
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 2
4 

N
ov

em
be

r 
20

23
. D

ow
nl

oa
de

d 
on

 1
0/

16
/2

02
5 

3:
33

:1
2 

PM
. 

View Article Online
View Journal  | View Issue
Computational in
aDepartment of Physics, City University of Ho

E-mail: aprqz@cityu.edu.hk; apzyl@cityu.ed
bShenzhen JL Computational Science and

518131, China

† Electronic supplementary informa
https://doi.org/10.1039/d3ta05872g

Cite this: J. Mater. Chem. A, 2024, 12,
375

Received 27th September 2023
Accepted 23rd November 2023

DOI: 10.1039/d3ta05872g

rsc.li/materials-a

This journal is © The Royal Society o
sight into effective
decomposition of NOX gas pollutants using N-
vacancies in graphitic carbon nitride†

Yuewen Yang, a Yanling Zhao*a and Ruiqin Zhang *ab

Nitrogen oxide (NOX) gas pollutants pose severe threats to human health, the ozone layer, and the global

climate, and thus finding suitable materials and methods to efficiently remove NOX has been of great

interest for years. By studying the related photocatalysis and surface reactions, we herein propose to use

the graphitic carbon nitride (g-CN) film with N-vacancies (g-CNNV) to decompose NOX. Based on

density functional theory (DFT) and time-dependent DFT calculations, we revealed the decomposition

mechanism of NO/NO2 gas on g-CNNV. We found that the N–O bond cleavage of NOX is usually

accompanied by the N occupying the N-vacancy and oxygen formation, and subsequent light excitation

promotes the oxygen desorption from the g-CN surface through photochemical processes of

intersystem crossing and conical intersection. We demonstrated that the g-CNNV film under illumination

can effectively decompose NOX into harmless oxygen. Therefore, coating the g-CNNV film on the outer

walls of buildings or chimneys may be a promising green and economical strategy for NOX removal,

given that the sunlight and surface defects can synergistically affect the electronic states of adsorbates

and facilitate their favorable transformation by gas–solid interaction. This work offers a deep

understanding of the fundamental process of surface photocatalytic reactions.
Introduction

Nitrogen oxides (NOX, including about 95% NO and 5% NO2),1

as the unavoidable primary pollutants in exhaust gas, are
harmful to the human respiratory tract, ozone layer, and
atmospheric composition.2 Owing to the positive standard
Gibbs free energies of formation (DfG

O) of 0.90 eV for NO and
0.53 eV for NO2 at room temperature and one standard atmo-
spheric pressure,3 their reverse processes (i.e. NOX decomposi-
tion into non-toxic N2 and O2) are supposed to be
thermodynamically favorable. However, the chemical reaction
of NOX / N2 + O2 is very hard to directly achieve experimen-
tally, which may be due to the extremely high barrier that makes
it kinetically hard to occur.4 Great efforts have been made for
over 40 years to efficiently remove NOX pollutants,5–8 through
selective catalytic reduction (SCR), selective non-catalytic
reduction (SNCR), wet scrubbing, electron beam, adsorption
method, electrochemical method, non-thermal plasma method
(Table S1†), etc. As an SCR method, the NOX decomposition on
the material surface by photocatalytic assistance may be a green
ng Kong, Hong Kong SAR 999077, China.
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and economical strategy since cheap and efficient materials are
expected to be screened from extensive and diverse candidates,
such as noble metals,5 metal oxides,6 and carbon-based
materials.7–10

Owing to the advantages of low price, stability, and non-
toxicity, carbon-based catalysts have attracted great attention
in the eld of NOX removal. To suppress the NOX emission from
charcoal combustion, the solid char bound with nitrogen
(char(N)) is oen used as a NO-reducing agent.7 Many efforts in
experiments and calculations have been made to study the
possible reaction pathways between NO and char(N).11–15 It was
computationally demonstrated that the heteroatom N distrib-
uted on the edge of the char(N) is usually the active site to
chemically anchor the NO and reduce the energy barrier of NO
reduction to N2.14 Since the graphitic carbon nitride (g-CN)
material contains N, it was also adopted to study the NOX

removal.4,16–21 However, direct NO decomposition into N2 and
O2 on pure g-CN was not observed until the temperature was
raised to 450 °C with a low conversion efficiency of 0.6% and
550 °C with a conversion efficiency of 8.9%.16 Higher tempera-
tures of over 700 °C are expected to effectively decompose NO,
but such temperatures are not suitable for the stable existence
of g-CN. Computationally, the NOX is demonstrated to be
merely physisorbed on pristine g-CN and a large activation
energy (3.62 eV) is required for NO decomposition into N and O
radicals on g-CN.17 Therefore, the catalytic ability of pristine g-
CN is not ideal for NOX removal. The difference in the
J. Mater. Chem. A, 2024, 12, 375–383 | 375
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Fig. 1 The optimized geometries of (a) pristine g-CN and (b) hepta-
zine; (c) g-CNNV (N2C) and (d) heptazineNV (N2C); (e) g-CNNV (N3C) and
(f) heptazineNV (N3C), with the key bond lengths (unit: Å) and NV
formation energy DEf marked. The supercells in a lattice of a = b =
21.03 Å, c = 16.00 Å, and a = b = 90°, g = 120° were optimized at the
level of GGA/PBE. The heptazine-based clusters were optimized by
uB97XD/6-31G(d,p) and uB97XD/aug-cc-pVDZ. The data shown in
brackets are the bond-length or DEf results obtained by uB97XD/aug-
cc-pVDZ only when the results are different from those by uB97XD/6-
31G(d,p).
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catalytic abilities between char(N) and pristine g-CN is attrib-
uted to their different N amounts. The few N heteroatoms in
char(N) play the role of active sites in regulating the electron
polarization and energy levels of frontier molecular orbitals,
while the large amount of N in pristine g-CNmakes the electron
distribution so even that it is almost inert to NOX.

