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Strain-controlled single Cr-embedded
nitrogen-doped graphene achieves efficient
nitrogen reduction†
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Tianshuai Wang*a and Qianfan Zhang *a

Single atom catalysts (SACs) have received much attention in the nitrogen reduction reaction (NRR) field

due to their high atomic utilization and controllable electronic state regulation. It is attractive to explore

the mechanism for regulating the electronic state of the active center of single-atom catalysts. Herein,

we propose a new regulation mechanism by applying a strain that can change the coordination bond

length of Cr–N and quantitatively regulate the electronic state of the active center in Cr-SACs. Based on

this mechanism, we achieve an ultra-low 0.174 V over-potential for the NRR in the single Cr-embedded

nitrogen-doped graphene (CrN3@graphene) by applying lattice stretch of 2.5% compared to the pristine

CrN3@graphene. Computational results show that the d band center, the Cr–N anti-bonding orbital and

the spin-polarization state of the single Cr atom can be adjusted by tuning the coordination length of

Cr–3N. The applied lattice stretch of 2.5% can transform the spin-polarization state of the single Cr

atom from a high-spin-polarization state to low-spin-polarization. This conversion weakened the

adsorption capacity of N2 for CrN3@graphene and finally achieved an ultra-low over-potential. Our

findings open up a new path of NH3 production by exploiting strained SACs under ambient conditions.

1. Introduction

The production of ammonia for fertilizers is of significant
importance for agricultural development.1 The current mainstream
method of industrial production of ammonia is the Haber–Bosch
process. However, this process requires high pressure (about 150–
300 bar) and high temperature (500 1C), which is responsible for
about 2% of the world’s energy consumption and 3% of global CO2

emissions.2–5 Therefore, it is necessary to find a more sustainable,
highly efficient synthetic ammonia production method. In nature,
nitrogen is usually fixed by nitrogenase through an associative
mechanism under mild conditions.6,7 As biomimetic catalysts, the
electro-catalysts in nitrogenase can reduce nitrogen to ammonia
through a six-proton–electron process when it is energized.8 Thus,
it is very attractive to use electro-catalysts to reduce nitrogen to
ammonia under ambient conditions.

However, the electro-catalysts that have been used for the
NRR in the literature still face a series of challenges, such as

instability, low selectivity, low NH3 yield and low Faradaic
efficiency (FE).9–12 As the two major types of electro-catalysts,
both molecular catalysts and metal catalysts have their
own strengths and weaknesses.13,14 For example, molecular
catalysts and enzymes exhibit high catalytic activity for the
NRR, but it is difficult to maintain their stability at room
temperature. Metal catalysts and nanoparticles show excellent
room temperature stability, but their low selectivities for the
NRR limit their application.15,16 Fortunately, single atom catalysts
(SACs), which can be dispersed on different substrates perfectly,
combine the advantages of molecular catalysts and homogeneous
catalysts.17 Benefiting from the ultra-high atom utilization rate
and single active center, SACs show better catalytic activity and
selectivity for many electrochemical reactions.18–21 Many SACs,
such as B–graphene,22 Fe–graphene,23 Ru-g-C3N4,24 and Mo–BN,25

were predicted to be excellent catalysts for the NRR. SACs for the
NRR that can restrain the hydrogen evolution reaction (HER) have
also been prepared experimentally.26 In these theoretical and
experimental works, the electron occupation state of the single
atom was recognized as the most critical factor for the catalytic
performance. Because the electron occupation state of a single
atom determines its ability to adsorb and activate nitrogen, the
adsorption and activation of nitrogen was considered to be the
most critical step in nitrogen reduction.27,28 The mainstream
method currently used to regulate the coordination environment
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of SACs is the introduction of different vacancies to adjust the
type and number of coordination bonds, such as oxygen29 and
nitrogen vacancies.30,31 Recently researchers have recognized
that the catalytic activity can be different even with the same
type and number of coordination bonds. For instance, the N-
doped carbon framework substrate of a single Fe atom can
effectively reduce nitrogen to ammonia, while the porphyrin
substrate of a single Fe atom cannot even adsorb nitrogen,32,33

even though they belong to the same Fe–4N–C coordination and
only have different bond lengths of Fe–N. Therefore, it is critical
to understand how the bond length regulates the coordination
environment of single atoms.

