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Single boron atom anchored on graphitic carbon nitride nanosheet
(B/g-C,N) as a photocatalyst for nitrogen fixation:
A first-principles study”
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It is essential to explore high efficient catalysts for nitrogen reduction in ammonia production. Based on the first-
principles calculation, we find that B/g-CoN can serve as high performance photocatalyst in N, fixation, where single
boron atom is anchored on the g-C,N to form B/g-C,N. With the introduction of B atom to g-C,N, the energy gap reduces
from 2.45 eV to 1.21 eV and shows strong absorption in the visible light region. In addition, N, can be efficiently reduced
on B/g-C,N through the enzymatic mechanism with low onset potential of 0.07 V and rate-determining barrier of 0.50 eV.
The “acceptance-donation” interaction between B/g-C,N and N; plays a key role to active Nj, and the BN, moiety of B/g-
C,N acts as active and transportation center. The activity originates from the strong interaction between 117" orbitals of
N, and molecular orbitals of B/g-C, N, the ionization of 17 orbital and the filling of 17t* orbital can increase the N=N bond
length greatly, making the activation of Ny. Overall, this work demonstrates that B/g-C,N is a promising photocatalyst for

N, fixation.

Keywords: first-principles calculation, N; reduction, catalysts, electronic structure, reaction mechanisms, re-

action paths
PACS: 31.15.A—, 34.70.+e, 73.22.f, 82.20.Kh

1. Introduction

Ammonia (NH3) is not only an important chemical in
agriculture and industry fields but also a potential energy stor-
age intermediate due to its high energy density, safe and en-
vironment ecofriendly.l'#! Currently, the industrial NH3 pro-
duction mainly relies on the Haber—Bosch process with Fe-
or Ru-based catalysts, which involves harsh conditions (typ-
ically 300-500 °C and 200-300 atm), yielding roughly 500
million tons per year, accompanied by the heavy energy con-
sumption, necessary H, feedstock from fossil fuel and a large
number of greenhouse gases emission.*> Thus, it is of great
significance to develop a green and sustainable strategy for
NHj; production.!”! The proton-assisted photocatalytic or elec-
trocatalytic N, reduction reaction (NRR), ideally under am-
bient conditions using renewable solar and wind energy, has
been proposed as a promising alternative for nitrogen fixa-
tion and ammonia production, which stem from N, biolog-
ical fixation with nitrogenase enzymes in bacteria that per-
form nitrogen fixation at room temperature and atmospheric

(3.68-111 For instance, photo(electro)catalytic NRR

pressure.
can be directly driven by the sunlight.[*®! Thus, these two
strategies are highly promising for achieving clean, carbon-
free and sustainable NH3 production from N».

Up to date, numerous catalysts have been fabricated

for N, fixation, such as Ru, graphene, MXene, metal

DOI: 10.1088/1674-1056/abe316

oxides.['>"17 Although NRR catalysts based on noble metals
(e.g., Auy7 28, Rugg, Rhsp) show favorable activity, the scarcity
and high cost hinder the widespread application. Compared
to metal based catalysts, metal-free catalysts can possess ex-
cellent activity, long durability, and intrinsic advantages of

5.[14.16,18-35] Recently,

low cost and environmental friendlines
boron-doped graphene shows that NH3z production rate can
reach up to 9.8 pg-h~'-em™2 with a high faradic efficien-
cies of 10.8% at 0.5 V versus reversible hydrogen electrode
in aqueous solutions at ambient conditions.!*) B4C nanosheet
achieves a high NH3 yield of 26.57 ug-h~!-mg~! and a high
Faradic efficiency of 15.95% at a potential of —0.75 V in
0.1 M HCLU"% The development of efficient metal-free cat-
alysts for NRR is of great economic interest and scientific im-
portance. In 2015, a novel 2D layered crystal with uniformly
distributed holes, graphitic carbon nitride named g-C,N was
successfully prepared by a simple bottom-up wet chemical
method.?®! The native porous structure of g-C>N makes it the
excellent substrate to support single-atom catalysts (SACs). At
present, the N-containing big holes could anchor TM atoms
tightly to carry out a series of electro-catalytic reaction like hy-
drogen evolution reaction (HER),1?7-3] oxygen evolution reac-
tion (OER)333°1 and N, reduction reaction (NRR).[*?1 Also,
the moderate energy gap make it suitable for the application
for photocatalysts.
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In this work, we employ first-principles calculations to
design single boron atom anchored on g-C;N monolayers
(B/g-C;N) and explore their catalytic performance towards N,
reduction. As is expected, the decoration of B atom on g-
C,N can maintain and enhance slightly the visible light ab-
sorption, making the reduction process possibly occur under
visible light. In addition, compared to insufficient ability of
g-CoN to adsorb Nj, B/g-C,N can bind the N, strongly, with
binding energies of —0.57 eV and —1.40 eV through side-on
and end-on patterns, respectively. Surprisingly, the adsorbed
N, can be further reduced into NH3 with a rather low onset
potential of 0.07 V and Gibbs free energy barrier of 0.50 eV
through the enzymatic mechanism. The stability of B/g-CoN
is systematically evaluated and shows that the designed cata-
lyst is very promising to be synthesized.

