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ABSTRACT: In this study, we have performed the first-principles density
functional theory calculations to predict the influence of structural distortion on
the catalytic properties of Fe, N codoped carbon (Fe−N−C) for the nitrogen
reduction reaction (NRR). On both FeN4 and FeN3 sites embedded in a
graphene layer, our results show that compressive strain not only enhances the
NRR activity manifested by a positive change in NRR limiting potential, but also
changes the favorable NRR pathway from a hybrid path to a distal one. The
activity enhancement is attributed to the strong binding of NRR intermediate
species, *NNH, on the strained active sites. Moreover, we predict that the NRR
selectivity on both FeN4 and FeN3 sites is improved by the structural distortion
induced by compressive strain. Hence, our computational results suggest that
the degree of compressive strain in the graphene layer of Fe−N−C catalysts could be tuned to enhance their catalytic activity and
selectivity for NRR.

1. INTRODUCTION

As one of the most important chemicals in agricultural
industries, ammonia (NH3) plays a fundamental role in
producing fertilizers to support large population in the
world.1,2 Ammonia is also a great clean energy resource as it
stores 17.6% hydrogen by mass with no CO2 emission.3 The
Haber-Bosch process is widely used to produce ammonia on
an industrial scale. However, the Haber-Bosch process has an
intensive requirement of H2, whose production consumes
nearly 1−2% of the global annual energy generation and emits
300 metric tons of CO2 every year.2−5

The electrochemical conversion is acknowledged as a
sustainable and economic alternative method to the Haber-
Bosch method for nitrogen reduction reaction (NRR) to
produce ammonia under ambient conditions.6−8 The develop-
ment of electrocatalysts for NRR focuses on addressing the
issues related to low activity due to the large overpotential of
NRR, and low selectivity because of the competing hydrogen
evolution reaction (HER).2,9−12 Much progress has been made
in improving the catalytic performance of NRR on the surface
of metal catalysts, such as Ru,13−15 Pt,16,17 Au,18−20 Ni,21,22

and Mo.23 However, the large overpotential for N2 activation
and limited NH3 selectivity are inevitable barriers for the
application of metal catalysts.10,11,24,25 Non-noble metal oxides,
chalcogenides, borides, and carbides (NiO, ZnS, NiS, CdS,
TiB2 etc.) were also studied, and the chalcogenides and borides
were identified as potential NRR electrocatalysts under
ambient conditions.26−29

As a promising candidate of NRR electrocatalysts, the metal
and nitrogen codoped carbon has exhibited some technical
advantages such as the prevailing NRR performance, high
conductivity after doping, and mechanical flexibility when
deposited onto the electrode.11,12 Tian et al. theoretically
predicted Mo, N codoped graphene to be a potential NRR
catalyst, in which the Mo−N moiety acted as the active site for
N2 bond breaking, and the graphene worked as an electron
transmitter and reservoir.30 A computational study by Jung et
al. has shown such a kind of catalysts with single metal atom
embedded in N-doped graphene has better NRR selectivity
than metal catalysts, and some cases (i.e., TiN4 and VN4) even
have better activity than Ru due to a strong bonding between
the central metal atom and adsorbed N2.

31 Our previous study
on Ni−N−C catalysts for NRR showed a high faradaic
efficiency (FE) of 21 ± 1.9%, and a NH3 production rate of
115 μg·h−1·cm−2 under ambient conditions.32 Recently, the
studies on catalysts with a single Ru atom embedded on N-
doped graphene have, respectively, shown greatly promoted
NH3 yield rates of 0.121 mgNH3

·mgcat.
−1 ·h−133 and 3.665 mgNH3

·
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mgRu
−1·h−1,34 which are promising and these types of catalysts

have a good opportunity for future NRR applications.
As a crustal abundant element, Fe was already found to

combine with Mo to form a FeMo cofactor in the nitrogenase,
which is a key component for natural N2 fixation.35,36 In an
early NRR electrochemical study, Fe-phthalocyanine catalysts
showed a FE of 0.33% and a NH3 production rate of 5.57 ×
10−10 mol·s−1·cm−2.37 A Fe-doped metal−organic framework
catalyst was synthesized by Chen et al. using a hydrothermal
method, whose NH3 production rate and current efficiency
could, respectively, reach 2.12 × 10−9 mol·s−1·cm−2 and 1.43%
under 90 °C.38 A very recent study on the tetraphenylporphyr-
in iron chloride (FeTPPCl) showed a promising NRR activity
with a FE of 16.76 ± 0.9% and a NH3 production rate of 18.28
± 1.6 μg·h−1·mgcat.