To enhance the catalytic activity of g-CN for NOX removal,
experimental studies have attempted to dope Zn,4 Bi,18 the IIA
group of elements (like Mg, Ca, Sr, and Ba),19 or N defects20 into
the pristine g-CN. In these works, the NOX removal efficiencies
have been substantially increased to ∼30–69%, especially for
Zn- and Ba-doped g-CN with efficiencies as high as 69.4% and
62%. While the synthesis procedures of doping heteroatoms
into g-CN are complicated, the g-CN with N vacancies (g-CNNV)
can be easily synthesized by controlling the annealing temper-
ature and condensation time.21–23 The N defects were identied
as catalytic sites by the in situ diffuse reectance infrared
Fourier transform spectroscopy (DRIFTS) technique, which
demonstrated the photocatalytic activity of g-CNNV with a NO
removal efficiency of 43.6%, much higher than the 29.9% of
pristine g-CN.20 For practical applications, it is very cost-
effective to develop such metal-free and easy-to-synthesize g-
CNNV lms to be placed outdoors to remove NOX pollutant gases
in the ambient environment.

By far, there is still a lack of direct experimental evidence
that NO is indeed decomposed into products of N2 and O2,16

which indicates that the mechanism of NOX decomposition has
not been sufficiently studied. Computational studies based on
density functional theory (DFT) can be an ideal approach to
provide a molecular-level understanding and demonstrate the
chemical reaction mechanism according to experimental
observation. For example, Cantatore et al. have used DFT to
propose a novel strategy for the catalytic reduction of NO via
oligomerization on B-doped graphene, where the energy land-
scapes showed the channels of NO decomposition into N2, N2O,
NO2, and O2 via N2O2

− and N3O3
− intermediates.24 Few

computational studies of the NOX decomposition mechanism
using g-CN as a catalyst are available, which triggers us to
perform a DFT study on the gas–solid interaction between NOX

and g-CNNV.
In this work, we computationally demonstrate whether the

carbonaceous material of g-CNNV can effectively remove NOx
gas pollutants. The NOX decomposition mechanism on g-CNNV

will be elucidated by carrying out a series of DFT and time-
dependent DFT (TD-DFT) calculations. The role of g-CNNV in
the NOX decomposition will be revealed by showing the energy
proles for the chemical reactions of NOX with g-CNNV in the
ground and excited states. This work would be of great signi-
cance for understanding the strong attractions of N vacancies of
g-CN lm to NOX molecules and their fundamental process of
photo-assisted decompositions.
Computational methods and models

The previous experimental studies proved that g-CN was
composed of numerous heptazines (also named tri-s-triazines)
with a layered structure using X-ray diffraction patterns and X-
376 | J. Mater. Chem. A, 2024, 12, 375–383
ray photoelectron spectroscopy.22,23 Accordingly, a buckled and
single-layered g-CN surface in a supercell of 3 × 3 × 1 (Fig. 1a)
was constructed for anchoring the NOX species.25 To well study
the chemical reactions and photochemical properties of NOX

decomposition on the substrate, a cluster model was used, and
the structure was cut out from the pristine g-CN and saturated
by H atoms, named heptazine (stoichiometry: C6N10H6)
(Fig. 1b). The N vacancy (NV) can be a missing two-coor-
dinated N atom (N2C), named g-CNNV (N2C) (Fig. 1c) and
heptazineNV (N2C) (Fig. 1d), and also be a missing three-coor-
dinated N atom (N3C), named g-CNNV (N3C) (Fig. 1e) and
heptazineNV (N3C) (Fig. 1f).

The simulations of periodic systems in this work were
implemented using the Vienna Ab initio Simulation Package
(VASP).26,27 The vacuum layers were set as 15 Å to avoid the slab–
image interaction. The Perdew–Burke–Ernzerhof (PBE)
exchange–correlation functional based on the generalized
gradient approximation (GGA) is adopted with Grimme's D3
correction to well consider the van der Waals (vdW) interaction
between the slab and adsorbents.28,29 For the plane-wave basis
set, the electron–ion interaction is described by the projector
augmented wave (PAW) method with a cutoff energy of
450 eV.30,31 The Monkhorst–Pack grids for k-space were set as 5
× 5 × 1. The forces for reaching equilibria of geometry opti-
mizations were set as less than 0.01 eV Å−1 and the energy
convergence criterion was 1.0 × 10−6 eV per atom. The electron
population for adsorbents attached to the surface was analyzed
using the Bader charge code.32 To investigate the thermal
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Top views and side views (bottom right) of adsorption config-
urations of (a) NO@g-CN, (b) NO2@g-CN, (c) NO@g-CNNV, and (d)
NO2@g-CNNV by GGA/PBE optimizations. Adsorption configurations
of (e) NO@heptazine, (f) NO2@heptazine, (g) NO@heptazineNV, and (h)
NO2@heptazineNV by uB97XD/6-31G(d,p) and uB97XD/aug-cc-pVDZ
optimizations. The key interatomic distances (unit: Å), charges (Q) on
NO/NO2, and adsorption energies (DEads) are marked. The data ob-
tained by uB97XD/aug-cc-pVDZ are labeled in brackets only if the
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stability of NV in g-CNNV lm, ab initio molecular dynamics
(AIMD) simulation was performed in the NVT ensemble at
temperatures of T = 500 K and 700 K for 10 ps with a time step
of 2 fs.