At present, there are few research works on the mechanism of
bond length affecting the coordination environment. This is mainly
due to the difficulty of accurately controlling and characterizing the
bond length experimentally. In this respect, first principles calcula-
tions can overcome this difficulty easily by applying lattice strain.
As a member of non-precious metals, the Cr metal atom possesses
a half-full and easily regulated outermost electronic shell.34 As for
the substrate for single atom, nitrogen-doped graphene, which has
high conductivity, is able to obtain high current density.35 Many
experimental works have confirmed the possibility of stretching
graphene.36 Pristine single Cr-embedded nitrogen-doped graphene
(CrN3@graphene) has been predicted to induce a low over-potential
of 0.59 V and high selectivity.37

In our present work, we propose a new regulation method to
adjust the coordination conditions of single atoms by applying
lattice strains to change the bond lengths of single atoms with
substrates. Our work shows that CrN3@graphene with lattice
stretch of 2.5% can induce an ultra-low over-potential of 0.17 V.
The electron occupation state of a single Cr atom will change
with the application of lattice strain. When the lattice strain
exceeds 2%, the spin-polarization state of a single Cr atom
changes from a high-spin-polarization state to a low-spin-
polarization state. These transformations result in changes in
the adsorption capacity of the single Cr atom for nitrogen and
ultimately improve the catalytic performance. Computational
results show that the subtle lattice strain can change the
catalytic performance of the single atom catalysts towards the
NRR, and also shed new light for designing high catalytic
performance SACs in other fields.

2. Results and discussion
2.1 Strain influence on the structural stability of
CrN3@graphene

The structural stability of a single-atom catalyst is related to its
intrinsic bonding strength between the metal atom and its
nearby coordination atoms of N. Only when the bonding
strength of Cr–N is greater than the polymerization energy
between Cr metallic atoms, the single Cr atom state can stay
separately without agglomerating after multiple catalytic cycles.
Thus, we first applied the binding energy of the single Cr atom
to evaluate the stability of CrN3@graphene. The binding energy
Eb is defined as:

Eb = ECr + EN3@graphene � Etot

Herein, ECr, EN3@graphene and Etot represent the metallic state
energy of the single Cr atom, the energy of the nitrogen-doped
graphene and the total energy of the complex of the single Cr
atom and the nitrogen-doped graphene. Hence, a more positive
Eb means stronger bonding strength between the Cr–N atoms
than that between the Cr–Cr in the Cr metal. The optimized
structure of CrN3@graphene is shown in Fig. 1a. The binding
energies of a single Cr atom in strained CrN3@graphene range
from 3.636 eV to 4.276 eV (Fig. 1b) when the Cr–N bond length
changed from 1.832 Å to 1.971 Å. Further computational results
suggest that the bond length does not linearly increase/
decrease as the lattice stretches/compresses since the single
Cr atom is not coplanar with nitrogen-doped graphene. The
Cr–N bond length hardly changes (1.954 Å to 1.971 Å) in the
interval when the lattice tensile/compression rate (�3% to
1.75%) is relatively small. Only when the stretch rate is higher
than 2% does the Cr–N bond length drop sharply to 1.832 Å.