−1 in neutral electrolytes.39 Zhang et al.
reported a highly active iron porphyrin-based catalyst (Fe−
TCPP) with a 44.77 μg·h−1·mgcat.

−1 NH3 production rate and a
16.23% FE.40 Rationally designed and synthesized single iron
and N,O-doped carbon (Fe−NO−C) catalysts were studied by
Hou et al.41 Their catalysts reached a high NH3 production
rate of 31.9 μg·h−1·mgcat.

−1 and a FE of 11.8%. A Fe, N codoped
carbon nanotube catalyst with active FeN3 sites was designed
by Zheng et al. as an enhanced NRR catalyst.42 It exhibited
encouraging NRR catalytic performance with a NH3
production rate of 34.83 μg·h−1·mgcat.

−1 and a FE of 9.28%. A
study by Lü et al. reported a single Fe and N codoped site
NRR catalyst that was synthesized from the ZIF-8 precursor,
which has a high FE of 18.6 ± 0.8% and a NH3 yield rate of
62.9 ± 2.7 μg·h−1·mgcat.

−1 .43

It should be noted that high-temperature treatment is an
essential step during the synthesis of metal and nitrogen
codoped carbon catalysts in the aforementioned stud-
ies.32,34,42,43 As already elaborated in previous studies on
graphene membranes, a negative thermal expansion coefficient
of graphene would result in a wrinkle configuration at elevated
temperature.44−47 However, to the best of our knowledge, all
the previous theoretical studies on Fe−N−C catalysts only
assumed the FeNx active sites embedded in a fully relaxed
planar graphene layer. Our previous studies on the oxygen
reduction reaction (ORR) and carbon dioxide reduction
reaction (CO2RR) on Fe−N−C catalysts have demonstrated
that the compressive strain caused by the elevated-temperature
treatment has a beneficial effect in facilitating their catalytic
activity.48,49 Herein, we employed the first-principles density
functional theory (DFT) to study how the compressive strain
in graphene layers would affect the NRR activity and selectivity
on both FeN4 and FeN3 sites embedded in the graphene layer.
Our results suggest that structural distortion could be used to
enhance the catalytic properties of metal and nitrogen codoped
carbon catalysts for NRR.

2. COMPUTATIONAL METHODS
The spin-polarized DFT50−52 calculations were performed
using the Vienna Ab Initio Simulation package (VASP).53−56

The projector augmented wave57 pseudopotential was
employed in conjunction with the Perdew−Burke−Ernzer-
hof58 generalized gradient approximation.59 The van der Waals
correction was included using the Tkatchenko−Scheffler
method.60,61 A plane wave basis set with a kinetic energy
cutoff of 400 eV was used to expand the wave functions. The
energy convergence was set to be 1 × 10−6 eV and the atomic
structures were relaxed to the tolerance of atomic force below
0.01 eV/Å. As shown in Figure 1a, a FeN4 site was modeled in

a 9.84 × 8.52 Å periodic supercell of a graphene layer by
replacing six C atoms with a central Fe atom and four
surrounding pyridinic N atoms. A FeN3 site model (Figure 1b)
was modeled in the same supercell of a graphene layer by
replacing four C atoms with a central Fe atom and three
surrounding pyridinic N atoms. A 14 Å vacuum space was
added perpendicular to the graphene layer to minimize
interaction between periodic images. The Brillouin zone was
sampled by a 4 × 4 × 1 Monkhorst−Pack grid62 for both FeN4
and FeN3 models.
The free energy of the adsorbed intermediates was

calculated using the reversible hydrogen electrode (RHE) as
the reference, for which the free energy of a pair of proton and
electron (H+ + e−) is calculated as the free energy of 1/2
H2.

