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ABSTRACT: The development of catalysts that effectively
activate target pollutants and promote their complete
conversion is an admirable objective in the environmental
photocatalysis field. In this work, graphitic carbon nitride (g-
C3N4) microtubes with tunable N-vacancy concentrations
were controllably fabricated using an in situ soft-chemical
method. The morphological evolution of g-C3N4, from the
bulk to the porous tubular architecture, is discussed in detail
with the aid of time-resolved hydrothermal experiments. We
found that the NO removal ratio and apparent reaction rate
constant of the g-C3N4 microtubes were 1.8 and 2.6 times
higher than those of pristine g-C3N4, respectively. By combining detailed experimental characterization and density functional
theory calculations, the effects of N-vacancies in the g-C3N4 microtubes on O2 and NO adsorption activation, electron capture,
and electronic structure were systematically investigated. These results demonstrate that surface N-vacancies act as specific sites
for the adsorption activation of reactants and photoinduced electron capture, while enhancing the light-absorbing capability of
g-C3N4. Moreover, the porous wall structures of the as-prepared g-C3N4 microtubes facilitate the diffusion of reactants, and their
tubular architectures favor the oriented transfer of charge carriers. The intermediates formed during photocatalytic NO removal
processes were identified by in situ diffuse reflectance infrared Fourier transform spectroscopy, and different reaction pathways
over pristine and N-deficient g-C3N4 are proposed. This study provides a feasible strategy for air pollution control over g-C3N4
by introducing N-vacancy and porous tubular architecture simultaneously.
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■ INTRODUCTION
Nitric oxides (NOx) are among the most important ozone- and
haze-forming precursors.1,2 Transforming and using solar
energy to trigger the photocatalytic removal NOx under
ambient conditions has attracted tremendous attention.3

Photogenerated active species can oxidize gas-phase NOx to
particulate-phase nitrate, which purifies the air.4−9 Compared
to traditional metallic oxide catalysts (e.g., TiO2 and SrTiO3),
graphitic carbon nitride (g-C3N4) with fascinating two-
dimensional graphite-like layered structure has received
significant attention as a nonmetallic and visible light-
responsive photocatalyst for NOx degradation applica-
tions.10−17 Previous studies have also demonstrated that
superoxide (•O2

−) and photogenerated holes (h+) are the
dominant active species employed by g-C3N4 to remove
NOx.

11,18,19 Unfortunately, pristine g-C3N4, with its irregular
bulk morphology, removes NOx inefficiently. On the one hand,

pristine g-C3N4, with an intact tri-s-triazine structure, shows
limited ability to adsorption-activate target reactants (O2 and
NO) and absorbs visible light poorly due to the lack of
redundant coordination bonds and defect states in its
electronic structure, respectively.20,21 On the other hand,
photogenerated charge carriers diffuse randomly in the bulk g-
C3N4 due to the lack of an engineered morphology and
electron-capture sites, which promotes the recombination of
electron−hole pairs.11,22,23 With the aim of remedying these
deficiencies, constructing adsorption activation sites, modifying
the electronic structure, and engineering the morphology of g-
C3N4 are expected to be effective strategies.
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Intrinsic anionic vacancies are important for heterogeneous
reactions because they improve the light-absorbing abilities of
materials while acting as specific sites that adsorption-activate
reactant molecules and capture electrons.24,25 The positive
roles of oxygen vacancies (O-vacancies), typical anionic
vacancies in oxides, in O2 activation, electron capture, and
the efficient use of incident light have been actively
pursued.26−29 Hence, inspired by findings related to O-vacancy
materials, nitrogen vacancies (N-vacancies, typical anionic
vacancies in nitrides) in g-C3N4 have the potential to
effectively activate target pollutants, capture photogenerated
charge carriers, and engineer the band structure; however,
challenges still remain. Current approaches for introducing N-
vacancies into g-C3N4 involve calcining processors under
different atmospheric conditions or calcining at different
temperatures in inert gases;30,31 however, these approaches
cannot engineering the morphology of the material. In
addition, the roles of N-vacancies in electronic structure
engineering and in accelerating photogenerated charge-carrier
separation have been investigated,32,33 but the effect of the N-
vacancy spatial distribution on electron-separation efficiency
was ignored. Notably, the adsorption activation behavior of
target reactants (O2 and NO) on N-deficient surfaces has not
been investigated.
Recently, the morphology engineering of irregular architec-