All the cluster calculations were conducted on the Gaussian
09 program package.33 The uB97XD exchange–correlation
functional was employed for geometry optimizations and
frequency calculations with the basis set of 6-31G(d,p) or aug-cc-
pVDZ. The uB97XD functional has been frequently employed in
many previous g-CN studies.34–38 Local minima are conrmed
without imaginary frequencies and transition states (TS) are
conrmed with only one imaginary frequency, followed by the
intrinsic reaction coordinate (IRC) calculations to verify that the
TS is connected with the desired reactant and product. The
charge transfer was analyzed by the natural population analysis
(NPA) method.39 TD-uB97XD/6-31G(d,p) and TD-uB97XD/aug-
cc-pVDZ calculations were performed to study the photochem-
ical properties involved in the NOX decomposition in excited
states. The spatial distributions of photogenerated holes and
electrons were analyzed using the Multiwfn Code.40

The geometries optimized from supercells and clusters
(Fig. 1a–f) are almost the same except for the heavier defor-
mation of heptazineNV (N3C) than g-CNNV (N3C) due to the nine-
membered ring which is strongly buckled in the cluster model.
For N2C vacancy, the stable ve-membered ring can be formed
in both heptazineNV (N2C) and g-CNNV (N2C). The bond lengths
of the heptazine backbone (Fig. 1b, d, and 1f) calculated with
two basis sets of 6-31G(d,p) and aug-cc-pVDZ are very close,
which indicates that the cluster structures predicted at the
medium level of uB97XD/6-31G(d,p) are comparable to the high
level of uB97XD/aug-cc-pVDZ.

To compare the thermal stability of the NV between N2C and
N3C, the formation energy (DEf) is calculated as:

DEf = Eg-CNNV/heptazineNV
+ mN − Eg-CN/heptazine,

where Eg-CN/heptazine and Eg-CNNV/heptazineNV are the total energies
of pristine g-CN (or heptazine) and g-CNNV (or heptazineNV), and
mN stands for the chemical potential of the N atom, i.e. one-half
of the total energy of a free N2 molecule.41 The DEf of NV at the
N2C position are all smaller than those at N3C calculated from
the periodic supercells and isolated clusters (Fig. 1c–f), which
indicates the more stable existence of NV at the N2C position,
consistent with our previous work.22 Hereaer, we only adopt
the g-CNNV(N2C)/heptazineNV(N2C) (simply expressed as g-CNNV/
heptazineNV) as the calculation model for interacting with NOX

species.
The adsorption energy (DEads) for NOX on the substrate is

calculated as:

DEads = Etot(complex) − Etot(NOX)
− Etot(substrate),

where Etot(complex), Etot(NOX), and Etot(substrate) are the total ener-
gies of the complex between the substrate and adsorbate, the
isolated adsorbate, and the substrate without adsorbate,
respectively.42–44 Negative DEads indicates that the adsorption
structure is thermodynamically stable to form.
This journal is © The Royal Society of Chemistry 2024
To consider the effects of temperature and entropy on the
energy proles of NOx decomposition on the substrate, Gibbs
free energy is calculated as DG = DE + DZPE − TDS.44,45 DG
stands for the Gibbs free energy difference, DE is the difference
of the internal energy between the products and the reactants,
and DZPE is the change in the zero-point energy and DS is the
change in the entropy.

Results and discussion
Active N2C vacancy for NO/NO2 chemisorption

For pristine g-CN in the supercell (Fig. 2a and b), there only
exists the physisorption with NO/NO2, as demonstrated by the
long-range distance of 3.43/3.35 Å, small adsorption energies of
−0.12/−0.31 eV, and slight charge transfer of less than 0.10 jej
between NO/NO2 and g-CN, in agreement with a previous
study.17 These data well explain the low catalytic activity of
pristine g-CN in the experimental work.16 By contrast, when
there exists an N2C vacancy in the substrate, chemical bonding
between NO/NO2 and g-CNNV (Fig. 2c and d) can be formed, as
supported by the shorter distance of 1.51/1.64 Å between the N
results differ from those by uB97XD/6-31G(d,p).