2. Calculation details

The spin-polarized DFT calculations are performed us-
ing the Vienna ab initio simulation package (VASP)[*344 with
projector-augmented-wave (PAW) pseudopotentials.*3] The
generalized gradient approximation (GGA) in the form of the
Perdew—Burke—Ernzerhof (PBE)[38-3 is used for treating the
electronic exchange-correction interactions and a cutoff en-
ergy of 500 eV for the plane-wave expansion is adopted. The
convergence threshold is 107> eV and 0.01 eV/A for energy
and force, respectively. A vacuum space is larger than 20 A,
which is set to avoid interactions between two periodic units.
The single-atom catalyst is modeled by depositing one B atom
on 2 x 2 x 1 supercell g-C,N. Brillouin zones are sampled
by a Monkhorst—Pack k-point mesh with a 3 x 3 x 1 k-point
grid. In order to better describe the long-range van der Waals

n[#®! proposed by Grimme

interaction, the DFT-D2 correctio
and co-workers is applied. Hybrid functionals based on the
Heyd-Scuseria—Ernzerhof (HSE06) method!*”! are employed
to obtain the exact band structures and optical absorption spec-
tra. The climbing nudged elastic band (CI-NEB) method!*’!
as implemented in VTST tools is carried out to search the
transition states and saddle points along the reaction path-
way, and the activation barriers for electrochemical reaction
are calculated using a transferable method reported by Janik

1.9 Ab initio molecular dynamics simulation (AIMD) by

eta
the Forcite codeP? with isobaric-isothermal (NPT) ensemble
is employed to evaluate the thermodynamic stability of the ma-
terials, the simulation is run under 1000 K for 100 ps with time
step of 2 fs.

The calculations of Gibbs free energy change (AG) for
each elemental step are based on the computational hydrogen
electrode model proposed by Ngrskov et al.,’'->?! which can

be determined as follows:

AG = AE + AEzpg — TAS + AGy +AGpH7 (D)

where AF is the difference between the adsorption energies of
a given group; AEzpg and AS are the changes in zero point en-
ergies and entropy, severally; T is the temperature, which is
set to be 298.15 K in this work; AGy is the contributions of
electrode potential to shift the free energy AG at the applied
electrode potential (U); AGpy is the free energy correction of
pH (AGpa =2.303 x kg T x pH = 0.059 x pH), wherein the pH
value is set to be zero in this work. The Ezpg and T'S for each
reaction intermediates can be calculated from the vibrational
frequencies, via the following equation:

1 n
Ezpg = 3 Z hv;, (2)
i=1

n 5 o7
TS=TRY {hc,v —In(1- eZBVTI)}7 3)
i=1 kBT(ekBT'*I)
where R, h, ¢, kg, v and V are gas constant, Planck’s constant,
light speed, Boltzmann’s constant, vibrational frequencies and
wave number, respectively. Moreover, only the calculation of
zero point energy and entropy of reaction intermediates are
needed and the contribution of substrate can be offset. The en-
tropies and zero-point energies of molecules in the gas phase
are obtained from the NIST database [http://cccbdb.nist.gov/].

3. Results and discussion
3.1. B-doped g-C,N

As shown in Fig. 1, due to the fact that the radius of B
atom is larger than that of C atom and N atom, four rational
types of adsorption site for the adsorption of B atom on g-
C,N are considered: type-1 is located at the linkage site of
two nitrogen atoms, type-2 is positioned in the bridge site of C
atom, type-3 corresponds to the middle of six-membered ring
which including two N atoms and four C atoms, and type-4 is
the middle of six-membered ring of carbon atoms. Initially, B
atom is added in each kind of adsorption sites. After full opti-
mization of these adsorption structures, the type-2 and type-3
transfer to the type-1, and the corresponding binding energy is
calculated to be —4.94 eV. As for the type-4, B atom moves
to the bridge site of C atom and also has a negative binding
energy of —1.06 eV (Fig. 1). Obviously, the binding energy of
type-1 is most favorable in energy. High binding energy and
large energy difference of the formation energies between the
different adsorption types of the B/g-C,N provide significant
advantages in terms of experimental synthesis, so the follow-
ing researches focus on the structure of type-1.

The deposition of B atom on g-C,;N can significantly
modify its electronic structure. Figure 2 presents the band
structures and optical adsorption spectra of pristine g-CoN
and B/g-CoN. The band gap of g-C;N is calculated to be
2.45 eV, which is in accordance with the previous theoretical

[47,48

results. 1 When B atom is deposited on g-C,>N, an impurity

energy level (IEL, shown in Fig. 2(b) with green line) come
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from B atom is introduced, which lies in the midst of band gap
of g-C,N. Therefore, the band gap of B/g-C,N is significant
reducing to 1.21 eV, and the non-magnetic g-C,N will possess
the magnetic moment of 1uz when B atom interact with two
N atoms of g-CoN (BN; moiety, namely moiety-1).

—106 eV

Fig. 1. Initial structures of B atom adsorbed on g-C;N at different sites
(at the left panel), and their optimized structures are illustrated on the
right panel. The binding energies are —4.94 eV and —1.06 eV, respec-
tively. The gray, lightpink, and blue balls represent C, B and N atoms,
respectively.
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Fig. 2. The Band structures of (a) g-CoN and (b) B/g-C,N with spin
up (left) and spin down (right). The Fermi level is set to 0 eV (dashed
line). (c) The optical absorption spectra of g-C,N and B/g-CoN.