We further analyze the Bader charge of a single Cr atom to
clarify the effect induced by the change of bond length and
binding energy. Because the outer electron arrangement of a
single Cr atom is 3d54s1, the first electron lost by a single Cr
atom is the electron filled in the 4s orbital. When the charge
transfer of a single Cr atom is less than 1e, the extra electrons
will fill the s orbital of the Cr atom and the p orbital of the N
atom. As a result, s–p orbital hybridization occurs between the
Cr–N atom pair. On the contrary, when the charge transfer of a
single Cr atom is more than 1e, the extra electrons will fill the d
orbital of the Cr atom and the p orbital of the N atom, resulting
in d–p orbital hybridization between Cr–N atoms. Both hybri-
dizations can lead to enhanced binding strength between the
Cr atom and the coordinated N atom. With the lattice strain of
�2%, the Bader charge of the Cr atom is very close to 1e. Thus,
the charge transfer between the 3d orbital of the Cr atom and
N3@graphene is very small and causes the weakest pristine
binding energy for the Cr atom. The weakest pristine binding
energy is still strong enough to maintain structural stability. In
the stretching region where the lattice strain is �3% to 1.75%,
the absolute value of charge transfer is not very high (�0.11e to
0.05e). Correspondingly, the binding energy for Cr of these
systems is not large. When the lattice strain is higher than 2%,
the Bader charge of Cr decreases to �0.20e. Benefitting from
the steep charge transfer, these systems possess stronger
binding ability to single Cr. Due to the difference in charge transfer
between Cr and N3@graphene, we can further infer that the
electronic state filled on the Cr will also be different, which further
affects the adsorption process of the intermediate products in
the NRR.

To verify this conjecture, we calculated the d band center of
the Cr atom. As shown in the illustration of Fig. 1c and Fig. S3
(ESI†), the d-band center of the Cr atom moves to the deeper
energy level as the stretching increases. This can be mainly
attributed to the change of the amounts of electrons transferred
from the Cr atom to the substrate during the stretching
process. The electrons filled in the high energy level are
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gradually lost, and then the d band of the Cr atom moves to the
deep energy level as a whole, which explains the shift of the d
band center of the Cr atom. When the lattice strain reaches 2%,
the number of electrons flowing from the Cr atom to the
substrate dramatically increases, resulting in a sharp drop of
the d band center of the Cr atom. To further understand the
electronic energy state changes of the Cr atom near the
mutation point, we calculated the density of states (DOS) of
the Cr atom near the dip. Fig. 1d and e show that the spin state
of the Cr atom near the Fermi level changes greatly, and this
significant change is caused by the hybridization between the d
orbital of the Cr atom and p orbital of coordinated N atoms.

2.2 Catalytic performance of Cr-embedded nitrogen-doped
graphene

Next, we investigate the catalytic performance of Cr-embedded
nitrogen-doped graphene. Fig. S2a and b (ESI†) reveal that the
electrons always flow from the Cr atom to small molecules
regardless of the adsorption of a H* atom or N2 molecule. For
the adsorption of N2, the electrons shared between two
nitrogen atoms from nitrogen decreased after N2 adsorbed on
the substrate, which plays the critical role in activating
nitrogen. Herein, we calculated the different catalytic pathways
of the substrate, where four possible mechanisms via various
intermediates are considered. According to the difference
between the way of adsorbing nitrogen and the way of forming

and desorbing ammonia, we refer to the four mechanisms as
horizontal–distal, horizontal–alternative, vertical–distal, and
vertical–alternative. For substrates with different stretching
rates, the maximum value of the positive free energy difference
in each path at 0 V applied potential was considered as the
potential-determining step (PDS) of the path, while the
minimum value of the PDS of four paths can be considered as
the PDS for the whole NRR process. In fact, for all the NRR
processes we studied, the PDS of CrN3@graphene with different
lattice strains was *N2 to *N2H of the vertical–distal mechanism,
indicating that the introduction of lattice strain does not change
the PDS of SACs. The over-potentials of different lattice strains
calculated are summarized in Fig. 2b, while the free energy
evolution for the NRR and the optimized structures of the
intermediates for CrN3@graphene with a lattice strain of 2.5%
are shown as insets in Fig. 2d–g. The reaction coordinates for
CrN3@graphene with lattice strains of other values are shown in
Fig. S3–S12 (ESI†).