J. Mater. Chem. A, 2024, 12, 375–383 | 377
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Fig. 3 The DFT-calculated energy profiles of (a) step 1: N of NO
intercalation into heptazineNV in S0 and S1 states with the (a-1) TS1 and
(a-2) O@heptazine in S0; (b) step 2: O-desorption from heptazine in S0
and S1, with the (b-1) spatial distribution of the photo-induced hole
(pink) and electron (green) (isovalue = 0.002 a.u.) of O@heptazine in
S1, (b-2) TS2 at the N–O distance of NO (DN–O) = 1.50 Å in S1, (b-3)
approximate CI-point at DN–O = 2.00 Å in S1, and (b-4) O/heptazine
at DN–O = 3.00 Å in S0; and (c) step 3: the combination of the
hydrogen-bonding O with O@heptazine to release triplet 3O2 under
illumination, with the (c-1) O/O@heptazine at DO1–O2 = 3.00 Å in S0,
(c-2) 1O2@heptazine at DO1–O2 = 1.43 Å in S0, spatial distribution of the
photo-induced hole (pink) and electron (green) (isovalue = 0.002 a.u.)
atDN–O2 = 1.50 Å in (c-3) S1 and (c-4) T1, (c-5) approximate CI-point at
DN–O2 = 1.60 Å in T0, and (c-6) 3O2/heptazine at DN–O2 = 3.00 Å in
T0. The filled symbols refer to the relaxed scanning (i.e. constrained
optimizations) by manually fixing the DN–O as 1.20–3.00 Å, DO1–O2 as
3.00–1.43 Å, or DN–O2 as 1.38–3.00 Å, while hollow symbols refer to
the rigid scanning (i.e. single-point energy calculations) based on the
optimized geometries. The key energies E (unit: eV) and interatomic
distances (unit: Å) are marked. The data obtained by uB97XD/aug-cc-
pVDZ are labeled in brackets only if the results differ from those by
uB97XD/6-31G(d,p).
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of NO/NO2 and the substrate C1 atom near the N2C, stronger
adsorption energies of −2.05/−2.28 eV, and signicant electron
transfer of −0.12/−0.31 jej from g-CNNV to NO/NO2. This indi-
cates that the N2C vacancy is indeed an active site in the g-CNNV

lm for attracting NOX species, consistent with the previous
experimental detection by situ-DRIFTS.20

The calculated band gap of pristine g-CN is predicted to be
2.82 eV (Fig. S1a†), close to the experimental value of 2.74 eV.23

When the N2C vacancy is formed, the valence bands and
conduction bands of g-CNNV (N2C) both move to lower energy
levels and the band gap decreases to 2.52 eV (Fig. S1b†). This
indicates that the g-CNNV with N2C vacancy is more favourable
for the visible-light absorption than pristine g-CN to help
convert NOX pollutants into harmless species.

With the cluster models, the NO/NO2 attachments on the
perfect heptazine (Fig. 2e and f) and heptazineNV containing N2C

(Fig. 2g and h) are also physisorption and chemisorption
between NO/NO2 and heptazine/heptazineNV, as conrmed by
the N–C1 distances and the charge transfer between the NO/
NO2 and substrates. Consistent with the results based on
supercell models, the NO/NO2 molecule acts as an electron
acceptor when reaching the N2C vacancy. The C1–C2 bond of
heptazineNV is slightly elongated to 1.53/1.53 Å by uB97XD/6-
31G(d,p) and 1.53/1.54 Å by uB97XD/aug-cc-pVDZ due to the
chemical bonding with NO/NO2. Similar results of cluster
systems, compared to those of supercells, indicate that the
cluster models instead of periodic ones can describe the NOX

decomposition reactions on g-CNNV lm.
The above results indicate that the g-CNNV/heptazineNV

containing N2C vacancy is sensitive to the effective capture of
NOX pollutant gas through gas–solid interaction. The NOX

always has the N atom preferentially pointing towards the
substrate, i.e. the N-oriented conguration is energetically lower
than the O-oriented one for chemical bonding. This is funda-
mentally attributed to the favorable orbital matching between
the N of NOX and the substrate. The frontier unoccupied
molecular orbitals (MO) of NO/NO2 (Fig. S2a and b†) show that
due to the signicant orbital distribution on N, which is more
than that on O, N is the more active site to form covalent bonds
with the substrate. In addition, the frontier occupied MO of
heptazineNV (Fig. S2c†) shows that the orbital is localized on the
C1–C2 bond near the N2C vacancy (i.e. a-state HOMO), but
basically uniformly distributes on the C3N3-rings of heptazine
(Fig. S2d†), reecting that the pristine g-CN is inert while the g-
CNNV containing N2C vacancy is active to adsorbents.
NO decomposition catalyzed by the N2C vacancy

The NO decomposition catalyzed by N2C vacancy undergoes
three steps, starting from the NO@heptazineNV conguration
(Fig. 2g). Step 1 (Fig. 3a) is the N-intercalation into heptazineNV
to leave the O chemically attached to heptazine (i.e. O@hepta-
zine) in the ground state (S0). Step 2 (Fig. 3b) is the O-
detachment from heptazine in the rst singlet excited state
(S1) under illumination. And step 3 (Fig. 3c) is the combination
of the detached O with the remaining O@heptazine to eventu-
ally form triplet O2 (3O2) by photo assistance. The following
378 | J. Mater. Chem. A, 2024, 12, 375–383
discussion focusing on the DFT-calculated energy proles will
demonstrate that the overall reaction NO + heptazineNV/

3O2 +
heptazine is feasible.

For step 1, when the N of NO is chemically bound with the C1
atom of heptazineNV, the C1–C2 bond will be stretched until
broken, and meanwhile, the C2 atom will attract the N atom of
NO to form a new bond, so that the N (of NO) can be inserted
into the middle of C1 and C2 to form a new conjugated bond of
C1]N–C2 and heptazineNV becomes a perfect heptazine. In the
TS1 structure (Fig. 3a-1), the distance of C1–C2 (DC1–C2) is
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The DFT-calculated energy profiles of (a) step 1: chemisorption
isomerization of NO2@heptazineNV from N-linked to O-linked, with
TS1 at DO1–C1 = 2.14 Å and O-linked-NO2@heptazineNV at DO1–C1 =