tures into one-dimensional (1D) tubular structures has
attracted interest in the oriented transfer of charge carriers.34

One of the pioneering studies in this area reported that the 1D
tubular structure of TiO2 acted as a highway for the oriented
transfer of electrons and exhibited superior charge-carrier
separation and transport capabilities as a consequence.35

Therefore, constructing 1D tubular g-C3N4 structures that
constrain random photogenerated charge-carrier diffusion is
feasible. In recent years, calcining rodlike melamine·cyanuric
acid (M·CA) complex precursors to produce tubular g-C3N4
has been regarded as a simple and reliable method because it
avoids tedious steps and the introduction of impurities. The
rodlike precursor of supramolecular M·CA is fabricated by
mixing equal amounts of melamine and cyanuric acid, followed
by heating at 180 °C.36,37 Melamine is well known to
spontaneously transform into cyanuric acid under suitable
conditions. Expensive cyanuric acid is avoided if monomeric
melamine is used to fabricate supramolecular M·CA in an in
situ self-conversion process. To date, the easy transfer of
electrons in the longitudinal direction of tubular g-C3N4 has
been widely confirmed; however, charge-carrier separation
efficiency remains unsatisfactory unless g-C3N4 is doped with
foreign atoms or by constructing isotypical heterostruc-
tures.38−40 In addition, the enhancement of reactant diffusion
is another important function of morphology engineering, and
the formation of porous structures is an effective strategy to
achieve this. In our previous work, we fabricated honeycomb-
like g-C3N4 that exhibited improved NOx-diffusion abilities
compared to pristine g-C3N4.

41 Therefore, the preparation of
porous g-C3N4 with a 1D tubular architecture is highly
desirable and is expected to accelerate the simultaneous
oriented transfer of photoinduced e−−h+ pairs, as well as
reactant diffusion.
In this work, a series of g-C3N4 microtubes with tunable N-

vacancy concentrations and porous wall structures were
synthesized by an in situ soft-chemical method. The novel
synthesis involved calcining N-deficient rodlike precursors,
which were synthesized by the self-conversion of monomeric

melamine for different hydrothermal treatment times. The
morphological evolution of the porous tubular architecture is
discussed in detail, aided by time-resolved hydrothermal
experiments. The prepared porous g-C3N4 microtubes
exhibited clearly improved photocatalytic activity for NOx
degradation compared to bulk g-C3N4. The effects of N-
vacancies on O2 and NO adsorption activation, electron
capture, and electronic structure and the effect of the tubular
structure on oriented electron transfer were systematically
investigated through experimental and computational studies,
which led to the proposal of a mechanism for the enhanced
NO removal activity. Furthermore, the reaction pathways for
photocatalytic NO removal over pristine g-C3N4 and N-
deficient g-C3N4 were identified by diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), and a mechanism
for photocatalytic NO removal is proposed. This study
provides a feasible strategy for air pollution control over g-
C3N4 by introducing N-vacancy and porous tubular
architecture simultaneously.

