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ABSTRACT: Inspired by the recently synthesized covalent organic framework (COF)
containing triquinoxalinylene and benzoquinone units (TQBQ) in the skeleton, we study the
stability and properties of its two-dimensional analogue, TQBQCOF, and examine its potential
for the synthesis of ammonia using first-principles calculations. We show that the TQBQCOF
sheet is mechanically, dynamically, and thermally stable up to 1200 K. It is a semiconductor
with a direct band gap of 2.70 eV. We further investigate the electrocatalytic reduction of N2to
NH3on the Boron-functionalized TQBQCOF sheet (B/TQBQCOF). The rate-determining
step of the catalytic pathways is found to be *N−N → *N−NH for the distal, alternating, and
enzymatic catalytic mechanisms, with the corresponding overpotentials of 0.65, 0.65, and 0.07
V, respectively. The value of 0.07 V is the lowest required voltage among all of the N2
reduction catalysts reported so far, showing the potential of B/TQBQCOF as a metal-free
catalyst to effectively reduce N2to NH3.

Nitrogen is an indispensable element in all life forms on
Earth1,2 and makes up 78% of the volume of its air. The

bond energy of N2 is 940.95 kJ/mol. Hence, under mild
reaction conditions, it is difficult to break its inert NN triple
bond and further reduce it into ammonia (NH3).

3,4 As an
important source of artificial fertilizer, NH3is also a carbon-free
hydrogen energy carrier. To date, in addition to the natural
biological N2 fixation based on nitrogenase enzymes, the
synthesis of NH3 in industry mainly relies on the Haber−
Bosch process, which requires harsh reaction conditions,
consuming about 1.4% global energy annually.5,6 In addition,
the raw material H2 is necessary, which consumes a large
number of nonrenewable resources and leads to excessive CO2
emissions with serious impact on the environment.7,8 Electro-
lytic N2 reduction reaction (NRR) under mild conditions is
considered as a low-cost and environmentally friendly process
for NH3 synthesis.7,9−11 In this process, high-efficiency
catalysts can increase the rate and selectivity of the overall
catalytic reaction and reduce energy consumption.12 Hence,
the electrochemical NRR, driven by renewable energy where
raw materials are N2 and H2O, is a viable alternative to the
energy-consuming Haber−Bosch process.13

Most of the traditional catalysts for NRR reported so far are
based on noble metals such as Ru,14 Rh,15 Pd,16 Au,17 and
Pt;18 transition metals (TMs) such as Ti,19 V,20 Cr,21 Mn,22

Fe,23 Co,24 Ni,25 Nb,26 Mo,27 and W;28 and p-block metals
such as Bi29,30 and Sn;31,32 and their compounds. However, the
scarcity of noble metals, and the limited NH3 yield Faraday
efficiency of transition metals along with their environmental
pollutions hinder their widespread industrial application. On

the contrary, non-metal catalysts have inherent advantages of
low cost and environmental friendliness, and exhibit excellent
activity and long-term durability with less poisoning and
crossover effects.33−37 Therefore, the development of non-
metal catalysts for NRR has great economic value and scientific
significance, and has been hotly pursued in recent years. In this
context, the recently synthesized honeycomb-like covalent
organic framework with triquinoxalinylene and benzoquinone
units, TQBQ-COF,36 could be a potential candidate, because it
has a unique geometry with large regular pores that can offer
enough space to accommodate intermediates. In particular,
introduction of the electron-deficient boron (B) atom into
TQBQCOF may be beneficial to design a metal-free catalyst
for NRR. The potential of B atom for nitrogen fixation in
metal-free catalysts has been demonstrated as it can further
reduce N2 molecule to B2N2 or [B2N2]

2− due to the weak
Lewis base feature of N2 molecules.2 In addition, similar to
TM-based catalysts where the high performance mainly stems
from the combination of the empty and occupied d orbitals,
sp3 hybridized B atoms also possess occupied and empty
orbitals; the empty orbitals can accept the lone pair of
electrons from N2 and the occupied orbitals can back-donate
electrons to the antibonding orbitals of N2 to weaken its NN
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bond. Therefore, it is possible to achieve a superior metal-free
catalyst for reduction of N2 to NH3 by introducing the sp3

hybridized B atoms to a stable TQBQCOF material.
In this work, we study the geometric and electronic structure

as well as the mechanical properties of a 2D sheet,
TQBQCOF, which can be chemically exfoliated from the
recently synthesized covalent organic framework.36 In addition,
we use it as a substrate for metal-free catalyst for N2 catalytic
reduction. We show that, unlike traditional 2D materials such
as graphene that requires structural defects to anchor metal or
B atoms, the TQBQCOF sheet contains many active sites for
anchoring B, making it unnecessary to introduce any artificial
structural defects. We show that the B-functionalized
TQBQCOF sheet can act as a promising metal-free catalyst
for effective reduction of N2 to NH3.
Our calculations are based on the density functional theory