1.44 Å in S0; (b) step 2: N-intercalation of NO2 into the heptazineNV by
IRC calculations, with the (b-1) TS2-1, (b-2) IM, (b-3) TS2-2, and (b-4)
2O@heptazine in S0; (c) step 3: singlet 1O2 formation on heptazine by
IRC calculations, with the TS3 in S0. The energy barrier Eb (unit: eV) and
key interatomic distances (unit: Å) are marked. The data obtained by
uB97XD/aug-cc-pVDZ are labeled in brackets only if the results differ
from those by uB97XD/6-31G(d,p).
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enlarged to 1.93/1.92 Å and that of C2–N (DC2–N) is shortened to
1.93/1.92 Å, until the O of NO bonds with the perfect heptazine
cluster, i.e. O@heptazine (Fig. 3a-2) with 2.34/2.35 Å for DC1–C2

and 1.35 Å for DC2–N by uB97XD/6-31G(d,p) or uB97XD/aug-cc-
pVDZ. More details on the geometry transformation of N-
intercalation into heptazineNV can be clearly supported by the
distance evolutions of DC1–C2, DC1–N, DC2–N, and DN–O extracted
from the IRC calculations (Fig. S3a and b†), which present the
C1–C2 bond cleavage, C1]N–C2 bond formation, and eventu-
ally O (of NO) chemisorbed on heptazine.

The energy barrier (Eb) and the reaction energy for step 1 in
S0 are estimated to be 0.96/0.99 eV and −1.52/−1.57 eV by
uB97XD/6-31G(d,p) or uB97XD/aug-cc-pVDZ. The small energy
barrier and exothermic reaction energy indicate that the N-
intercalation of NO into heptazineNV easily proceeds in S0. To
demonstrate that step 1 occurs preferentially in S0, we also
calculated the potential energy surfaces (PES) in S1 for
comparison, by taking representative points from the IRC curve
in S0 and performing TD-DFT single-point energy calculations
in S1. The almost parallel S0- and S1-PES indicate the impossi-
bility of conical intersection (CI) from S1 decay to S0 states. The
higher energy barrier (2.05/2.07 eV) and endothermic reaction
heat (0.02/0.05 eV) in S1 predicted by TD-uB97XD/6-31G(d,p) or
TD-uB97XD/aug-cc-pVDZ conrm that step 1 prefers S0 to S1 to
occur. Therefore, the N2C vacancy contained in g-CNNV can
effectively trap the N atom of NO at room temperature without
illumination.

For step 2, the desorption of the O atom from heptazine
must be accomplished with light assistance to overcome the
endothermic energy generated by the O–N bond cleavage. In S0,
the DN–O elongation based on O@heptazine corresponds to an
energy prole of a nearly linear liing until a high plateau; the
spontaneous O-detachment from heptazine is thus not going to
happen at room temperature. To avoid climbing the uphill
slope of PES in S0, illumination can be used to change the
chemical reaction route. The calculated UV-vis spectra (Fig. S3c
and d†) of O@heptazine show that the most signicant
absorption peaks appear at ∼205 nm with a vertical excitation
energy of ∼6 eV, belonging to the near UV region of sunlight. As
the high excited-state always quickly decays to the S1 according
to Kasha's rule,46 the photo-induced hole and electron distri-
butions of O@heptazine in S1 are presented (Fig. 3b-1). It is
found that both the O and N of NO carry positively charged
holes upon UV-light irradiation, demonstrating the existence of
Coulomb repulsion between them, which is favorable for the O-
detachment from heptazine in S1.

The S1-PES by a relaxed scanning of TD-DFT shows that the
N–O bond breaking of O@heptazine undergoes a very low
energy barrier of ∼0.7 eV that is easy to overcome. The TS2
structure in S1 (Fig. 3b-2) appears at DN–O = 1.50 Å, which shows
the breaking of the N–O bond and the formation of the N–H/O
hydrogen bond. With the O atom moving away from heptazine,
the PES in S1 and S0 states (i.e. the curves with lled symbols)
approach each other, indicating a high possibility of CI. This
conjecture is further supported by the S0-PES (with hollow
symbols) through the rigid scanning using the relaxed S1-
geometries, which is much closer to the S1-PES. The
This journal is © The Royal Society of Chemistry 2024
approximate CI point (Fig. 3b-3) is probably located at DN–O =

2.00 Å, where the N–O bond is basically broken while the N–H/
O hydrogen bond still exists. Aer the decay from S1 to S0 states,
the O-desorption process corresponds to a slow uphill slope of
S0-PES, which is mainly dominated by the continuous vanishing
of the O–N bond. It is noted that the N–H/O hydrogen bond is
forming, with the length changing from 2.58/2.86 Å in CI at DN–

O = 2.00 Å (Fig. 3b-3) to 2.07/2.11 Å in product O/heptazine at
DN–O = 3.00 Å (Fig. 3b-4). This is reasonable because the surface
edge is usually active for binding with external species. In step
2, the photochemical process plays an important role in helping
the O-desorption from the surface to avoid walking along the
long and steep uphill of PES in S0 and reach the nal platform
as close as possible.

In step 3 (Fig. 3c), if the O escapes from binding with the N of
heptazine to form a free O atom, it will probably combine with
other remaining O@heptazine to form a noncovalent interac-
tion conguration, O/O@heptazine (Fig. 3c-1), and nally
release oxygen gas under illumination. Step 3 is actually the
reaction between the O@heptazine produced in step 1 and the
free O atom produced in step 2. Starting from the O/O@hep-
tazine conguration (Fig. 3c-1), where O1 forms a hydrogen
bond with the H at the edge of heptazine while O2 covalently
binds with heptazine, accompanied with the O1 and O2
distance (DO1–O2) of 3.00 Å, the S0-PES shows a smooth decrease
with DO1–O2 in the range of 3.00–1.43 Å. The signicant energy
decrease of 3.24/3.11 eV through a relaxed scanning of uB97XD/
6-31G(d,p) or uB97XD/aug-cc-pVDZ is mainly due to the
J. Mater. Chem. A, 2024, 12, 375–383 | 379
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formation of the singlet O2 (1O2) on heptazine, i.e. 1O2-
@heptazine (Fig. 3c-2).