As the lattice strain changed from �3% to �2%, the over-
potential of CrN3@graphene decreased with the increase in the
lattice strain. As the lattice strain varied from �2% to 1.75%,
the over-potential of CrN3@graphene did not change much.
It is very surprising that when the lattice strain exceeds 2%,
there exists a dip in the over-potential. The over-potential of
CrN3@graphene with a lattice strain of 2% is 0.17 V. As the
lattice strain interval ranges from 2% to 3%, the over-potential

Fig. 1 (a) The schematic diagram of the NRR in the CrN3@graphene. Brown, blue, red and white spheres represent carbon atoms, nitrogen atoms, chromium
atoms and hydrogen atoms, respectively. The stretch/compression method is a biaxial strain method. The two axes selected are written in vector form as
(1.000, 0.000, 0.000) and (�0.500, 0.732, 0.000). (b) The binding energy and the Bader charge of CrN3@graphene with different lattice strains. The Bader
charge is the change in the amount of charge of a single Cr atom when compared with an intrinsic single Cr atom (6e). (c) The d-band center of the Cr atom of
CrN3@graphene with different lattice strains. The density of states of the single Cr atom for CrN3@graphene with lattice strains of 1.75% (d) and 2% (e).
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of CrN3@graphene is incredibly low, which clearly suggests
that CrN3@graphene with lattice stretching can be an excellent
catalyst for the NRR.

2.3 Competitive reactions between hydrogen evolution and
nitrogen reduction

The hydrogen evolution reaction (HER) is the most common
competitive reaction for the NRR. Protons and electrons will be
consumed in the HER and this results in low FE of the NRR.
The ideal electro-catalysts for the NRR should have strong
adsorption capacity for N2 and weak adsorption capacity for
H*. Thus, we calculated the adsorption energy of N2 and H* for
CrN3@graphene with different lattice strains. As depicted in
Fig. 2a, the adsorption energy of N2 slowly decreases with the
increase of lattice strain. It is worth noting that there is a dip for
the adsorption of N2 at the lattice strain of 2%. CrN3@graphene
with 3% applied strain possesses the lowest adsorption energy
(0.70 eV) for N2. However, with the application of the lattice
strain, the adsorption energy of H atoms in CrN3@graphene
does not change much. The biggest adsorption energy of

H atoms in CrN3@graphene is 0.45 eV. Hence, the adsorption
energy of H atoms is always lower than the adsorption energy of
N2. Thus, CrN3@graphene has superior ability in adsorbing
nitrogen, leading to better catalytic performance for the NRR.

2.4 Mechanism of lattice strain affecting over-potential

The PDS of CrN3@graphene with different lattice strains is
always *N2 to *N2H, indicating that an additional electroche-
mical potential to drive *N2 to *N2H is required. Weaker
adsorption energy of *N2 and stronger adsorption energy of
*N2H can reduce the potential difference of this process. Thus,
we calculated the adsorption energy of *N2 and *N2H, as shown
in Fig. 2c. The evolution of adsorption energies can be divided
into three stages. In the first region where the lattice strain
changed from �3% to �2%, the adsorption energy of *N2

decreased, while the adsorption energy of *N2H increased,
which reduced the over-potential of NRR. In the second region
where the lattice strain changed from �1.5% to 1.5%, the
adsorption energy of *N2 and *N2H exhibits a similar declining
trend, which induces slight fluctuation of the over-potential.

Fig. 2 (a) The adsorption energies of H* and N2, which adsorbed on the CrN3@graphene with different lattice strains. (b) The over-potentials of
CrN3@graphene with different lattice strains. (c) The adsorption energies of N2 and N2H, which adsorbed on the CrN3@graphene with different lattice
strains. The specific calculation formula of adsorption energy is: Ead = Emolecular + EcrN3@graphene� Etot. Here, Emolecular, EcrN3@graphene and Etot represent the
energy of molecule (N2 or N2H), the energy of the single Cr-embedded nitrogen-doped graphene and the total energy of molecules adsorbed on single
Cr-embedded nitrogen-doped graphene. Free energy process of the (d) horizontal–distal, (e) horizontal–alternative, (f) vertical–distal and (g) vertical–
alternative reaction mechanism for CrN3@graphene with a lattice strain of 2.5%. Structural evolution is shown in the upper right corner of each panel.
Brown, blue, red and gray spheres represent carbon atoms, nitrogen atoms, chromium atoms and hydrogen atoms, respectively. The last step indicates
the recovery of the catalysts and this process does not involve electronic gains and losses. It is not an electrochemical step and does not change with the
applied potential.
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In the third region where the lattice strain changed from 2% to
3%, the adsorption energies of *N2 and *N2H still have a similar
downward trend, which makes the over-potential change a
little. However, there is a 0.3 eV decrease in the adsorption
energy of *N2 and 0.1 eV decrease in the adsorption energy of
*N2H when the lattice strain changed from 1.5% to 2%. As a
result, the over-potential of single CrN3@graphene with a
lattice strain of 2% is lower by 0.2 eV than the over-potential
of CrN3@graphene with a lattice strain of 1.5%.