In order to achieve high-efficiency application in photo-
catalytic materials, wide and strong optical absorption in the
optimal visible-light regions is naturally expected. Thus, we
further investigate the optical absorption spectra for the g-CoN
and B/g-C,N monolayers. As shown in Fig. 2(c), it is noted
that the introduction of B atom is found to be further extended
the absorption edge to the infrared light region and enhance
the visiblelight absorption efficiency slightly, indicating that
visible-light utilization of the B/g-C;N is slightly more effi-
cient than that of the pure g-C,N monolayer.

3.2. N; molecule adsorbed on B/g-C,;N

As we all know, N is adsorbed on catalysts via side-on
and end-on adsorption patterns. Therefore, the interaction be-

tween N> and B/g-C, N is investigated.
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Fig. 3. (a) Spin-polarized local density of state (LDOS) of B/g-

C,N. (b) The charge density for the highest occupied molecular orbital
(HOMO, labeled IELP) and sixth-lowest unoccupied molecular orbital
(LUMO+5, labeled IEL%) of B/g-C, N, where the isosurface value is set
to be 0.001 e/A3. The gray, lightpink, and blue balls represent C, B and
N atoms, respectively. The inset shows the orbital of moiety of BN on
side view.

end-on side-on

top view

side view

Fig. 4. Differential charge density of N, adsorbed on B/g-C,N, where
the isosurface value is set to be 0.02 e/A3. The charge accumulation
and depletion are shown in yellow and cyan, respectively. The gray,
lightpink, and blue balls represent C, B and N atoms, respectively.
Figure 3(a) shows the spin-polarized local density of state
(LDOS) of B/g-C,N. Figure 3(b) presents the partial charge
density of the highest occupied molecular orbital (HOMO, la-
beled IEL)IN) and sixth-lowest unoccupied molecular orbital
(LUMO+5, labeled IEL%) of B/g-C,N. The differential charge
density of N; adsorbed on B/g-C;N is plotted in Fig. 4. Ad-
sorption energy (E;zs, in eV) and bond Length (dx_n, in A)
of N, adsorbed on B/g-C,;N; Bader charge transfer (Ap) from
B/g-C7N to Np; minimum energy reaction pathway (MERP);
rate-limiting step (RLS) and onset potential (U, in units of V)
for the electrocatalytic reaction of N; reduction to NH3 on
B/g-C;N are also listed in Table 1. The shapes of HOMO
and LUMO+5 of the moiety of BN, are similar to 7 orbital
(Fig. 3), indicating that it has possibility to adsorb N, via
side-on adsorption. This is because there are the better hy-
bridization between N, and moiety of BN;. Due to the fact
that N, molecule has a lone pair of electrons and the moiety of

083101-3



Chin. Phys. B Vol. 30, No. 8 (2021) 083101

BN, has partially occupied 7 orbitals, it can be expected that
the interaction between N, and BN, is “acceptance-donation”
mechanism. As shown in Fig. 4, the charge density difference
of B/g-C,N adsorbed N is calculated to clarify the interac-
tion between B/g-C,N and N,. Obviously, the “acceptance-
donation” process is found here, in which charge accumulation
and depletion can be observed for both N, molecule and B/g-
C,N, indicating that the N cannot only accept electrons from
B/g-C,N, but also donate electrons to B/g-C,N. Clearly, com-
pared to donate electrons, N, tends to accept electrons from
B/g-C;N, at the same time, N, with side-on adsorption pat-
tern can accept more electrons than that of end-on adsorption
pattern (Fig. 4), making the bond length of N, for side-on pat-
tern (1.20 A) is longer than that of end-on pattern (1.13 A).
The Bader charge analysis also confirms this conclusion. Ta-
ble 1 shows that the N, gains 0.73|e| and 0.39]¢| from B/g-C,N
for side-on and end-on patterns, respectively. The increase

Ny
ads’

Table 1. Adsorption energy (E

of N=N bond length implies the activation of the inert N=N
triple bond. We note that the better orbital hybridization can
be achieved when N is adsorbed onto B/g-C,N with side-on
pattern. Therefore, the energy released by side-on adsorption
pattern should be more than that released by end-on adsorp-
tion pattern. However, due to the “acceptance-donation” inter-
action mechanism, more electrons are obtained by 17" anti-
bonding orbital of N, for side-on adsorption pattern, as men-
tioned in our previous work,*”! which will lead to the longer
N=N bond length. Thus, the energy released by side-on pat-
tern is less than that released by end-on pattern, because most
of the energy is used to activate the N=N triple bond. As is
expected, as shown in Table 1, the adsorption of N, to B/g-
C,N is an exothermic process with the adsorption free energy
of —0.02 eV and —0.82 eV for side-on and end-on adsorption

patterns, respectively.

in eV) and bond length (dn_n, in A) of N adsorbed on B/g-C,N; Bader charge transfer (Ap) from B/g-CoN

to Na; minimum energy reaction pathway (MERP); rate-limiting step (RLS) and onset potential (U, in V) for the electrocatalytic reaction of

Nj reduction to NH3 on B/g-C,;N.