However, the triplet O2 (3O2) is the nal stable state in the
atmosphere, thus the multiplicity conversion of oxygen gas
from singlet to triplet is supposed to be achieved by photo-
assistance.47 Starting from 1O2@heptazine, we rst performed
the relaxed PES scanning in both S0 and T0 states by manually
xing the DN–O2 in the range of 1.40–3.00 Å. The turning point of
PES trends in S0 and T0 appears at DN–O2 = 1.70 Å, aer which
the 3O2 is more stable on heptazine than 1O2, consistent with
a natural phenomenon. The diverse intersystem crossing (ISC)
should occur before DN–O2 = 1.70 Å. We thus compared the
energies in S1 or T1 states at DN–O2 = 1.40, 1.50, and 1.60 Å by
relaxed or rigid scanning (Table S2†). Based on 1O2@heptazine,
the calculated UV-Vis spectra (Fig. S3e and f†) show that 1O2-
@heptazine at DN–O2 = 1.40 Å can absorb near-UV light sensi-
tively and then quickly decay to the S1 state. Because the S1
energy is lower than T1 at DN–O2 = 1.40 Å while it is reversed at
DN–O2 = 1.50 Å, the system is supposed to converse the spin
state from the S1 to T1 states through the ISC during DN–O2 =

1.40–1.50 Å.47 Distinct from the S1-state photoinduced carrier
distribution at DN–O2 = 1.50 Å (Fig. 3c-3), when the system
reaches the T1 state, a signicant coulombic repulsion occurs
between O2 and heptazine in the T1-state (Fig. 3c-4). This
demonstrates that the ISC from S1 to T1 states will greatly
promote the release of the 3O2 from heptazine. The energy order
Fig. 5 Gibbs free energy profiles of (a) NO and (b) NO2 decomposi-
tions on heptazineNV at T = 300 K and P = 1.00 atm by uB97XD/6-
31G(d,p) calculations. The free energy values relative to the initial
reactants of NO/NO2 and heptazineNV are labelled to indicate the
barrier (Gb) and change (DG) for each step.

380 | J. Mater. Chem. A, 2024, 12, 375–383
reversal between T1 and T0 states at DN–O2 = 1.50 and 1.60 Å
shows that the CI point (Fig. 3c-5) is probably located at DN–O2 =

1.50–1.60 Å, aer which the system will decay back to the
ground state. Notably, unlike the rising outline of the S0-PES for
O leaving heptazine (Fig. 3b), the T0-PES (Fig. 3c) shows
a descending trend when 3O2 is getting away from heptazine.
We attribute this difference to the formation of the strong
chemical bond in 3O2, which has amore signicant effect on the
T0-PES than the N–O bond cleavage. For example, the bond
order (BO) in 3O2 when DN–O2= 1.60 Å is calculated to be 1.64 by
uB97XD/6-31G(d,p), while it increased to 1.85 when DN–O2 =

3.00 Å. Overall, the surface photocatalysis in step 3 plays an
important role in driving the system to undergo the electronic-
state transitions of S0 / S17/S12 / S1 / T1 / T0, so that the
3O2 molecule eventually detaches from heptazine smoothly
(Fig. 3c-6).
NO2 decomposition catalyzed by the N2C vacancy

Although NO2 is a minor NOX pollutant gas, it is more toxic than
NO and can react with water to form harmful HNO3, HNO2, and
NO, and thus it is also very necessary to study its removal. In
this work, we theoretically propose that the NO2 decomposition
process catalyzed by N2C vacancy would go through four steps,
i.e. step 1: thermal isomerization (Fig. 4a), step 2: N-
intercalation (Fig. 4b), step 3: 1O2 formation (Fig. 4c), and
step 4: photo-assisted 3O2 release.

To facilitate the N-intercalation into heptazineNV, NO2@-
heptazineNV (Fig. 2h) needs rst to form a favorable stereo-
structure, which can be achieved by thermal isomerization
from N-linked to O-linked-NO2@heptazineNV congurations
(Fig. 4a). The isomerization process corresponds to a low energy
barrier (Eb) of 0.81/0.73 eV for TS1 and a small energy increase of
0.01/0.03 eV for O-linked-NO2@heptazineNV, as predicted by
uB97XD/6-31G(d,p) oruB97XD/aug-cc-pVDZ in S0. This indicates
that the ambient NO2 gas can be exibly chemisorbed on
heptazineNV via N-linkage or O-linkage under slight temperature
uctuations. Besides, the chemisorption isomerization prefers to
occur in S0, as the PES in S1 is far from that in S0 with a large
energy difference of over 2 eV between their closest points.