Since the biggest change comes from the adsorption of *N2,
we focused on the electronic energy state transition and
bonding strength of Cr–N in the adsorption of *N2. Fig. 3 shows
the orbital interaction between N2 and a single Cr atom.
As shown in Fig. 3a and b, the p* orbital of N2 and 3d orbital
of a single Cr atom are located near the Fermi level. After
nitrogen adsorption, the orbitals of the single Cr atom and N2

hybridize, resulting in occupied bonding orbitals with lower
energy and unoccupied anti-bonding orbitals with higher
energy. Compared with the pristine CrN3@graphene, the 3d
up-spin orbital of CrN3@graphene with a lattice strain of 2.5%
had a small orbital peak located above the Fermi level.
This makes the position of the bonding orbital coupled
through this orbital move greatly towards the shallow energy
level. Since the DOS of Cr near the Fermi level for the up-spin
orbital decreased after stretching by 2.5%, we have reasons to
believe that the strength of this bonding orbital will also
decrease. At the same time, the 3d down-spin orbital of
CrN3@graphene with a lattice strain of 2.5% has a small orbital
peak that moved below the Fermi level. This makes the position
of the anti-bonding orbital coupled through this orbital move
below the Fermi level, and the anti-bonding states appear below
the Fermi level.

We further analyze the partial density of states that is
divided by orbital components of a single Cr atom (Fig. 4a
and e). The PDOS of single Cr experiences very big changes.
Overall, the PDOS of Cr moves toward the shallow energy level
when applying the stretch, and such a shift of hybridization
states of the Cr–N bond induces weakness of the Cr–N bond.
In terms of each orbital, the spin state of the occupied dxy

orbital near the Fermi level inverts from down-spin to up-spin.
Meanwhile, the up-spin state of the dz2 orbital moves from
�1 eV to the Fermi level. The simulation of crystal orbital
Hamilton populations (Fig. 4b–d and f–h) further confirms this
result. Both the bond strength of dxy–p and dz2–p states weakens
after stretching. The integral crystal orbital Hamilton population
(-ICOHP) of the dxy–p state decreased from 0.1179 eV to
0.0072 eV, while that of the dz2–p state decreased from 0.1247 eV
to 0.0093 eV. The down-spin state of the dxy–p state changed from
bonding orbital to anti-bonding orbital, which weakens the bond
strength of dxy–p. The decrease in the amount of filled electrons on
the dz2 orbital and the energy level shift may be the main two
reasons for the weakness of the bond strength of dz2–p.

The COHP results show the influence of the change of the
single Cr atom’s spin state on its ability to adsorb intermediate
products. Therefore, it is necessary to reveal the role of spin
polarization in the adsorption process of intermediate
products. To this aim, we apply the crystal field theory to reveal
the role of spin polarization in the adsorption process of N2.
Since the bond length of Cr–N for the single Cr atom and the
three coordinated nitrogen atoms has little difference, we
consider that the single Cr atom maintains a tetrahedron-like
field even after the application of stretching. In view of this, the
energy levels of the 3d orbital of a single Cr atom arrange from
high to low in the order: dxy, dz2, dyz, dxz, dx2. Fig. 5 lists the