■ MATERIALS AND METHODS
Synthesis of Porous g-C3N4 Microtubes with Various N-

Vacancy Concentrations. Synthetic materials for g-C3N4 and other
related chemicals were bought from Shanghai Aladdin Bio-Chem
Technology Co., Ltd. All chemicals were used without further
purification. First, 1 g of melamine was added to 70 mL of deionized
water and then the suspension liquid was heated to 60 °C in a water
bath kettle with vigorous stirring until dissolution. Then, the obtained
solution was transferred into a 100 mL Teflon-lined autoclave and
heated at 180 °C for 6, 7, 8, 12, or 16 h; the precursors prepared in
this matter are designated as M-6, M-7, M-8, M-12, and M-16,
respectively. The hydrothermal products were filtered and washed
with deionized water and absolute ethanol three times and
subsequently dried at 60 °C for 12 h. Finally, 1 g of M-8, M-12,
and M-16 were separately calcined to 550 °C in a muffle furnace for 3
h under a flow of nitrogen (2.5 °C/min); the resulting materials are
designated as CNT-8, CNT-12, and CNT-16, respectively. For
comparison, pristine g-C3N4 (designated as CN) was synthesized by
directly calcining 1 g of the precursor prepared by drying solution A at
60 °C.

Characterization. X-ray diffraction (XRD) of the samples was
conducted on an X’Pert PRO X-ray diffractometer using Cu Kα
radiation (PANalytical, U.K., 2θ scan rate = 0.05°/s, λ = 1.5406 Å, 40
kV, 40 mA). Elemental compositions of the samples were performed
on an Elementar Vario EL instrument (Vario EL III, Germany;
detection limit, 0.015%; standard deviation, ≤0.1% abs). Fourier
transform infrared (FT-IR) spectroscopy of all samples was
conducted on a VERTEX 70 FT-IR spectrometer (Bruker, Germany).
The surface elemental compositions and states of the samples were
conducted on an ESCALAB 250 X-ray photoelectron spectrometer
(XPS) (Thermo Fisher). All binding energies were calibrated against
the C 1s peak (284.6 eV), which arises from surface adventitious
carbon. The morphologies of the samples were examined by scanning
electron microscopy (SEM, JEOL JSM-6490, Japan) and transmission
electron microscopy (TEM, JEOL JEM-2100HR CM-120, Japan).
The Brunauer−Emmett−Teller (BET) surface areas of samples were
recorded on an ASAP 2020 nitrogen adsorption analyzer (Micro-
meritics); the samples were degassed at 250 °C prior to analysis. The
free radicals were detected by sample trapping with a 25 mM solution
of 5,5′-dimethyl-1-pyrroline-N-oxide (DMPO) on an ER200-SRC
electron spin resonance (ESR) spectrometer (Bruker, Germany) at
low temperature (130 K); aqueous dispersions were used for
DMPO−•OH, and alcohol dispersions for DMPO−•O2

−. The UV−
vis absorption spectra of the samples were recorded on a Varian Cary
100 Scan UV−visible spectrophotometer (Agilent, Australia). The
intermediate and final products were detected using ion chromatog-
raphy (IC) on a Dionex-600 Ion Chromatograph (Dionex Inc.,
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Sunnyvale, CA) fitted with an IonPac AS14A column. Photo-
luminescence (PL) spectra were acquired on an FLS980 fluorescence
spectrophotometer (Edinburgh, U.K.).
Computational Modeling. Density functional theory (DFT)

calculations were made using the Cambridge Sequential Total Energy
Package (CASTEP) software package. The plane-wave basis sets were
used to treat valence electrons, while norm-conserving pseudopoten-
tials were used to approximate the potential field.42,43 A model of the
g-C3N4 crystal was built through cleavage of the (001) lattice plane,
followed by the construction of a 10 Å vacuum slab crystal, as shown
in Figure S1a. The g-C3N4 crystal model with N-vacancy was
constructed by removing a two-coordinated nitrogen atom (Figure
S1b). The exchange−correlation Perdew−Burke−Ernzerhof func-
tional was implemented to describe the exchange−correlation energy
and electron interactions.44 The Brillouin zone was separately
sampled at 4 × 4 × 1 Monkhorst−Pack k-points.45 A plane-wave
cutoff was set to 380 eV for all of the calculations. During geometry
optimization, the convergence criterion was set to 1.0 e−6 eV/atom for
energy, and 0.05 eV/Å for residual force. The electron density
difference (EDD) and Mulliken population analysis were used to
calculate charge-transfer quantity.46