Adsorption pattern E;Ji{ (AGn,) dn-N (Ap) MERP RLS U
End-on —1.40 (—0.82) 1.13 (0.39) pathway V *N-NH; — *N 0.74
Side-on —0.57 (—0.02) 1.20 (0.73) pathway V *N-*NH — *N-*NH, 0.07

3.3. Electrocatalytic NRR

Generally, as shown in Fig. 5, the photocatalytic reac-
tion of NRR on B/g-C,N will follow five possible reaction
pathways no matter whether adsorption configuration is end-
on or side-on, and the reaction process involve six net pro-
ton coupled electron transfer steps (PCETSs). Take the end-
on adsorption configuration as an example, the five possible
reaction pathways include: (I) The initial three PCETSs fo-
cus on the same N atom far away from B/g-CoN (as shown
in Fig. 4), forming the *N-NH, *N-NH, and *N interme-
diate, and then the first NH3 is generated, the remaining
three PCETSs form the *NH, *NH, and *NHj3 intermedi-
ate in turn, and the second NHj is finally release: *N-—
NH — *N-NH, — *N+NHj3 — *NH — *NH,; — *NHj3 (the
red one in Fig. 5). (I) The initial four PCETSs form the *N—
NH, *N-NH,, *NH-NH, and *NH intermediate and gener-
ate the first NH3, the rest two PCETSs form the *NH, and
*NH3; intermediate and generate another NH3: *N-NH — *N—
NH; — *NH-NH; — *NH + NH3 — *NH; — *NHj3 (the pur-
ple one in Fig. 5). () The initial five PCETSs form the
*N-NH, *N-NH;, *NH-NH,, *NH,-NH; and *NH, inter-
mediate and generate the first NHs, the last PCETS generate
another NH3: *N-NH — *N-NH, — *NH-NH; — *NH;-
NH; — *NH; + NH; — *NHj (the green one in Fig. 5). (IV)
The initial fourth PCETSs form the *N-NH, *“NH-NH, *NH-
NH; and *NH intermediate and generate the first NHs,
the last two PCETSs form the *NH, and *NHj intermedi-

ate and generate another NH3: *N-NH — *NH-NH — *NH-
NH; — *NH+NH3 — *NH,; — *NH3; (the magenta one in
Fig. 5). (V) The initial five PCETSs form the *N-
NH, *NH-NH, *NH-NH,, *NH,-NH; and *NH, interme-
diate and generate the first NHs, the last PCETS generate
another NH3: *N-NH — *NH-NH — *NH-NH; — *NH,—
NH; — *NH; + NH3 — *NH3 (the blue one in Fig. 5).

N — NH
NNIIZI NH A
NH—NHQI
NH,—NH,—
N,—N-—NH L NH,— NH;
NH
NHNH—»NHNHQI
NH,—NH,

Fig. 5. Proposed schematic elementary reactions for N, reduction to
NH3 on B/g-C;N. The red, purple, green, magenta and blue lines rep-
resent the reaction pathways I, II, III, IV, and V, respectively.

Gibbs free energy change (AG) in each reaction process
is generally used to evaluate the catalytic performance of B/g-
C,N for the reduction of N, to NH3. The AG diagrams for the
NRR on B/g-C,N for the five reaction pathways are shown in
Fig. 6. Providing that N, is adsorbed on B/g-C,N via end-on
adsorption pattern, as shown in Fig. 6(a), the adsorption Gibbs
free energy is negative (—0.82 eV), indicating high binding
strength between N, and B/g-C,N. Regarding the reaction
pathway I (the red one in Figs. 5 and 6(a)), the hydrogena-
tion of *N-NH, to *N is the RLS, requiring a high energy
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input (1.01 eV), which corresponds to the third PCETSs (*N—
NH, +H"/e™ — *N+NHj3). For the remaining four reaction
pathways, the RLS is the hydrogenation of *N-N to *N-NH,
and the corresponding AG is about 0.74 eV. Therefore, the
minimum free-energy pathway is the second-to-fifth reaction

pathways.
—
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Reaction pathway
Fig. 6. Gibbs free-energy change (AG) for Nj reduction to NH3 on
B/g-C;N through (a) end-on and (b) side-on pattern. Here * denotes the
catalyst (B/g-C,N). The red, purple, green, magenta and blue lines rep-
resent the reaction pathways I, II, IIl, IV and V, respectively, as shown in
Fig. 5. The energy of the entrance, including the isolated B/g-C,N and
free N, molecule, is set to zero as the reference.

As for N; adsorbed on B/g-CoN via side-on adsorp-
tion pattern, the adsorption Gibbs free energy is negative
(—0.02 eV), which is smaller than that of the end-on adsorp-
tion pattern. We notice that, for the first PCETSs, the side-on
adsorption pattern is exothermic (—0.36 eV), while the end-on
adsorption pattern is endothermic reaction (0.74 eV). For the
reaction pathway I (the red one in Figs. 5 and 6(b)), the RLS is
the hydrogenation of *N—*NH, to *N, which is the same with
the end-on adsorption pattern, and requires a high energy input
(0.37 eV). The RLS of reaction pathway II and IIl are the hy-
drogenation of *N—*NH to *N-*NH; with AG=0.28 eV. As for
the reaction pathway IV and V, the RLS are the hydrogenation
of *NH-*NH; to *NH with AG = 0.10 eV and the hydrogena-
tion of *“N—"NH to *NH—*NH with AG = 0.07 eV, respectively.
The fifth reaction pathway (the blue one in Figs. 5 and 6(b))
has the minimum free-energy (0.07 eV), so it is concluded
that the reaction pathway V (i.e., enzymatic mechanism) is
the minimum free-energy pathway. Consequently, we come
to a conclusion that, for the side-on adsorption pattern, the on-
set potential only requires 0.07 V to eliminate the increase in
Gibbs free energy, and the NRR reaction can be carried out
smoothly. Such a smaller onset potential means that it is very
easy for nitrogen reduction into ammonia under ambient con-
ditions.