24,63 The free energy change ΔG of any chemical species
can be calculated as

G E E T S Gads ZPE UΔ = Δ + Δ − Δ − Δ
where ΔEads denotes the adsorption energy of the chemical
species on active site and ΔEZPE represents the zero-point
energy correction. The zero-point energy for each species was
calculated by the summation of each vibrational mode of
binding molecules and adatoms as hv1

2 i∑ , where vi is the ith

vibrational frequency. The entropy change ΔS from the
vibrational contribution of adsorbates at room temperature was
evaluated in the harmonic vibrational mode. The entropy
change of free molecules under standard conditions was taken
from the NIST database.64 The energy shift from applied
electrode potential U was evaluated as ΔGU = neU, where n is
the number of electrons transferred in the reaction and the
electrode potential U is given with the reference to the RHE.
The crystal orbital Hamilton population (COHP) analysis was
carried out using program LOBSTER.65−68

3. RESULTS AND DISCUSSION
3.1. Atomic Models of NRR Active Sites with

Structural Distortion. It has been reported that both
FeN4

31,43,69 and FeN3
42,70 moieties embedded in a graphene

layer exhibit activity for NRR. Consequently, in the present
study, we focused on the effect of structural distortion on the
FeN4 and FeN3 sites. The FeN4 site consists of a central Fe
atom at a double-vacancy site and four neighboring pyridinic N
atoms (Figure 1a). The FeN3 site consists of a central Fe atom
at a single-vacancy site and three adjacent pyridinic N atoms
(Figure 1b). As revealed in a previous study,45 layered
graphene could experience a biaxial compression and form
wrinkles after a high-temperature treatment. A wrinkle

Figure 1. Atomic structures of (a) FeN4 and (b) FeN3 sites in a
graphene layer shown from a top view. The periodic unit cells of these
two active site models are marked with the red rectangles. In the
figure, the gray, blue, and golden balls represent C, N, and Fe atoms,
respectively.
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configuration of the FeN4 site was found to kinetically improve
the activity for ORR, and thermodynamically promote the
activity for CO2RR on Fe−N−C catalysts.48,49 Motivated by
these previous results, we herein computationally examined the
effect of compressive strain on the activity and selectivity on
FeN4 and FeN3 sites for NRR.
The atomic models of FeN4 and FeN3 sites with

compressive strain are shown in Figure 2. For comparison,

each active site was modeled in a fully relaxed state (i.e.,
unstrained) and in a compressively strained state. In the
unstrained FeN4 site (Figure 2a), the Fe atom lies in the planar
graphene layer after structural optimization. In contrast, the Fe
atom in the unstrained FeN3 site (Figure 2c) is predicted to be
out of the graphene layer by 0.32 Å. The compressively
strained FeN4 and FeN3 site models were constructed by
contracting the graphene layer to the same degree and making
them have a similarly curved layer. The compressive strain
turns the initial planar graphene layer into a wrinkle
configuration as shown in Figure 2b,d. The wrinkles containing
the strained FeN4 and FeN3 sites are found to have a height of
1.27 and 1.29 Å, respectively. The central Fe atom is displaced
out of the graphene layer by 0.28 and 1.48 Å in the strained
FeN4 and FeN3 sites, respectively. As a result of compressive
strain, the length of the Fe−N bonds is shortened by 2.0 and
0.5% in the strained FeN4 and FeN3 sites than that in the
corresponding unstrained sites. Moreover, we compared the
electronic structures of the FeN4 (Figure 2a,b) and FeN3
(Figure 2c,d) sites with and without compressive strain. The
charge distributions on the strained FeN4 sites show that the
compressive strain results in a polarized charge distribution on
the central Fe atom as the charge accumulation (yellow cloud)
and depletion (cyan cloud) are largely separated. In contrast,

there is only charge depletion shown on the central Fe atom in
the unstrained FeN4 site model. For FeN3 sites, the one with
compressive strain exhibits more charge depletion separated
from the charge accumulation on the Fe atom than that of the
unstrained one. In addition, the FeN3 sites demonstrate a
much smaller change in the charge distribution that is caused
by the compressive strain than the FeN4 sites.