The O2 and NO adsorption energies (ΔEads) for the model g-C3N4
crystal without and with N-vacancy were calculated using eqs 1 and 2

Δ = − −+E E EEads O C N O C N2 3 4 2 3 4 (1)

Δ = − −+E E E Eads NO C N NO C N3 4 3 4 (2)

where ΔEads is the O2 or NO adsorption energy, EO2 +C3N4
and

ENO+C3N4
are the total energies of the model g-C3N4 crystal with

molecular O2 and NO adsorbed on its surface, respectively, ΔEC3N4
is

the total energy of the model pure g-C3N4 crystal, EO2
is the energy

(−869.17 eV) of molecular O2 in the gas phase, and ENO is the energy
(−705.07 eV) of molecular NO in the gas phase.

Photocatalytic Activity Experiments. The photocatalytic
activities of the as-prepared samples toward NOx removal were
conducted in a continuous-flow reactor system. The as-prepared
samples (0.1 g) were coated onto a 10.0 cm diameter vitreous culture
dish and then placed in a 4.5 L (30 cm × 15 cm × 10 cm) rectangular
reactor. The initial NO gas was supplied from a compressed gas
cylinder (48 ppm N2 balance) and diluted to 400 ppb by a zero air
generator (Model 1001, Sabio Instruments Inc., Georgetown, TX). A
300 W commercial Xe arc lamp (Perfectlight, China) fitted with a UV
cutoff filter was placed vertically outside the reactor and turned on
following NO adsorption−desorption equilibrium. The optical power
density at the sample surface was calibrated to be 25.28 mW/cm2

using an optical power meter (Thorlabs PM100D, Newton, NJ). The
change of NOx concentrations was recorded online on a Model 42c
chemiluminescence NO analyzer (Thermo Environmental Instru-
ments Inc., Franklin, MA). The removal ratio (η) of NO was
calculated as η (%) = (1 − C/C0) × 100, where C and C0 are the
concentrations of NO in the outlet and feed streams, respectively.

Photoelectrochemical Measurements. The photoelectrochem-
ical experiments were evaluated using a Parstat 4000 electrochemical
workstation fitted with three-electrode cell configuration: platinum
plate electrode is the counter electrode and the Ag/AgCl electrode is
the reference electrode; the as-prepared sample was coated on indium
tin oxide substrate and used as the working electrode. For the
transient photocurrent measurement, the Na2SO3 solution (0.5 mol/
L) served as the electrolyte and the photocurrent−time curves were
measured at 0.2 V vs Ag/AgCl at ambient temperature under a
periodic visible light illumination (Xe lamp, 300 W, Perfectlight,
China). For the electrochemical impedance spectroscopy (EIS)
measurement, the working electrode was immersed in a 1 mmol/L

Figure 1. (a) XRD patterns, and (b) FT-IR, (c) high-resolution C 1s and N 1s XPS, and (e) ESR spectra of CN, CNT-8, CNT-12, and CNT-16.
(d) Calculated EDD diagrams of g-C3N4 (left) and N2c-deficient g-C3N4 (right).
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K3Fe(CN)6 and K4Fe(CN)6 solution and subjected to 5 mV voltage
amplitude in the frequency range of 0.1 Hz to 100 kHz.
In Situ DRIFTS for NO Adsorption−Oxidation. The DRIFTS

measurement was performed on a VERTEX 70 FT-IR spectrometer
(Bruker, Germany) fitted with a Harrick in situ diffuse reflectance cell
and a high-sensitivity mercury cadmium telluride detector. The as-
prepared sample was preheated in helium at 250 °C for 45 min to
remove surface adsorbates. After cooling to room temperature, the
background measurement was conducted. Then, a gas mixture (40%
NO and 60% O2) was fed into the reaction chamber with a total flow
of 50 mL/min. After 20 min, visible light was introduced into the
reaction chamber and removed after 30 min.

