and 0.38 eV, respectively. Thus, by applying
a bias potential of −0.13 to −0.45 V, the H adsorption free energy can
go downhill, and the H2 production can be feasible. Among Fe@Nx

systems, Fe@N2-opp presents the highest potential barrier for HER,
indicating that Fe@N2-opp could suppress HER during the N2 electro-
reduction process, and the selectivity limitation is the least severe.

Moreover, previous investigations showed that the catalytic se-
lectivity of NRR/CO2RR can be estimated by the difference between the
limiting potentials for NRR/CO2RR and HER [14,16,57,58]. Thus, we
examined the difference between the limiting potentials for NRR and
HER (UL(NRR) – UL(HER)) to evaluate the catalytic selectivity of Fe@
Nx, (Fig. 8b). The less negative value of UL(NRR) – UL(HER) corre-
sponds to higher selectivity towards NRR. Significantly, the computed
UL(NRR) – UL(HER) value for Fe@N2-opp is only −0.18 V, which is
much better than that of metal-based benchmark (ca. −0.5 V) [14]. We
also investigated the free energy diagram of HER on Ru1-N3 (see Fig.
S5). The UL(NRR) – UL(HER) value for Ru1-N3 (−0.43 V) is more ne-
gative than that of Fe@N2-opp (−0.18 V), which suggests that Fe@N2-
opp has a better selectivity towards NRR than Ru1-N3. Thus, the high
catalytic activity (as reflected by the NRR limiting potential) and se-
lectivity render Fe@N2-opp as the most distinguished NRR electro-
catalyst.

Fig. 6. Calculated partial density of states (PDOS) of N2H intermediate adsorbed on Fe@Nx surface. The Fermi level is set to 0 eV.
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3.5. Prospect for designing the carbon-based SACs

Usually, the Gibbs free energies for the adsorption of nitrogen and
nitrogen-involving intermediates on various metal surfaces change in
the same direction. This phenomenon is known as a scaling relation
between the nitrogen containing intermediates [13,14]. Using the ad-
sorption energy of nitrogen atom(ΔEN*) as the activity descriptor, pre-
vious studies proposed a scaling relationship between the ΔEN* and the
limiting potential UL, and identified three crucial elementary steps for
NRR: a) the reductive adsorption of N2 to form N2H*, b) the NH*
protonation to form NH2*, and c) the desorption of NH2* to form NH3

molecule. However, the scaling relations available in the literature have
been established primarily on close-packed (111), (211), and (110)
metal surfaces, the dependence of these relations on SACs remains

unexplored. Here, we developed potentially far-reaching scaling rela-
tions by using the ΔEN* to help select the best SAC for N2 fixation.

Fig. 9 displays the volcano plot of theoretical limiting potential UL

as a function of ΔEN* for the Fe@Nx systems. As a comparison, the
catalytic activities of single Fe atom embedded in single vacancy and N-
doped single vacancy graphene, namely Fe@SVG, Fe@N1-SV, Fe@N2-
SV, and Fe@N3-SV, are also plotted (for details, see Table S6 and Figs.
S6-7). Clearly, SACs that bind nitrogen too weakly are limited by the
adsorption of N2 to form N2H* in the first NRR elementary step,
whereas those with too strong binding are limited by either the pro-
tonation of NH* to form NH2* or the desorption of NH2* to form NH3

molecule.
For single vacancy-based SACs (single Fe atom embedded in single

vacancy and N-doped single vacancy graphene), the central Fe metal

Fig. 7. (a) Crystal orbital Hamilton population (COHP) bonding analysis of the N2H adsorbed on Fe@Nx. The bonding and antibonding interactions between the N2H
and single Fe atom are shown in the right and left sides of the diagram, respectively. (b) Calculated -ICOHP versus EN H2 * for N2H adsorbed on Fe@Nx.

Fig. 8. (a) The free energy diagram of hydrogen evolution reaction on Fe@Nx surfaces. (b) The difference between the limiting potentials for NRR and HER (UL(NRR)
– UL(HER)) versus UL(NRR). In comparison, the corresponding value for Ru1-N3 is highlighted by asterisk.
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atom combines with three neighboring atoms, forming the non-planar
M@Nx moiety (Fig. S6). The decreased coordination number results in
more unoccupied orbitals of the metal atom, which provides an extra
degree of stabilization for the NH2* intermediate. We found that the
optimal ΔEN* for these single vacancy-based SACs should be about
−0.90 eV. When ΔEN* is less than −0.90 eV, NRR could be limited by
the desorption of NH2* to form NH3 molecule, resulting in low yield
rates for NH3 production.

On the other hand, the metal atom at double vacancies (our studied
Fe@Nx systems) allows intermediates to interact with support plane
due to the less protrusion of the metal atom. The approximately planar
configuration and decreased unoccupied orbitals of the metal atom
reduce the binding strength of NH* and NH2*, favoring the removal of
NH2* as NH3. Hence, the optimal activity towards NRR occurs when the
binding strength of nitrogen is neither too strongly nor too weakly,
which can balance the formation of N2H* and the protonation of NH*.
The optimal ΔEN* for the double vacancy-based single-atom catalysts is
found to be around −1.80 eV, and the corresponding liming potential is
estimated by −0.30 V. This result has been demonstrated by a recent
work [1], as V@N4, and V@N3-DVG displayed the excellent perfor-
mance with UL of −0.41, and −0.35 V, respectively [59].

4. Conclusions

In summary, by means of systematic DFT computations, we showed
that rationally modifying particular physicochemical characteristics of
carbon-based two-dimensional SACs can help achieve NRR catalysts
with performance exceeding the metal-based benchmark. We identified
that Fe@N2-opp moiety, in which two N atoms are at the opposite sides
of a single Fe atom, has a high catalytic activity for NRR with a limiting
potential of −0.63 V. Especially, Fe@N2-opp can also well suppress
HER during the N2 electroreduction process, and has the highest se-
lectivity for NRR among all of the considered Fe@Nx moieties.
Furthermore, based on the linear scaling relations, we proposed a de-
sign strategy to optimize the catalytic activity of carbon-based SACs for
NRR. Our computations suggest that the limiting potential of diva-
cancy-based SACs can be further reduced by tuning the adsorption
energy of nitrogen atom, and SACs with ca. -1.80 eV nitrogen atom
adsorption energy could have even higher NRR catalytic activity. This
study highlights that controlling the coordination environment of the
single metal atom is an important method to achieve high performance

SACs, and provides guidelines to further improve the activities of the
carbon-based single-atom catalysts for N2 fixation.
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