For step 2, the N-intercalation of NO2 into heptazineNV is
accompanied by the N2C vacancy lled with N of NO2 and two O
of NO2 chemisorbed on heptazine, i.e. 2O@heptazine. The
energy proles by IRC calculations (Fig. 4b) show that this
process will undergo two TSs with the energy barriers of 1.48/
1.59 eV for TS2-1 and 2.86/2.93 eV for TS2-2, and two local
minima with the energy decrease of −0.48/−0.37 eV for the
intermediate (IM) and energy increase of 2.22/2.24 eV for
2O@heptazine, as predicted by uB97XD/6-31G(d,p) or uB97XD/
aug-cc-pVDZ in S0. This indicates that the chemical reaction
from O-linked-NO2@heptazineNV to IM is easier and faster than
that from IM to 2O@heptazine. In TS2-1, when the O1 of the NO2

molecule is bound to the C1 atom of heptazineNV, the C1–C2 and
O1–N bonds are signicantly enlarged to 2.15/2.11 and 1.67/1.70
Å, and simultaneously the N–C2 bond is formed. The O1–N
distance of 2.42/2.47 Å in IM indicates that the NO2 molecule is
totally decomposed. In TS2-2, aer the N is bound with C2, the N
This journal is © The Royal Society of Chemistry 2024
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is trying to reach the C1 atom to form the conjugated C1]N–C2
bond. However, the steric effect from structural deformation and
Coulomb repulsion from negatively charged O1 strongly hinder
the N atom from approaching C1, thus resulting in a higher
barrier and a larger endothermic reaction energy. Hence, fromO-
linked-NO2@heptazineNV to 2O@heptazine, the N atom binding
with the C1 atom is a rate-determining reaction. The other
distance evolutions of DC1–C2, DC1–N, DC2–N, and DO1–N extracted
from IRC calculations (Fig. S4a–d†) clearly support the breaking
of the C1–C2 bond, formation of the C1]N–C2 bond, and
chemical bonding of O1 and O2 with the C1 and C2 atoms of
heptazine. In addition, to demonstrate that step 2 prefers to
occur in S0, the IRC curves in S1 are calculated by extracting
representative points from IRC curves in S0. The almost parallel
curves between the S1 and S0 states show the absence of CI
points; therefore, it is not necessary to use sunlight to force the
N-intercalation of NO2 into heptazineNV.

For step 3, the reaction from 2O@heptazine to 1O2-
@heptazine is also favorable to proceed in S0 owing to the non-
crossed PES between the S0 and S1 states (Fig. 4c). In TS3, the O1
atom leaves the C1 atom for combining with the O2 atom to
form a 1O2 molecule, which will link with heptazine through the
N–O2 bond, named 1O2@heptazine. The energy barrier for TS3
is predicted to be 0.43 or 0.32 eV by uB97XD/6-31G(d,p) or
uB97XD/aug-cc-pVDZ, which is easy to overcome at room
temperature. The distance evolutions of DC1–O1, DN–O2, and DO1–

O2 extracted from IRC calculations (Fig. S4e and f†) clearly
support the breaking of the C1–O1 bond and the stable
attachment of the 1O2 to heptazine by the N–O2 bond.

For the last step 4, the oxygen gas should also be converted
from singlet to triplet through photo-assisted ISC for a nal
release from heptazine. This step is exactly the same as the
second half of step 3 during NO decomposition, referring to the
PES as a function of DN–O2 (Fig. 3c). Thus, the results and
discussion about step 4 of NO2 decomposition are omitted.

NO/NO2 decomposition catalyzed by the N2C vacancy at T =

300 K and P = 1.00 atm

The aforementioned energy proles merely reect the change of
potential energies in the NO/NO2 decomposition process.

To consider the effects of temperature and entropy increase
on the NO/NO2 decomposition on heptazineNV, the Gibbs free
energy barrier (Gb) and the change (DG) of each step were
additionally calculated at room temperature, T = 300 K (Fig. 5),
and a higher temperature, T= 500 K, with ambient pressure P=

1.00 atm (Fig. S5†).48 Notably, because of the ignorable differ-
ence in calculated results of energy proles between uB97XD/6-
31G(d,p) and uB97XD/aug-cc-pVDZ, we hereaer only calcu-
lated the Gibbs free energies at the level of uB97XD/6-31G(d,p).

In summary, the NO/NO2 decomposition mechanism on
heptazineNV is as follows:

and involves surface chemisorptions and reactions in the
This journal is © The Royal Society of Chemistry 2024
ground state, and light-driven desorption from the surface in
the excited states.

For NO decomposition at 300 K (Fig. 5a), from reactants of
NO and heptazineNV to NO@heptazineNV, and then to
O@heptazine, the exothermic free energies (DG = −1.65 and
−0.93 eV) and mild barrier (Gb = 0.92 eV) indicate that NO can
be easily captured by the N2C vacancy of heptazineNV. Compared
with the favorable N-intercalation of NO into heptazineNV, the
subsequent O-desorption from heptazine (i.e. O@heptazine /

O + heptazine) becomes unfavorable to occur in the S0 state,
which is an endothermic reaction. The free energy difference
between O@heptazine and products of O and heptazine in S0 is
calculated to be DG = 0.05 eV. But under illumination, the
O@heptazine will be rst photoexcited (DG = 2.95 eV), then go
through a free energy barrier (Gb = 0.66 eV) in S1, and nally
decay back to the products of O and heptazine in S0 through a CI
point. And the DG decreased to −2.16 eV through photo
assistance.

It becomes favorable for the reaction to spontaneously occur
in the ambient atmosphere, since light irradiation can alleviate
the difficulty of O-desorption. Hence, the room temperature
environment exposed to sunlight might promote the release of
O from heptazine.