■ RESULTS AND DISCUSSION
Phase Structures, Chemical Components, and N-

Vacancy Analyses. The phase structures of CN, and the
CNT-8, CNT-12, and CNT-16 series of samples were
investigated by XRD. As shown in Figure 1a, the CN sample
exhibits two typical diffraction peaks at 13.2 and 27.3°; the
former is assigned to intralayer long-range-ordered tri-s-triazine
units (100), and the latter is assigned to periodic stacking
(002) of layers along the c-axis.13 The (100) peak gradually
decreases in intensity in moving to CNT-8 and CNT-12 and is
almost absent in the spectrum of CNT-16, which is suggestive
of the progressive loss of the periodic structure of the tri-s-
triazine framework. To further identify the structural defects in
the bulk phases of CNT-8, 12, and 16, these materials were
first subjected to elemental analysis. The N and C contents of
the precursors and prepared g-C3N4 are listed in Table S1, with
the calculated N/C atomic ratios summarized in Table S2. The
N/C atomic ratio was observed to decrease from 2.057 for
pristine precursor M to 1.537 for M-16, while the N/C atomic
ratios of the g-C3N4 samples were determined to be 1.521 for
CN, and 1.504, 1.489, and 1.427 for CNT-8, CNT-12, and
CNT-16, respectively. The decreasing N content is consistent
with the introduction of N-vacancies that destroy the ordered
in-plane structure, leading to the gradual disappearance of the
(100) peak. Compared to the CN sample, there were 1.1, 2.1,
and 6.2 atom % less nitrogen in CNT-8, CNT-12, and CNT-
16, respectively. In addition, compared to CN, the (002) peaks
of the as-prepared CNT samples gradually weakened and
broadened, which is suggestive of a reduced crystal size. In
Figure 1b, the FT-IR spectrum of CN exhibits typical bands at
810 cm−1 for the breathing mode of the heptazine ring system.
The broad 1200−1600 cm−1 regions correspond to the
stretching vibrations of the C6N7 units.47 The broad 3000−
3600 cm−1 regions (shaded in orange) correspond to the
stretching vibrations of N−H.48 The remaining CNT samples
exhibit distinctly enhanced peaks in the orange shaded regions,
which are suggestive of a gradual increase in the concentration
of N−H groups, which results in the loss of the in-plane
periodicity of the tri-s-triazine framework.
The surface elemental compositions and states of the as-

prepared samples were further investigated using XPS. Figure
1c reveals that CN exhibits three C 1s peaks around 284.6,
286.3, and 288.2 eV, which correspond to adventitious C−C,
C−NH/NH2, and N−CN bonds (Table S3).33,49,50 N 1s
peaks are observed around 398.5, 400.0, and 401.0 eV, which
are assigned to two-coordinated (N2c) and three-coordinated
(N3c) nitrogen atoms, and NHx groups (Table S3),
respectively.33,49,51 The N/C atomic ratios on the sample
surfaces were calculated and found to reveal a decreasing trend,
from 1.361 for CN, to 1.322 for CNT-8, 1.299 for CNT-12,
and 1.244 for CNT-16 (Table S2), consistent with a gradual