In order to study the dynamic process of NRR, the acti-
vation barriers of six kinds of PCETSs are calculated. In the

case of classical chemical reactions, the TS is located with
a zero charge-electron balance during the chemical process.
For the NRR, the production of adsorbed *AH intermediate
state is generated by: *A+H™ + e~ — *AH, and the chemical
species A is adsorbed on a catalytic surface, such as Np, NoH,
etc. However, the calculation of TS in such a chemical reac-
tion is difficult due to the dissociated proton. Based on this,
Janik and co-workers[*}! proposed the analogous hydrogena-
tion reaction in which both A and H are adsorbed on the cat-
alyst surface and react to produce the *AH intermediate state
via: *A +*H — *AH. Finally, based on the Marcus theory and
the Butler—Volmer theory, the Gibbs free activation barrier of
the reduction reaction of *A, AGieyct, Can be approximated as
Greact(U) = Gy + BFU, where Gy is the calculated activation
barrier for the hydrogenation reaction of *A, B is the symme-
try coefficient (approximately 0.5), F' is the Faraday constant,
and U is the applied electrode potential.[!3]

For every PCETSs, the chemical species A and the H
atom are adsorbed on the B atom and N atom of the B/g-
C)N as the initial reactant, respectively. Figure 7 shows the
structures and Gibbs free energies of the transition states (TSs)
in the minimum energy pathway (i.e., reaction pathway V)
for the Ny reduction to NH3 with side-on adsorption con-
figuration. It is easy to find that the maximum Gibbs free-
energy barrier of 0.50 eV lies in the second PCETSs (*N—
*NH +H"/e~ — *NH-*NH), and the corresponding transition
state is TS2 (*N—*NH+*H), in accordance with the RLS of
Gibbs free energy change (the blue one in Fig. 6(b)). As for
the rest of the reaction processes, the Gibbs free energy barri-
ers are all lower than 0.5 eV. The transition states of TS1, TS4
and TS5 generate the *N-*NH, *NH,—*NH, and *NH, inter-
mediate species, respectively, with the corresponding Gibbs
free energy barriers of only 0.06, 0.12, and 0.01 eV.

Interestingly, as shown in Fig. 2, the doping of B atom
into g-C,N leads to the introduction of impurity energy lev-
els, which further extend the absorption edge to the infrared
light region and enhance the visiblelight absorption efficiency
slightly. The maximum absorption peak is about located in
2.45 eV, indicating that B/g-C, possess outstanding ability to
absorb certain energies of visible light. At the same time, the
smaller peak located at 1.20 eV originates from the doping
of B atom. Due to the fact that the maximum Gibbs free en-
ergy barrier is only 0.50 eV, photon energy absorbed by the
B/g-C;N is enough to overcome this barrier, highlighting the
outstanding catalytic performance of B/g-C,N for NRR.

As seen from Fig. 8, the Bader charge analysis of the
whole reaction shows that the electrons transferring to N;
mainly come from the moiety of BN, of B/g-C,N (moiety-1)
when Ny, is initially adsorbed, no matter whether it is end-on
adsorption or side-on adsorption, indicating that the BN, plays
the key role to capture active N,. Thereinto more electrons are
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transferred from B to N, than from two N atoms of BN, to N»,
because the occupied orbital (HOMO) and unoccupied orbital
(LUMO+5) of BN, consist largely of s, px (py) and p; orbitals
of B atom (Fig. 8(a)). In addition, N, direct contacts with B
atom (Fig. 4). However, as shown in Fig. 8(b), in the course of
the reaction, the BN, works as a transportation center to move
the electrons of other parts of B/g-C,N (moiety-2) which acts
as a electron reservoir to the N H, (moiety-3), because the
amounts of electrons for moiety-1 almost do not change dur-

ing the whole reaction, while the change trend of the amounts
of electrons for moiety-3 is just opposite to that of the moiety-
2. It is found that, as shown in the bottom row of Fig. 8(b),
the electron transfer of B atom in moiety-1 is completely con-
sistent with that of moiety-1, at the same time, the amounts
of electrons for both the N atoms in moiety-1 remain approx-
imately constant. Therefore, it is concluded that the introduc-
tion of B atom makes g-C,N only attract N, appropriately, but
also carry the electrons of reservoir to the N, effectively.

2

: *NH-*NH+*H
S 1 *N-*N+*H *N-*NH+*H ’_g é
O _0.02 0.04 0.12 K %
= 0 TS1 TS2 "‘&ﬁ; *+NH,(g)
2 _1'_ -0.38 3{0.31 N *NH-*NH,+*H NH,(g) *NH,+*H -0.98
= - Q&“ -1.63

i —~TR 3 oy e TS3
° o SAS
: == 1.
PR 32
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2 i -
2 —4f o
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Reaction pathway

Fig. 7. Minimum energy pathway for N, reduction into NHj3 catalysed by B/g-CoN through side-on pattern. The energy of the entrance,
including the isolated B/g-C,N and free N, molecule, is set to zero as the reference. The structures of the transition states (TSs) are indicated.
The gray, lightpink, blue and white balls represent C, B, N and H atoms, respectively. The reactive hydrogen atom during the N, electro-

reduction is highlighted in golden in each step.
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Fig. 8. (a) Spin-polarized local density of state (LDOS) of the moiety of BN;. (b) Charge variation of the three moieties along the MERP
(reaction pathway V) of N with end-on (left) and side-on (right) adsorption configuration. The moiety-1, moiety-2 and moiety-3 represent BN,
of B/g-C;N, other parts of B/g-CoN and adsorbed N», respectively. N! and N? are the N atom which bond to B atom. Reaction process 0, 1, 2,
3,4, 5, 6, 7 represent the isolated state, N, adsorption reaction, initial, second, third, fourth, fifth and sixth protonation reaction, respectively.