3.2. Influence on the NRR Pathway and Activity.
Nitrogen reduction is a complex process with many possible
intermediate species involved along a reaction pathway. There
exist three distinct types of pathways, that is, the distal,
alternating, and enzymatic pathways,6,11,12,71,72 for the electro-
chemical NRR. The distal and alternating pathways normally
start with an end-on adsorption of a N2 molecule on the
catalyst surface, whereas the enzymatic pathway starts with a
side-on N2 adsorption on the catalyst surface. The distal
pathway for NRR goes through a reaction sequence in which
the distal N of the adsorbed N2 will be preferably
hydrogenated all the way to produce a NH3 molecule. In
contrast, the alternating and enzymatic pathways go through a
different reaction sequence in which hydrogenation occurs
alternatively on the two N atoms of the adsorbed N2. To
identify the most likely reaction pathway on the modeled FeN4
and FeN3 sites, we first used the DFT calculations to predict
the most stable adsorption configurations of the NRR
intermediate species on the sites. There are nine possible
intermediate species (i.e., *N2, *NNH, *NNH2, *NHNH,
*NHNH2, *NH2NH2, *N, *NH, and *NH2) during the
reaction of nitrogen reduction. We compared the free energy
of all possible adsorption configurations for each intermediate
specie to locate the most stable one. Subsequently, the
calculated free energy change of each intermediate specie was
used to predict the free energy evolution of the competitive
NRR pathways.
Our computational results show that the predicted free

energy evolution for NRR on the compressively strained FeN4
site has a much more positive limiting potential than that on
the unstrained FeN4 site (Figure 3a). Here, the limiting
potential of NRR (UL(NRR)) is defined as the least reverse
electrode potential needed to overcome the hydrogenation
step with the largest positive free energy change in NRR.
Consequently, a more positive UL(NRR) indicates a better NRR
activity. Such a hydrogenation step is also called the potential
determining step (PDS) in NRR. As shown in Figure 3a, the
PDS of NRR on both unstrained and strained FeN4 sites was
found to be the first hydrogenation step from *N2 to *NNH.
Our predicted limiting potential for NRR on the unstrained
FeN4 site is −1.31 V (Table 1), which is comparable with a
value of −1.36 V from the literature.69 In addition, our
predicted NRR pathway on the unstrained FeN4 site shares the
same PDS as the previous study.69 As given in Table 1, the
compressive strain on the FeN4 site induces a positive change
in UL(NRR) by 0.21 V, which implies that the strained FeN4 site
has better NRR activity than the unstrained one. The
compressive strain on the FeN4 site is also predicted to lead
to a change in the NRR pathway (Figure 3b). On the
unstrained FeN4 site, the most favorable NRR pathway was
predicted to be a hybrid one. Following this pathway, the NRR
starts with the N2 molecule adsorption in an end-on
configuration, and the distal N atom of the adsorbed N2 is
first hydrogenated with two H. Then, the third H is reacted
with the proximal N atom of the adsorbed N2, and the fourth
hydrogenation step leads to the dissociation of N−N bond to

Figure 2. Computed charge distribution and the corresponding
atomic side view of (a) unstrained FeN4, (b) strained FeN4, (c)
unstrained FeN3, and (d) strained FeN3 sites. The charge
accumulation and depletion on each active site are shown,
respectively, by the yellow and cyan clouds with an isosurface of
0.0075 e/Å3. In the figure, the gray, blue, and golden balls represent
C, N, and Fe atoms, respectively.
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produce the first NH3 molecule. Finally, the remained *NH on
top of the Fe atom is subsequently hydrogenated until the
second NH3 molecule desorbs from the active site. However,
the favorable NRR pathway on the compressively strained
FeN4 site was predicted to be a typical distal pathway. On the
strained FeN4, after the first two hydrogenation steps occur on
the distal N atom, the third hydrogenation step is still on the
distal N atom of the adsorbed N2 and leads to the desorption
of the first NH3 molecule produced. Subsequently, the
remaining *N atom on the active site is hydrogenated to
become the second NH3 molecule produced.
The predicted free energy evolution of NRR on the

unstrained and strained FeN3 sites is shown in Figure 4a,
which also reveals that the first hydrogenation step is the PDS
for NRR. As shown in Table 1, UL(NRR) on the unstrained FeN3
site is predicted to be −0.83 V, which is very close to a
previously reported value of −0.84 V.42 The predicted free
energy evolution for NRR on FeN3 sites indicates that the
FeN3 site with a compressive strain has a slightly better NRR
activity than the unstrained one due to a more positive limiting
potential of −0.80 V (Table 1). The most favorable NRR
pathway on the unstrained FeN3 site was predicted to be a
hybrid one, starting with the N2 molecule adsorption in an
end-on configuration (Figure 4b). In the second hydro-
genation step, the adsorption configuration of the most stable
intermediate species changes to a side-on *NHNH. Then, one
of the N atoms of *NHNH is preferably hydrogenated by two