Fig. 3 (a) Projected electronic densities of states (pDOS) and partial description of 3d orbitals of Cr, anchored in nitrogen-doped graphene with a lattice
strain of 0%, 2p orbitals of N2, and their interaction. (b) Projected electronic densities of states (pDOS) and partial description of 3d orbitals of Cr,
anchored in nitrogen-doped graphene with a lattice strain of 2.5%, 2p orbitals of N2, and their interaction; a and b mean down-spin and up-spin,
respectively. The orange and brownish-green solid boxes on the right side of this figure represent the energy range of the bonding orbitals of the 3d
orbital for Cr.
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magnetic moments of a single Cr atom for CrN3@graphene
with different lattice strains. When the lattice strain is less
than 2%, the calculated magnetic moment of a single Cr
atom is B3.6 mB, indicating that the single Cr atom is in a
high-spin-polarization state. A single Cr atom in a high-spin-
polarization state owns more electrons to pair with N2,

resulting in strong adsorption ability for N2. It is worth
mentioning that since the number of electrons filled in the
dxy orbital decreases with stretching, the magnetic moment
of a single Cr atom in the first step region will also decrease
(Fig. S17, ESI†). When the lattice strain is greater than 2%,
the calculated magnetic moment of a single Cr atom is
B1.9 mB, indicating that the single Cr atom is in a low-spin-
polarization state. The single Cr atom in the low-spin-
polarization state has fewer electrons to pair with N2, and
thus the adsorption ability for N2 decreased, leading to a lower
over-potential for the single Cr atom in the low-spin-
polarization state. These results indicate that the single Cr
atom in the low-spin-polarization state has a weak nitrogen
adsorption capacity, and this promotes the protonation
from N2 to N2H. Our calculation results show that the spin
polarization state of the single atom plays a decisive role in the
adsorption of small molecules in the electrocatalytic process.
Lattice strain can effectively affect the spin-polarization state of
a single atom by changing the bond lengths of the single atom
and coordination atom, and finally changing the over-potential
significantly.

3. Conclusion

In summary, we systematically investigated the NRR
performance of CrN3@graphene with different lattice strains.

Fig. 4 The partial densities of states that are divided by orbital components of N2 and Cr for CrN3@graphene with strain rates of 0% (a) and 2.5% (e), the
spin state of the electron filled in the right/left orbit is up/down-spin. The crystal orbital Hamilton populations of Cr–N divided by orbital composition for
CrN3@graphene with a lattice strain of 0% (b–d). The crystal orbital Hamilton populations of Cr–N divided by orbital composition for CrN3@graphene
with a lattice strain of 0% (f–h).

Fig. 5 The magnetic moment of a single Cr atom for CrN3@graphene
with different lattice strains when N2 is not adsorbed on. The illustration
shows the electron occupation states of the 3d orbital of a single Cr atom
in different areas. The number of black squares under the arrow indicates
the number of electrons.
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Comprehensive DFT computational results show that in the
CrN3@graphene with different lattice strains, the binding
energy of a single Cr is large enough to make the single Cr
atom tightly bonded to the substrate. The introduction of
lattice strain cannot change the PDS of CrN3@graphene with
different lattice strains, and the PDS is *N2 to *N2H of vertical–
distal mechanism. Since the adsorption energy of *N2 is always
higher than the adsorption energy of *H, CrN3@graphene with
a different lattice strain has good to excellent selectivity for the
NRR. CrN3@graphene with lattice strain of 2.5% has weaker
adsorption of N2 and finally achieved an ultra-low over-
potential of 0.17 V for the NRR. The calculated partial density
of states and integral crystal orbital Hamilton population
indicate that the weakness of dxy–p and dz2–p is the main
reason for the weak adsorption of N2. Crystal field analysis
reveals that the change of spin-polarization state of a single Cr
atom plays a vital role in the adsorption of N2. Our calculation
results predict that CrN3@graphene with a lattice strain of
2.5% is a promising single-atom catalyst for the NRR. We hope
that our study is able to promote experimental and theoretical
research efforts in adjusting the coordination environment of
single atoms by changing the bond length.