(DFT), using the projector augmented wave (PAW)
potential38 as implemented in the Vienna ab initio simulation
package (VASP).39 To describe the interactions of electrons,
we adopt the Perdew−Burke−Ernzerhof (PBE)40 exchange−
correction functional within the generalized gradient approx-
imation (GGA). A kinetic energy cutoff of 520 eV and a 3 × 3
× 1 Monkhorst−Pack41 mesh are used for electronic structure
and geometry optimization. The accuracy of our results is
verified by increasing the K-point mesh to 4 × 4 × 1. The
convergence criteria of total energy and force components are
set as 0.0001 and 0.01 eV/Å, respectively. A vacuum space of
16 Å along the z-direction is added to avoid layer interactions.
Details on the binding energy and calculations of free energy

diagrams can be found in Section S1 of the Supporting
Information (SI).
The 2D TQBQCOF sheet is exfoliated from the synthesized

AB stacked covalent organic frameworks (COFs) with
triquinoxalinylene and benzoquinone units (TQBQ) in its
skeleton. The distance between the two layers is 3.07 Å,36

which is comparable to that of some van der Waals crystals,
including graphite (3.35 Å)42 and h-BN (3.33 Å).43,44 Its unit
cell, shown in Figure 1a, consists of multiple carbonyls and
pyrazine groups and contains 48 atoms with 30 carbon (C), 12
nitrogen (N), and 6 oxygen (O) atoms. The optimized
geometry is a hexagonal planar structure with the lattice group
symmetry of P4/mbm (D4h5). The optimized lattice
parameters of the unit cell are a = b = 16.70 Å and γ =
120°. In this structure, the O and N atoms are equivalent,
while there are three different types of C atoms, including C1
in carbonyls (CO), and C2 and C3 in pyrazines, as marked
in Figure 1a. The Wyckoff positions of the C, N, and O atoms
in TQBQCOF are shown in Table S1 of the SI. Also, its
structural data (POSCAR) can be found in SI Section S3. The
specific bond lengths and angles are calculated and listed in
Table S2 in the SI. The charge density in the TQBQCOF is
mainly distributed on the N and O atoms as illustrated in
Figure 1b.
Before the study of its electrocatalytic properties, we first

calculate the phonon dispersion of TQBQCOF with a 2 × 2 ×
1 supercell to examine the dynamic stability of TQBQCOF as
shown in Figure 2a; no imaginary modes are found in the
entire first Brillouin zone, confirming the dynamical stability of
TQBQCOF. We then perform ab initio molecular dynamics

Figure 1. (a) Optimized structure and (b) electronic charge density of the TQBQCOF sheet. C, N, and O atoms are labeled by gray, blue, and pink
spheres, respectively.

Figure 2. (a) Phonon spectrum and (b) total potential energy fluctuation of TQBQCOF during AIMD simulation at 1200 K.
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(AIMD) simulations from 300 to 900 K using the Nose ́
thermostat45 to study its thermal stability. Figure 2b depicts
the change of the total energy with respect to time and the final
configuration of TQBQCOF after 10 ps AIMD simulation at
1200 K. One can see that the energy fluctuates at a constant
value, and all bonds remain intact, confirming that TQBQCOF
can withstand the high temperature of 1200 K.
Next, we perform the mechanical stability test by calculating

the independent elastic stiffness tensor components. For this
2D lattice with tetragonal symmetry, only C11 and C12 are
nonzero and independent. The calculated elastic constants are
C11 = C22 = 55.79 N/m and C12 = 35.89 N/m, which fully meet
the Born−Huang criteria.46 In this case, the criteria require C11
> |C12| and C11 > 0. Therefore, the TQBQCOF sheet is
mechanically stable. To confirm the accuracy of the calculated
lattice constants against the choice of the K-point mesh, we
repeated the calculations with 4 × 4 × 1 mesh. The resulting
elastic constants are C11 = C22 = 55.79 N/m and C12 = 35.84
N/m, which agree very well with the values obtained using 3 ×
3 × 1 mesh.
The flexibility or rigidity of a material can be reflected by

Young’s modulus; a low Young’s modulus implies good
flexibility for a material. We have calculated the in-plane
Young’s modulus, Y(θ), and Poisson’s ratio, υ(θ), of
TQBQCOF by using the method described in SI Section S2.