In order to find out the origin of activity of B/g-C,;N, the
local density of states (LDOS) of free N, molecule and B/g-
C,N adsorbed N; molecule are calculated, as shown in Fig. 9.
The molecular orbitals of free N, molecule mainly include 20,
20*, Ix, 30, 1n*, and 306* molecular orbitals. When N is
adsorbed on B/g-C,N, the molecular orbitals of N, will hy-
bridize with the HOMO and LUMO of moiety-1 of B/g-C,N
intensively, as shown in Figs. 9(b)-9(c). For the end-on ad-

sorption pattern, the 1z* orbital of N, can accept electrons

from the HOMO of moiety-1 of B/g-C;N, leading to the 17*
orbital being partially occupied, and the 26*, 17, 30 orbitals
of N> can donate the electrons to the LUMO of moiety-1 of
B/g-CsN, resulting in the decreases of their strength, which
further confirm the “acceptance-donation” interaction mecha-
nism. The Bader charge analysis shows that N, will get 0.39]¢|
net charge from B/g-C,N (shown in Table 1).

As for side-on adsorption pattern, the 26*, 17, 30 or-
bitals have also changed and their strength also decreases, the
difference is that the degree of the ionization of 17 orbital
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and the filling of 17* orbital are stronger, in agreement with
our previous research.[*”) From the Bader charge analysis, as
shown in Table 1, it is found that N can get 0.73|e| net charge
from B/g-C,N, which means that the 1* orbital of N, can ac-
cept more electrons from the HOMO of moiety-1 of B/g-C,N
in side-on adsorption pattern than that of end-on adsorption
pattern, that is why the dn_n of the side-on adsorption pat-
tern is longer than that of the end-on adsorption pattern. The
longer dy—N means the more active of N;. Thus, the catalytic
performance of B/g-C,N with the side-on pattern of N is the
best reaction pathway.

T
10f () »! E d™
0 - 20(_/ D20 ! ‘@ 3o
O O 1
51 ‘e
3 1
10N i

I
i
—20 —10 0 10

Fig. 9. Spin-polarized local density of state (LDOS) of (a) free Nj
molecule, Ny adsorbed on B/g-C,N with (b) end-on pattern and (c)
side-on pattern. The blue and red lines represent the total LDOS of
N, and BN, of B/g-C,N (moiety-1), respectively. The Fermi level is
setto 0 eV.
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Fig. 10. Variations of temperature and total energy of against the time
for the molecular dynamics simulation of B/g-C,N, carried out with a
universal force field as implemented in Forcite code. Insets are top and
side views of the snapshot of atomic configuration. The simulation is
run under 1000 K for 100 ps with time steps of 2 fs.

Moreover, the stability of catalyst is also very important
to the application in realistic case. We have examined the sta-
bility using AIMD simulations. As shown in Fig. 10, when
temperature increases to 1000 K, the structure of B/g-C,N is a
slight of distortion in vertical plane, still a horizontal surface is
not greatly changed, showing the outstanding thermostability.

4. Conclusions

In summary, we have demonstrated that B/g-C,N can be
a excellent photocatalyst for N; reduction to NH3 by perform-
ing the first-principles calculations. The calculated results in-
dicate that the introduction of B atom to g-C,N can not only
maintain and improve slightly the optical absorption in the
visible-light region relative to the pure g-C;N, but also act
as capture and activate center of N, through the acceptance-
donation mechanism. The low thermodynamics reaction free
energy of 0.07 eV and free energy barrier of 0.50 eV, far below
the photon energy absorbed by the B/g-C,N, making B/g-C,N
as photocatalyst holds great potential for the reduction for the
N; fixation. In addition, the strong binding energy offers high
probability in terms of experimental synthesis. Furthermore,
B/g-C,N shows high thermal stability even though the temper-
ature up to 1000 K.

Acknowledgement

The computation is performed in the Supercomputer Cen-
ter of Ningbo University.