H to form the first NH3 molecule, and the remaining *NH is
hydrogenated into the second NH3 molecule produced. With
some compressive strain on this FeN3 site, the NRR pathway
was predicted to change to a typical distal one. As shown in
Figure 4b, the NRR on the compressively strained FeN3 site
has the same adsorption configurations with the unstrained
one in the first two steps, but an end-on *NNH2 adsorption
becomes more favored after the second hydrogenation step.
According to our predicted NRR limiting potentials (Table

1), the unstrained FeN3 site shows a better NRR activity than
the unstrained FeN4 site with a more positive UL(NRR) by 0.48
V, and the strained FeN3 site also has a more positive UL(NRR)
by 0.30 V than the strained FeN4 site. Thus, it can be inferred
that the FeN3 sites are more active for NRR than the FeN4
sites in Fe−N−C catalysts. The NRR activity on both FeN4
and FeN3 sites is predicted to be enhanced by compressive
strain. Moreover, our calculation results in Table 1
demonstrate that compressive strain has an appreciable
influence on the NRR activity on FeN4 sites as the NRR
limiting potential has a positive change of 0.21 V due to the
structural distortion. In contrast, the NRR limiting potential on
the strained FeN3 site only changes to be more positive by 0.03
V as compared to the unstrained one.
To gain understanding of the compressive strain effect on

NRR activity, we have carried out bonding analysis for the
adsorption of *NNH on the active sites. It has been pointed
out that the intermediate species *NNH is a good descriptor
for the NRR activity, as most NRR catalysts hold the step *N2
→ *NNH as PDS.73−76 Indeed, our calculated free energy
change for the *NNH adsorption (Table 1) shows a direct
correlation with the predicted NRR limiting potential. Namely,
the compressively strained sites have lower energy for NNH
adsorption and simultaneously exhibit more positive NRR
limiting potentials than the corresponding unstrained sites.
Specifically, we examined the bonding states between Fe and
the proximal N in *NNH using the projected crystal orbital

Figure 3. (a) Predicted free energy evolution of the most favorable
NRR pathway on the FeN4 sites with and without compressive strain.
The NRR free energy evolution on each active site is shown under its
own limiting potential. (b) Atomic structures of the most stable
adsorbed species along the favorable NRR pathway on the two FeN4
sites. The gray, blue, golden, and white balls represent C, N, Fe, and
H atoms, respectively.

Table 1. Calculated Limiting Potential of NRR and the Free
Energy Change of *NNH Adsorption on FeN4 and FeN3
Sites

FeN4 FeN3

unstrained strained unstrained strained

UL(NRR) (V) −1.31 −1.10 −0.83 −0.80
ΔG*NNH (eV) 1.25 0.84 −0.04 −0.13

Figure 4. (a) Predicted free energy evolution of the most favorable
NRR pathway on the FeN3 sites with and without compressive strain.
The NRR free energy evolution on each active site is shown under its
own limiting potential. (b) Atomic structures of the most stable
adsorbed species along the favorable NRR pathway on the two FeN3
sites. The gray, blue, golden, and white balls represent C, N, Fe, and
H atoms, respectively.
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Hamilton population (pCOHP) analysis65−68,77 (Figure 5),
which was applied in previous NRR catalyst studies.74,78,79 The
bonding and antibonding states of Fe−N are depicted as the
positive and negative parts of −pCOHP curves, respectively.
Our results show that most of the valence states (i.e., the part
below the Fermi level, EF) are bonding states, whereas a small
density of antibonding states exists at the Fermi level for both

strained and unstrained FeN4 sites (Figure 5a). These
antibonding states at the Fermi level indicate an unstable
bonding between *NNH and Fe, which can also be confirmed
by the positive free energy change of *NNH adsorption shown
in Table 1. The integrated COHP (ICOHP) up to the Fermi
level of the strained FeN4 site was predicted to be −2.03 eV,
which is more negative than that of the unstrained FeN4 site

Figure 5. pCOHP analysis for the Fe−N bond between the central Fe and the adsorbed *NNH on (a) FeN4 and (b) FeN3 sites with and without
strain. The gray, blue, golden, and white balls represent C, N, Fe, and H atoms in the atomic structures, respectively. The Fermi level is set to be 0
eV in the figure.