Due to the high symmetry of the hexagonal lattice, Y(θ) of
TQBQCOF is isotropic with the value of 32.70 N/m along all
directions, as shown in Figure 3a. This value is much smaller
than that of many other 2D materials, including graphene
(1000 N/m),47 MoS2 (330 N/m),48 and h-BN (279 N/m),49

suggesting that TQBQCOF is flexible and soft. The ratio of
transverse strain to longitudinal strain is the definition of
Poisson’s ratio, reflecting the mechanical response of the
system to uniaxial strain. As shown in Figure 3b, the Poisson’s
ratio curve is almost a circle and the value varies only between
0.65 and 0.73, which further validates the mechanical isotropy
of TQBQCOF.
Next, we calculate the 2D TQBQCOF sheet’s electronic

band structure, as shown in Figure 4a. It can be seen that the
2D TQBQCOF exhibits the semiconducting nature with a
direct band gap of 2.70 eV using the HSE06 functional. The
corresponding total electronic density of states (TDOS) and
the partial electronic density of states (PDOS) are also
calculated to analyze the detailed electronic states. Figure 2b
shows that N and O atoms are the main contribution of the
electronic states near the Fermi level, consistent with the
results of the band decomposed charge density distributions
(Figure 4c−f).
Because N2 is a weak Lewis base, it is ideal to create a Lewis

acid catalytic site with empty orbitals for the chemical

Figure 3. Polar diagrams of (a) Y(θ) and (b) υ(θ) of TQBQCOF.

Figure 4. (a) Electronic band structure and (b) corresponding TDOS and PDOS, band decomposed charge density distributions of the (c) second
highest occupied band, (d) highest occupied band, (e) lowest unoccupied band, and (f) second lowest unoccupied band of TQBQCOF. The
isosurface value is 0.003 e/Å3.
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adsorption of N2 molecules, which is a vital but challenging
step for an effective NRR process. TM-based catalysts possess
empty d orbitals that can accept the lone-pair electrons of N2
and donate d electrons to the antibinding orbitals of N2, a
process known as π back-donation. Therefore, such “accept-
ance−donation” of electrons between the TM atoms and N2
naturally activate the inert NN triple bond,2 where the
combination of empty and occupied d orbitals play a key role.
Unlike TM atoms, main group non-metal atoms usually lack
such a combination. However, the electron-deficient B shows
Lewis acid characteristics50 and possesses both empty and
occupied orbitals, contributing to the chemisorption of N2 in
the NRR process.
The N atoms in the TQBQCOF sheet, all bonded to C

atoms, are 2-fold-coordinated, which enables TQBQCOF to
incorporate a B atom, as illustrated in Figure 5. Consequently,

two newly formed N−B bonds can stabilize the B atom.
Meanwhile, the anchored B has one occupied sp3 orbital and
one empty sp3 orbital, and such a combination can enable the
“acceptance−donation” process with N2. Additionally, the
pores of TQBQCOF are large and regular, which provide
sufficient space for the N2 adsorption and formation of
intermediates for the catalytic reduction reaction (see Figure
5). Thus, TQBQCOF could be an ideal substrate to
incorporate B and then fix N2. The resulting B/TQBQCOF
sheet could then be a potential metal-free catalyst to catalyze
N2.
The optimized structure of B/TQBQCOF is presented in

Figure 6a, which continues to be a planar sheet. The binding
energy between the B atom and TQBQCOF is 5.19 eV,
showing that the TQBQCOF sheet binds B atom strongly and
maintains its structure undisturbed after B incorporation.
For an efficient NRR process, capturing of N2 molecules

around the active site initiates the first step of NRR. Hence, we
first study the binding energy between N2 molecules and the B
site in B/TQBQCOF via the end-on and side-on adsorption
configurations, as illustrated in Figure 6b,c, respectively. The
calculation shows that for end-on and side-on adsorption
configurations, the adsorption energy between N2and B/
TQBQCOF is −2.15 and −1.22 eV, respectively. This strong
binding strength is attributed to the effective electron-
“acceptance−donation” process occurring between the N2
and B, similar to the TM center in TM-based catalysts.
As for the end-on adsorption, the B atom in B/TQBQCOF