Once O becomes free from heptazine, it will combine with
the remaining O@heptazine to form 1O2 on heptazine with
a free energy decrease (DG = −0.85 eV), which is a spontaneous
reaction at room temperature. Although the subsequent process
from 1O2@heptazine to 3O2 release from heptazine is also
spontaneous (DG=−2.71 eV), the different electron spinmeans
that it must undergo photoexcitation (DG = 2.75 eV), ISC from
S1 to T1 (DG = −0.74 eV), and decay from T1 to T0 through CI
(DG = −4.72 eV) to be successful. The photoexcitation can be
continuously provided by sunlight, which can thus ensure the
smooth release of 3O2 from heptazine. Overall, the rate-
determining step for NO decomposition on heptazineNV is the
N-intercalation of NO into heptazineNV with a mild energy
barrier.

For NO2 decomposition (Fig. 5b), the process from reactants
of NO2 and heptazineNV to the N-intercalation phase is spon-
taneous with the negative DG = −1.30, −0.03, −0.52 eV and
mild barriers of Gb = 0.77, 1.40 eV. However, the later process
towards 2O@heptazine is relatively difficult to occur due to the
large barrier of Gb = 2.89 eV and endothermic free energy of DG
= 2.32 eV. The following processes from 2O@heptazine to
1O2@heptazine (small barrier of Gb = 0.35 eV) and from 1O2-
@heptazine to 3O2@heptazine (the same as that in NO
decomposition) can occur smoothly.

At a higher temperature of T = 500 K (Fig. S5 and Table S3†),
the adsorption free energy of NO/NO2 on heptazineNV becomes
less exothermic, i.e. from −1.65 to −1.30 eV for NO and from
−1.30 to −0.88 eV for NO2, which may be attributed to the
higher temperature accelerating molecular vibrations while
increasing the detachment possibility of gas species on the solid
substrate. In particular, the free energy barriers for NO2

decomposition on heptazineNV at T= 500 K are all lied relative
to those at T = 300 K, which indicates that the increase in
temperature cannot facilitate the NO2 decomposition by g-CNNV
J. Mater. Chem. A, 2024, 12, 375–383 | 381
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lm. Meanwhile, the temperature effect on the Gibbs free
energy changes and barriers for NO decomposition reactions is
much less than that for NO2 decomposition. The room-
temperature environment where the g-CNNV lm is applied
may be as favorable as higher temperatures for NO removal.

Notably, once the N vacancy of g-CNNV is occupied by the N of
NOX, the g-CNNV lm will turn into pristine g-CN and lose the
activity for the decomposition of NOX gas pollutants. Therefore,
the g-CNNV lm in practical applications needs to be refreshed
regularly through post-annealing treatment to recover the
surface reactivity and photocatalytic activity for NOx removal.
Note that, by post-annealing the pristine g-CN lm at 400 °C
with constant N2 ow, some N atoms can be removed from the
tri-s-triazine network to form the C]C bonds.22

In addition, it is demonstrated that the N2C vacancy in g-
CNNV lm can be well maintained even at higher temperatures.
By performing AIMD simulations at T = 500 K and 700 K, the
total energies of g-CNNV (N2C) keep uctuating toward stable
values (Fig. S6a and b†) and meanwhile there are no signicant
conformational changes in g-CNNV (N2C) during the 10 ps
simulations.

Last, it is known that CO or SO2 in pollutants may poison the
catalyst surface and reduce the activity.41 Therefore, we also
tested the adsorptions of common pollutants CO and SO2 on
the surface of g-CNNV (N2C). It is found that the CO and SO2

molecules are just weakly adsorbed on the g-CNNV (N2C) surface
with much smaller adsorption energies of −0.12 eV (Fig. S6c†)
and −0.28 eV (Fig. S6d†) than those of NO (−2.05 eV, Fig. 2c)
and NO2 (−2.28 eV, Fig. 2d). The charge transfer between CO/
SO2 and the surface is almost negligible (less than 0.01e). It is
thus demonstrated that the g-CNNV catalyst is excellent for
resisting CO and SO2 poisoning.

Conclusions

To reduce the emission of NOX gas pollutants in human
production and life, here we propose a green strategy for NOX

removal utilizing the g-CN lm containing N vacancies (g-
CNNV). Our computational results show that the g-CNNV surface
can act as a photocatalyst and reactant to synergistically
promote the NO/NO2 decomposition into triplet 3O2, while
the N of NO/NO2 occupies the N vacancy. The NO/NO2 decom-
position on g-CNNV lm undergoes multiple steps including
chemisorption, N intercalation, singlet 1O2 formation, and
triplet 3O2 release. Among them, the N-intercalation of NO into
g-CNNV during NO decomposition and chemisorption of two O
atoms on g-CN during NO2 decomposition are their respective
rate-determining steps. N vacancies play a key role in trapping
NOX on the surface and subsequently forming favorable
congurations for NOX decomposition. The illumination can
help overcome the high barrier in the ground state, achieve
intersystem conversion for O2 molecules from singlet to triplet
states, and decay from the excited to ground states through the
CI point. The inuence of temperature in the process of NO
decomposition by g-CNNV lm is smaller than that of NO2. This
work offers a deep understanding of the reaction mechanism of
surface photocatalysis for NOX removal and also a promising
382 | J. Mater. Chem. A, 2024, 12, 375–383
strategy for solving practical problems in which coating a well-
polymerized g-CN lm with adjustable N vacancies (i.e. C-rich g-
CN) on the outer walls of buildings or chimneys may be effective
for NOX removal under sunlight irradiation.
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