Figure 6. (a) Atomic structure of adsorbed *H on the strained FeN4 site and calculated free energy evolution for HER on the FeN4 sites with and
without strain. (b) Atomic structure of adsorbed *H on the strained FeN3 site and calculated free energy evolution for HER on the FeN3 sites with
and without strain. In the figure, the gray, blue, golden, and white balls represent C, N, Fe, and H atoms, respectively.
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(−1.96 eV). As revealed in previous studies, a more negative
ICOHP indicates a stronger covalent bonding.74,78,79 Hence,
our bond analysis further implies a stronger *NNH binding on
the strained FeN4 site. For unstrained and strained FeN3 sites,
our COHP analysis results show that most valence states
appear as bonding, and no states are found at the Fermi level
(Figure 5b). In contrast to the results of the FeN4 site, only a
small difference is observed in the −pCOHP curves between
the unstrained and strained FeN3 sites, suggesting a similar
bonding strength between Fe and the proximal N of *NNH.
Furthermore, the ICOHP of the strained FeN3 site differs only
by 0.01 eV as compared to that of the unstrained FeN3 site,
which also indicates a similar binding strength of *NNH on
the unstrained and strained FeN3 sites.
3.3. Influence on NRR Selectivity. Furthermore, we

examined the influence of structural distortion on the
selectivity toward NRR on the FeN4 and FeN3 sites using
the DFT calculation method. The competing HER is believed
to be the most primary factor affecting the selectivity of the
catalysts for NRR.10,32,76,80 The free energy of H adsorption is
proposed to be a descriptor to measure the HER
activity.31,73,81 Our DFT calculations predict that H would
be adsorbed on top of the central Fe in the FeN4 and FeN3
sites as shown in Figure 6a,b. The free energy evolution for
HER on the FeN4 and FeN3 sites (Figure 6a,b) indicates that
the compressive strain would cause the free energy change of
*H adsorption to be closer to 0 eV, which indicates that the
competing HER is promoted by compressive strain at these
active sites.82 The values of calculated free energy change for
the adsorption *H (ΔG*H) on the unstrained and strained
FeN4 and FeN3 sites are given in Table 2. ΔG*H is predicted to

decrease from 0.24 eV on the unstrained FeN4 site to 0.16 eV
on the strained one, while ΔG*H only increases from −0.41 eV
on the unstrained FeN3 site to −0.38 eV on the strained one. It
should be noted that our predicted free energy changes ΔG*H
for *H adsorption on the unstrained FeN4 site (0.24 eV) and
on the unstrained FeN3 site (−0.41 eV) are consistent with
previous predictions of 0.40 eV on FeN4 and −0.53 eV on
FeN3.

42,69 We also performed the bonding analysis for the *H
adsorption on FeN4 and FeN3 sites to understand the
compressive strain effect on the HER activity. Most valence
states (below EF) of *H adsorption are bonding in nature on
the strained and unstrained FeN4 sites, while only a few
antibonding states can be found at vicinity below the Fermi
level (Figure 7a). The integrated pCOHP for the Fe−H
bonding on the FeN4 sites decreases from −1.21 eV on
unstrained one to −1.25 eV on strained one, which suggests a
stronger binding of *H adsorption on the strained FeN4 sites.
In contrast, antibonding states are only visible above the Fermi
level for the Fe−H bonding on FeN3 sites (Figure 7b). The
−pCOHP curves of the strained and unstrained FeN3 sites are
almost identical in the valence bands, and the ICOHP on the
strained FeN3 site only increases less than 0.01 eV as compared
to the one on the unstrained FeN3 site, both implying a very
similar binding strength of *H on FeN3 sites with and without
strain.
Regarding the NRR selectivity of catalysts, several computa-

tional methods have been employed in previous studies. For
example, some researchers proposed to compare the
adsorption energies of *N2 and *H (i.e., ΔG*N2