bonds with N2 to form a new chemical bond of length 1.45 Å,
while the N−N bond length in the N2 molecule increases from
1.09 to1.13 Å. For the side-on pattern, the N2 and B atoms
form two bonds with a bond length of 1.58 Å (see the side
view in Figure 6c), whereas the length of the N−N bond

further increases from 1.09 to 1.19 Å. The enlargement of the
N−N bond length in these two cases implies the weakening of
the NN bond, which is beneficial to the later NRR process.
Their charge density differences are further calculated and
plotted in Figure 6d,e, respectively, showing significant charge
transfer between the anchored B atom and N2 molecule in
both the end-on and side-on adsorption patterns. Clearly, two-
way charge transfer here is found, and the corresponding
charge accumulation and depletion occur to both the N2
molecule and B atom, which confirms the above-mentioned
acceptance−donation process. Therefore, the high binding
strength along with the above-mentioned charge transfer
phenomenon greatly support facile N2 activation and reduction
on B/TQBQCOF.
We now evaluate the catalytic performance of B/

TQBQCOF to reduce N2 to NH3. Three typical mechanisms
are considered here, namely, the distal, alternating, and
enzymatic catalytic mechanisms, as shown in Figure 7a,
which take into account all reaction intermediates. The end-
on adsorbed N2 can be further reduced via pathways of distal
and alternating mechanisms. For the pathway of distal
mechanism, the proton−electron pair first attacks the distal
N to generate a NH3 molecule and then generates another
NH3by reacting with the near bonded N. On the contrary, as
for the alternating mechanism, the proton−electron pair
alternately attacks the two N atoms. The side-on adsorbed
N2 is further hydrogenated through an enzymatic pathway
where two N atoms are attacked by proton−electron pairs
alternately. Then, the next NH3 is generated after the releasing
of the first NH3.
To study the change of free energy in the NRR process, we

calculate the vibrational frequencies, zero-point energies, and
entropies of intermediates for the side-on and end-on
adsorption patterns, respectively. These results are summarized
in Table S3. The corresponding free energy diagrams for the
above three pathways are plotted in Figure 7b−d. For end-on
adsorption, the N2 adsorbed on B/TQBQCOF can be further
reduced with an energy uphill of 0.64 eV, while that is only
0.07 eV for the side-on adsorption, because of the strong
binding strength between N2 and B/TQBQCOF. For

Figure 5. Design concept of B/TQBQCOF catalyst to fix N2. The
arrow represents single electron spin, and the spindles in violet color
stand for the corresponding orbitals. The pink sphere represents B
atom.

Figure 6. (a−c) Top and side views of B/TQBQCOF, and the
adsorption of N2 on B/TQBQCOF via the end-on and side-on
patterns, respectively. Differential charge density of the N2 adsorbed
B/TQBQCOF sheet via (d) end-on and (e) side-on adsorption
configurations. The isosurface value is 0.003 e/Å3, and the yellow and
cyan represent the distribution of positive and negative charges,
respectively.
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subsequent basic reaction steps via the distal pathway, they are
all exothermic and generate NH3 spontaneously. The
corresponding free energy downhill for the generation of the
first and second NH3 is −0.49 and −0.41 eV, respectively. The
only one free energy uphill in the distal pathway is the *NN→
*NNH, which is the potential-determining step with an onset
potential of 0.64 V for this NRR process (see Figure 7b). As
for the alternating mechanism, the process of *N−N
hydrogenated into *N−NH is also the only one free energy
uphill of 0.64 eV, resulting in an onset potential of 0.64 V
(Figure 7c). This is the same as that of the distal pathway. In
the case of the enzymatic mechanism, except for the step
*N−*N + H+ + e− = *N−*NH, the subsequent steps are all
exothermic as presented in Figure 7d.
Following a recent study of hybrid mechanism for N2

reduction,51 we also consider this in B/TQBQCOF, as
shown in Figure 7a. For the pathway of *N−NH2 → *NH−
NH, the free energy change is only 0.001 eV, while for the
pathway of *N−NH2 → *NH−NH2, the free energy change is
−4.21 eV, implying that this is a spontaneous process.
However, for hybrid steps, the free energy change of
potential-determining step (*NN → *NNH) is 0.64 eV,
which is much larger than the value of 0.07 eV in enzymatic
pathway. Therefore, the hybrid mechanism is energetically less
favorable than the enzymatic mechanism. Obviously, there are
rich N sites in TQBQCOF, which can easily absorb H species,
causing the competition between the NH3 and H2 release.52