References

[1]1 Rosca V, Duca M, de Groot M T and Koper M T 2009 Chem. Rev. 109
2209
[2] Licht S, Cui B, Wang B H, Li FF, Lau J and Liu S Z 2014 Science 345
637
[3] Smil V 1999 Nature 400 415
[4] Service R F 2014 Science 345 610
[5] Vander Ham CJ M, Koper M T M and Hetterscheid D G H 2014 Chem.
Soc. Rev. 43 5183
[6] Oshikiri T, Ueno K and Misawa H 2016 Angew. Chem. 128 4010
[7] Kitano M, Inoue Y, Yamazaki Y, Hayashi F, Kanbara S, Matsuishi S,
Yokoyama T, Kim S W, Hara M and Hosono H 2012 Nat. Chem. 4 934
[8] Seh Z W, Kibsgaard J, Dickens C F, Chorkendorff I, Ngrskov J K and
Jaramillo T F 2017 Science 355 eaad4998
[9] Banerjee A, Yuhas B D, Margulies E A, Zhang Y B, Shim Y,
Wasielewski M R and Kanatzidis M G 2015 J. Am. Chem. Soc. 137
2030
[10] Bao D, Zhang Q, Meng F L, Zhong H X, Shi M M, Zhang Y, YanJ M,
Jiang Q and Zhang X B 2017 Adv. Mater. 29 1604799
[11] Sun K, Moreno-Hernandez I A, Schmidt W C, Zhou X, Crompton J C,
Liu R, Saadi F H, Chen Y, Papadantonakis K M and Lewis N S 2017
Energy Environ. Sci. 10 987
[12] Montoya J H, Tsai C, Vojvodic A and Ngrskov J K 2015 Chem. Sus.
Chem. 8 2180
[13] Azofra L M, Li N, MacFarlane D R and Sun C 2016 Energy Environ.
Sci. 9 2545
[14] Yu X, Han P, Wei Z, Huang L, Gu Z, Peng S, Ma J and Zheng G 2018
Joule 2 1610
[15] Guo C, Ran J, Vasileff A and Qiao S Z 2018 Energy Environ. Sci. 11
45
[16] Qiu W, Xie X Y, Qiu J, Fang W H, Liang R, Ren X, Ji X, Cui G, Asiri
A M, Cui G, Tang B and Sun X 2018 Nat. Commun. 9 3485

083101-7


http://dx.doi.org/10.1021/cr8003696
http://dx.doi.org/10.1021/cr8003696
http://dx.doi.org/10.1126/science.1254234
http://dx.doi.org/10.1126/science.1254234
http://dx.doi.org/10.1038/22672
http://dx.doi.org/10.1126/science.345.6197.610
http://dx.doi.org/10.1039/C4CS00085D
http://dx.doi.org/10.1039/C4CS00085D
http://dx.doi.org/10.1002/ange.201511189
http://dx.doi.org/10.1038/nchem.1476
http://dx.doi.org/10.1126/science.aad4998
http://dx.doi.org/10.1021/ja512491v
http://dx.doi.org/10.1021/ja512491v
http://dx.doi.org/10.1002/adma.v29.3
http://dx.doi.org/10.1039/C6EE03563A
http://dx.doi.org/10.1039/C6EE03563A
http://dx.doi.org/10.1002/cssc.v8.13
http://dx.doi.org/10.1002/cssc.v8.13
http://dx.doi.org/10.1039/C6EE01800A
http://dx.doi.org/10.1039/C6EE01800A
http://dx.doi.org/10.1016/j.joule.2018.06.007
http://dx.doi.org/10.1016/j.joule.2018.06.007
http://dx.doi.org/10.1039/C7EE02220D
http://dx.doi.org/10.1039/C7EE02220D
http://dx.doi.org/10.1038/s41467-018-05758-5

Chin. Phys. B Vol. 30, No. 8 (2021) 083101

[17]

[18]
[19]

[20]
[21]
[22]

[23]
[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

Tao H, Choi C, Ding L X, Jiang Z, Han Z, Jia M, Fan Q, Gao Y, Wang
H, Robertson A W, Hong S, Jung Y, Liu S and Sun Z 2019 Chem 5 204
QuL,LiuY, Baek J B and Dai L 2010 ACS Nano 4 1321

Liu J, Liu Y, Liu N, Han Y, Zhang X, Huang H, Lifshitz Y, Lee S T,
Zhong J and Kang Z 2015 Science 347 970

Xu Y, Kraft M, Xu R 2016 Chem. Soc. Rev. 45 3039

Yang S, Feng X, Wang X and Miillen K 2011 Angew. Chem. 123 5451

Zheng Y, Jiao Y, Zhu Y, Li L H, Han Y, Chen Y and Qiao S Z 2014
Nat. Commun. 5 3783

Xia Z 2016 Nature Energy 1 16155

He J, Wang N, Yang Z, Shen X, Wang K, Huang C and Li Y 2018
Energy Environ. Sci. 11 2893

Zhao Z, Li M, Zhang L, Dai L and Xia Z 2015 Adv. Mater. 27 6834

Ran J, Guo W, Wang H, Zhu B, Yu J and Qiao S Z 2018 Adv. Mater. 30
1800128

Lu Z, Chen G, Siahrostami S, Chen Z, Liu K, Xie J and Jaramillo T F
2018 Nature Catalysis 1 156

Xie J, Zhao X, Wu M, Li Q, Wang Y and Yao J 2018 Angew. Chem.
Int. Ed. 57 9640

Ling C, Niu X, Li Q, Du A and Wang J 2018 J. Am. Chem. Soc. 140
14161

Li Y Y, Ma S F, Zhou B X, Huang W Q, Fan X X, Li X F, Li K and
Huang G F 2019 J. Phys. D: Appl. Phys. 52 105502

LiYY, SiY, Han E X, Huang W Q, Hu W Y, Pan A L, Fan X X and
Huang G F 2020 J. Phys. D: Appl. Phys. 53 015502

LiY Y, SiY, Zhou B X, Huang W Q, Hu W Y, Pan A L, Fan X X and
Huang G F 2019 Nanoscale 11 16393

Yu S, Rao Y C and Duan X M 2017 Chin. Phys. B 26 087301

LiuJ, Zhang Y H, Bai Z M, Huang Z A and Gao Y K 2019 Chin. Phys.
B 28048101

Chu Z Q, Gu X and Duan X M 2019 Chin. Phys. B 28 128703

[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
(48]
[49]
[50]
[51]

[52]
[53]

[54]
[55]