4. Computational methods

All of the simulation results were done through the Vienna ab
initio simulation package (VASP) built on density functional
theory (DFT) based on first-principles simulations.38–40 The
projector augmented wave (PAW) method41 and the Perdew–
Burke–Ernzerhof (PBE)42,43 pseudopotential based on the
generalized gradient approximation (GGA)44 were carried out.
The cut off energy was set as 420 eV for structure optimization
and total energy calculation. The force convergence condition
was 0.02 eV Å�1. The Brillouin zone was tested using a
Monkhorst–Pack method k-point mesh of 3 � 3 � 1. In our
work, a 5� 5� 1 supercell of graphene (a = b = 12.436 Å, and c =
19.957 Å) was adopted for the investigations. The structure of
CrN3@graphene is shown in Fig. 1a. The coordination number
of Cr is three. A slight lattice strain did not change the
coordination number of Cr. It only changed the bond length
of Cr–N and thus changed the electron occupation state of Cr.
We calculated the potential-determining step (PDS), applied
potential (UL) and over-potential (Z) to compare the catalytic
performance of different reaction pathways for the electroche-
mical NRR. The reaction step with the largest positive free
energy change is the PDS. Applied potential is added to make
this step occur spontaneously. Thus, the applied potential is
calculated by UL = DGmax/e�. The DGmax means the maximum
free energy change in the reaction. Over-potential is calculated
by Z = Uequilibrium � UL; Uequilibrium is the equilibrium potential
for the reaction. For the NRR, this value is set as �0.16 V.
The smaller the over-potential, the higher the catalytic
efficiency for the catalysts. The reaction free energy change is
defined as DG = DE + DZPE � TDS, where DE is the energy
calculated by DFT, DZPE is the zero-point energy (ZPE)

correction, and DS is the entropy change. ZPE is calculated by

the ZPE ¼
P

i

1

2
hvi, and vi is the vibration frequency of a small

molecule with the unit of cm�1. The entropy values of small
molecules such as N2, H2, and NH3 are obtained from the NIST
database. In this work, only vibration entropy was considered
in the calculation. The nitrogen reduction reaction is a six-
proton and a six-electron process. Usually, four paths are
suggested to be possible reaction paths, including horizontal–
distal, horizontal–alternative, vertical–distal and vertical–alter-
native. The reaction pathways are explained as follows. (a)
Horizontal–distal ways: the adsorbed N2 molecule is nearly
parallel to the catalyst surface. The first three H+ pairs appear
on the N atom furthest from the catalyst, caused a release of
NH3 molecule and left an N atom to form the second NH3

molecule. (b) Horizontal–alternative ways: the adsorbed N2

molecule is nearly parallel to the catalyst surface. The H+ pairs
appear alternately on different sides of the N2 molecule. Once
the hydrogenation by the fifth H+, the first NH3 molecule
is released. The formation of the second NH3 molecule is accom-
panied by the hydrogenation of the sixth H+. (c) Vertical–distal
ways: the adsorbed N2 molecule is nearly perpendicular to the
catalyst surface. The first three H+ pairs appear on the N atom
furthest from the catalyst, causing a release of an NH3 molecule
and leaving a N atom to form the second NH3 molecule.
(d) Vertical–alternative ways: the adsorbed N2 molecule is nearly
perpendicular to the catalyst surface. The H+ pairs appear
alternately on different sides of the N2 molecule. Upon the
hydrogenation of the fifth H+, the first NH3 molecule is released.
The formation of the second NH3 molecule is accompanied by the
hydrogenation of the sixth H+.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

Q. Z. was supported by the Beijing Natural Science Foundation
(2192029), the National Key Research and Development
Program of China (2017YFB0702100), the National Natural
Science Foundation of China (11404017), the Technology
Foundation for Selected Overseas Chinese Scholars, and the
Ministry of Human Resources and Social Security of China.
Z. W. S. acknowledges the support of the Singapore National
Research Foundation (NRF-NRFF2017-04).

References
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