Hence, following the procedure in the process of NRR, we
investigate the free energy change in hydrogen evolution
reaction (HER) for H species. The calculated results are
plotted in Figure S4. The rich N-sites can easily adsorb H

species, and the corresponding free energy change in HER is
−0.62 eV, while in the NRR process, the corresponding value
change is −1.64, −1.64, and −0.75 eV for the distal,
alternating, and enzymatic mechanisms, respectively, suggest-
ing the priority for N2 adsorption, thus leading to a good
selectivity of NH3 generation. Therefore, one can see that the
basic process in the whole reaction requires an energy injection
of 0.07 eV, resulting in a low onset potential. This is the lowest
value among all other metal or metal-free NRR catalysts
reported so far. Hence, the B/TQBQCOF sheet is a potential
metal-free catalyst for NRR with lowest onset potential.
Generally speaking, the catalytic site adsorbing N2

successfully is a decisive step for the whole NRR process.
On one hand, it is difficult for catalyst to adsorb N2 because N2
is an extremely inert molecule with a stable NN bond. On
the other hand, the N2 adsorption process on the catalyst does
not involve the transfer of electron−proton pairs, so the energy
barrier for this process cannot be controlled and adjusted by an
external voltage. Therefore, it is important to investigate the N2
adsorption process. In order to study the transition state of N2
adsorbed on the B site through the above-mentioned
configurations, we first construct the intermediate state
structures by the structure-dependent image-dependent pair
potential (IDPP) method.53 Next, we apply the climbing image
nudged elastic band (CI-NEB) method54 to calculate the
ground state energy of each intermediate state and determine
the transition state (TS), which is the configuration with the
highest energy barrier of the intermediate state. The reason
why we apply the IDPP method to interpolate the distance
between atoms rather than simply linearly interpolate the
atomic coordinates is that the IDPP method retains a more

Figure 7. (a) Schematic illustration of three main mechanisms for the N2 reduction. Free energy diagrams of the three mechanisms discussed in
text for N2 reduction on B/TQBQCOF through the (b) distal, (c) alternating, and (d) enzymatic mechanisms at different applied potentials. The
purple dotted line presents the hybrid mechanism.
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integral structure of the N2 rotation and avoids the generation
of unreasonable structures.
Therefore, on the basis of the IDPP method, we generate a

variety of intermediate structures between the initial (IS) and
the final state (FS). The transition state energy barriers for
end-on and side-on adsorptions are calculated and displayed in
Figure 8, showing that the transition state energy barrier of the
end-on adsorption is 0.011 eV, while that is 0.046 eV for the
side-on adsorption. One can see that whether N2 is adsorbed
to the B catalytic site via the end-on or side-on adsorption, the
corresponding transition state energy barrier for this process is
very low, indicating that N2 can be easily adsorbed on the B
site. The intermediate product *NN or *N−*N creates a
prerequisite for the further catalytic reduction of N2.
In summary, we have proposed a 2D TQBQCOF sheet that

is exfoliated from the synthesized covalent organic frameworks
consisting of multiple carbonyls and pyrazine groups. By
employing first-principles calculations combined with the CHE
model, we have systemically studied the geometric structures
and electronic and mechanical properties of TQBQCOF as
well as the N2 fixation on the B/TQBQCOF sheet. The
following conclusions can be drawn: (1) TQBQCOF is not
only mechanically and dynamically stable but also can
withstand temperatures up to 1200 K. (2) It possesses a
hexagonal planar structure with the lattice group symmetry of
P4/mbm, and has almost isotropic mechanical properties with
a low isotropic Young’s modulus of 32.70 N/m, lower than
that of most 2D materials. (3) The TQBQCOF sheet can bind
B atom strongly with a binding energy of 5.19 eV, forming a
stable planar sheet, B/TQBQCOF, which can further bind N2
at the B site with the adsorption energies of −2.15 and −1.22
eV for the end-on and side-on adsorption configurations,
respectively. (4) The rate-determining steps of the three
catalytic pathways for N2 reduction on B/TQBQCOF are
*N−N → *N−NH. For the entire catalytic pathway for both
the distal and alternating mechanisms, the required over-
potential for N2 reduction is 0.64 V, while for the enzymatic
catalytic mechanism, only a very low voltage of 0.07 V is
needed to achieve the green conversion. To the best of our
knowledge, this is a catalyst that requires the lowest applied
voltage among all of the catalysts for N2 reduction reported so
far. Our study shows that B/TQBQCOF is a promising metal-
free catalyst for effective reduction of N2 to NH3.
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