083101-8

Mahmood J, Lee E K, Jung M, Shin D, Jeon 1Y, Jung S M and Park N
2015 Nat. Commun. 6 6486

Mahmood J, Li F, Jung S M, Okyay M S, Ahmad I, Kim S J and Baek
J B 2017 Nat. Nanotechnol. 12 441

Zhang X, Chen A, Zhang Z, Jiao M and Zhou Z 2018 J. Mater. Chem.
A 6 11446

Wang L, Zheng X, Chen L, Xiong Y and Xu H 2018 Angew. Chem. 130
3512

Zhang X, Chen A, Zhang Z and Zhou Z 2018 J. Mater. Chem. A 6
18599

Kresse G and Furthmiiller J 1996 Phys. Rev. B 54 11169

Kresse G and Joubert D 1999 Phys. Rev. B 59 1758

Blochl P E 1994 Phys. Rev. B 50 17953

Perdew J P, Chevary J A, Vosko S H, Jackson K A, Pederson M R,
Singh D J and Fiolhais C 1992 Phys. Rev. B 46 6671

Perdew J P and Wang Y 1992 Phys. Rev. B 45 13244

Grimme S 2006 J. Comput. Chem. 27 1787

Heyd J, Scuseria G E and Ernzerhof M 2003 J. Chem. Phys. 118 8207
Henkelman G, Uberuaga B P and Jénsson H 2000 J. Chem. Phys. 113
9901

Nie X, Esopi M R, Janik M J and Asthagiri A 2013 Angew. Chem. Int.
Ed. 522459

Rappe A K, Casewit C J, Colwell K S, Iii W A, Goddard and Skiff W
M 1992 J. Am. Chem. Soc. 114 10024

Ngrskov J K, Rossmeisl J, Logadottir A, Lindqvist L, Kitchin J R, Bli-
gaard T and Jonsson H 2004 J. Phys. Chem. B 108 17886

Rossmeisl J, Logadottir A and Ngrskov J K 2005 Chem. Phys. 319 178
Zhang H, Zhang X, Yang G and Zhou X 2018 J. Phys. Chem. C 122
5291

Zhang R, Li B and Yang J 2015 Nanoscale 7 14062

ZhuHR,Hu Y L, Wei S H and Hua D Y 2019 J. Phys. Chem. C 123
4274


http://dx.doi.org/10.1016/j.chempr.2018.10.007
http://dx.doi.org/10.1021/nn901850u
http://dx.doi.org/10.1126/science.aaa3145
http://dx.doi.org/10.1039/C5CS00729A
http://dx.doi.org/10.1002/ange.201100170
http://dx.doi.org/10.1038/ncomms4783
http://dx.doi.org/10.1038/ncomms4783
http://dx.doi.org/10.1038/nenergy.2016.155
http://dx.doi.org/10.1039/C8EE01642A
http://dx.doi.org/10.1039/C8EE01642A
http://dx.doi.org/10.1002/adma.201503211
http://dx.doi.org/10.1002/adma.v30.25
http://dx.doi.org/10.1002/adma.v30.25
http://dx.doi.org/10.1038/s41929-017-0017-x
http://dx.doi.org/10.1002/anie.v57.31
http://dx.doi.org/10.1002/anie.v57.31
http://dx.doi.org/10.1021/jacs.8b07472
http://dx.doi.org/10.1021/jacs.8b07472
http://dx.doi.org/10.1088/1361-6463/aaf84a
http://dx.doi.org/10.1088/1361-6463/ab48b1
http://dx.doi.org/10.1039/C9NR05413H
http://dx.doi.org/10.1088/1674-1056/26/8/087301
http://dx.doi.org/10.1088/1674-1056/28/4/048101
http://dx.doi.org/10.1088/1674-1056/28/4/048101
http://dx.doi.org/10.1088/1674-1056/ab55cf
http://dx.doi.org/10.1038/ncomms7486
http://dx.doi.org/10.1038/nnano.2016.304
http://dx.doi.org/10.1039/C8TA03302A
http://dx.doi.org/10.1039/C8TA03302A
http://dx.doi.org/10.1002/ange.201710557
http://dx.doi.org/10.1002/ange.201710557
http://dx.doi.org/10.1039/C8TA07683A
http://dx.doi.org/10.1039/C8TA07683A
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.46.6671
http://dx.doi.org/10.1103/PhysRevB.45.13244
http://dx.doi.org/10.1002/(ISSN)1096-987X
http://dx.doi.org/10.1063/1.1564060
http://doi.org/10.1063/1.1329672
http://doi.org/10.1063/1.1329672
http://dx.doi.org/10.1002/anie.v52.9
http://dx.doi.org/10.1002/anie.v52.9
http://dx.doi.org/10.1021/ja00051a040
http://dx.doi.org/10.1021/jp047349j
http://dx.doi.org/10.1016/j.chemphys.2005.05.038
http://dx.doi.org/10.1021/acs.jpcc.7b12428
http://dx.doi.org/10.1021/acs.jpcc.7b12428
http://dx.doi.org/10.1039/C5NR03895B
http://dx.doi.org/10.1021/acs.jpcc.8b11696
http://dx.doi.org/10.1021/acs.jpcc.8b11696

	1. Introduction
	2. Calculation details
	3. Results and discussion
	3.1. B-doped g-C2N
	3.2. N2 molecule adsorbed on B/g-C2N
	3.3. Electrocatalytic NRR

	4. Conclusions
	References