− ΔG*H) on
the same active site as a descriptor for measurement of the
NRR selectivity.31,34,69,73,76,83 If an active site can be preferably
occupied by *N2 over *H, the competing HER will be
effectively suppressed. Hence, the active sites with a more
negative value of ΔG*N2 − ΔG*H should exhibit better
selectivity for NRR over HER. Our DFT results in Table 2
indicate that the compressively strained FeN4 and FeN3 sites
would have a better selectivity toward NRR than the
unstrained ones. Some studies used the free energy difference
between *NNH and *H adsorption (i.e., ΔG*NNH − ΔG*H) to
gauge the NRR selectivity,84 because the hydrogenation step
from *N2 to *NNH is the PDS of NRR. Here, *NNH is the

Table 2. Calculated Free Energy Changes as Related to NRR
Selectivity on FeN4 and FeN3 Sites

FeN4 FeN3

unstrained strained unstrained strained

ΔG*H (eV) 0.24 0.16 −0.41 −0.38
ΔG*N2

− ΔG*H (eV) −0.30 −0.42 −0.45 −0.56

ΔG*NNH − ΔG*H (eV) 1.01 0.68 0.37 0.25
UL(NRR) − UL(HER) (V) −1.07 −0.94 −1.24 −1.18

Figure 7. pCOHP analysis for the Fe−H bond between the central Fe and the adsorbed *H on (a) FeN4 and (b) FeN3 sites with and without
strain.
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preferred adsorbed species over *H for selective NRR. We
predicted more negative values of ΔG*NNH − ΔG*H on the
compressively strained FeN4 and FeN3 sites shown in Table 2,
and thus a better NRR selectivity on the strained sites than the
unstrained ones. In addition, the limiting potential difference
between NRR and HER (UL(NRR) − UL(HER)) was employed to
describe the NRR selectivity.79−81 For HER on the FeN3 sites,
which shows a negative free change of *H adsorption, the
limiting potential here is defined as the largest electrode
potential that can keep the process thermodynamically
favorable. The negative value of limiting potential difference
shown in Table 2 indicates the HER always have less negative
limiting potential than NRR on both FeN4 and FeN3 sites,
which implies the HER is indeed competitive with the NRR.
However, our results show that the compressive strain on both
FeN4 and FeN3 sites leads to a less negative limiting potential
difference between the NRR and HER, which indicates a
smaller activity difference between NRR and HER on the
strained active sites. Thus, the NRR selectivity is enhanced on
the compressively strained FeN4 and FeN3 sites.
For the calculated values from all the methods listed in

Table 2, the strained FeN4 sites have a more negative ΔG*N2 −
ΔG*H by 0.12 eV, a more negative ΔG*NNH − ΔG*H by 0.33
eV, and a less negative UL(NRR) − UL(HER) by 0.13 V as
compared to the unstrained FeN4 sites, respectively. In
contrast, the strained FeN3 sites only have a more negative
ΔG*N2 − ΔG*H by 0.11 eV, a more negative ΔG*NNH − ΔG*H
by 0.12 eV, and a less negative UL(NRR) − UL(HER) by 0.06 V as
compared to the unstrained FeN3 sites. Therefore, we predict
that the structural distortion due to compressive strain would
have a more pronounced influence on the NRR selectivity on
FeN4 sites than on FeN3 sites.

4. CONCLUSIONS

In this study, we have investigated the influence of structural
distortion on the activity and selectivity of Fe−N−C catalysts
for NRR using the first-principles DFT calculations. The
structural distortion was induced through formation of curved
graphene layers, as compared to planar layers, under
compressive strain. Our computational results reveal that the
structural distortion could change the NRR pathways from a
hybrid path to a distal one on the compressively strained FeN4

and FeN3 sites. Using the calculated limiting potential for NRR
as an indicator, we further predicted that the catalytic activity
would be enhanced by a 0.21 V positive change in limiting
potential on the strained FeN4 site than that on the unstrained
one, and by a 0.03 V positive change in limiting potential on
the strained FeN3 site than that on the unstrained one.
Moreover, we employed three different computational
quantities to demonstrate that the selectivity toward NRR
over HER has also been enhanced by the compressive strain on
both FeN4 and FeN3 sites. Therefore, our computational
results indicate that the structural distortion induced by
compressive strain in the graphene layer is beneficial for
catalytic performance improvement in Fe−N−C catalysts for
NRR. Thus, this study suggests an effective and novel concept
for rational design and synthesis of metal and nitrogen
codoped carbon as a high performance electrocatalyst for
ammonia production.
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