increase in the N-vacancy concentration. In addition, the N2c/
N3c peak-area ratio was observed to decrease, from 4.92 for CN
to 4.72, 4.46, and 4.37 for CNT-8, CNT-12, and CNT-16,
respectively (Table S2), indicating that N2c atoms are
preferentially lost. The preferential loss of N2c atoms over
N3c atoms is attributed to their unsaturated coordinations;
original charge balances no longer exist with N2c atoms
missing. To illustrate the charge redistribution, the EDDs of g-
C3N4 and N2c-deficient g-C3N4 were calculated by DFT, the
results of which are shown in Figure 1d. The N atom at the N2c
site obtains 0.39 electrons from its neighboring C atoms in
pure g-C3N4 (Figure 1d, left). After removal of the N2c atom,
the density of the electron cloud increased to 0.52 electrons
due to the lack of an electron acceptor (Figure 1d, right). The
oxygen concentrations of CN, CNT-8, CNT-12, and CNT-16
were analyzed, and the results are listed in Table S4. From the
results of Table S4 and high-resolution O 1s XPS (Figure S2),
the low concentrations of oxygens (2.13 atom % for CN, 0.97
atom % for CNT-8, 1.62 atom % for CNT-12, 1.14 atom % for
CNT-16) of all of the samples were from the surface-adsorbed
water.33

The relationship between unpaired electron variation and N-
vacancy concentration was further probed by ESR spectrosco-
py. As shown in Figure 1e, CN exhibits an insignificant single-
line ESR signal at a g-value near 2.0036, which suggests that
there are few localized unpaired electrons present in pristine
CN.21 However, increasing spin intensities were observed for
the CNT samples, consistent with a gradual increase in the N-
vacancy concentration in moving to CNT-8, CNT-12, and
CNT-16.

Morphologies and Formation Mechanism of Porous
g-C3N4 Microtubes. The morphologies of representative
samples were examined by SEM and TEM. As shown in Figure
2a−c, the SEM images of CNT-8, CNT-12, and CNT-16
exhibit similar open-ended tubular structures that are more
than 10 μm long and about 3 μm wide, which is distinctly
different from that of the CN obtained by calcining melamine
directly (Figure S3a). TEM further confirmed that hollow
tubular structures were successfully produced. The thickness of
the tube wall gradually decreased on moving to CNT-8 (Figure
S3b), CNT-12 (Figure 2d), and CNT-16 (Figure S3c). A
magnified image of the tube wall of CNT-12 (Figure 2e) shows
a large number of 20−50 nm nanopores embedded in the
lamellar tube wall. These porous structures are formed in the
tube walls in association with gases released during pyrolysis
condensation. These porous surfaces facilitate the diffusion of
reactants during heterogeneous reactions.41,52 The SEM and
TEM results demonstrate that the in situ soft-chemical method
is an effective approach for the construction of the porous
tubular structure of g-C3N4. The textural properties of these g-
C3N4 samples were further investigated by acquiring their
nitrogen adsorption−desorption isotherms and Barrett−Joy-
ner−Halenda pore size distributions. The specific surface areas
of CN, CNT-8, CNT-12, and CNT-16 were found to be 19.9,
28.2, 67.5, and 69.2 m2/g, respectively (Figure 2f). In addition,
the 2−4 nm pore size distribution of CN reflects the porosity
within its nanoscale sheets, while the distribution observed at
20−50 nm is attributed to layer-stacked pores. The CNT
samples clearly exhibit higher-intensity distribution peaks in
these regions due to the effects of layer exfoliation and pore
formation, respectively, as evidenced by TEM. Hence,
compared to CN, the increased specific surface areas of the
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CNT samples are attributable to the introduction of porous
tubular structures.
The morphological evolution of tubular g-C3N4, taking

CNT-12 as an example, is displayed through a time-resolved
hydrothermal experiment, as shown in Scheme 1. Simply, bulk
pristine melamine exhibits an irregular appearance (Figure S4a
and Scheme 1,I) and a monoclinic crystal structure (Figure
S4d,e).53 Melamine retains its bulk structure after hydro-
thermally reacting at 180 °C for 6 h, but its (102) crystal faces
are exposed for growth (Figure S4b,d and Scheme 1,II). At a
hydrothermal reaction time of 7 h, both bulk and rodlike
crystal structures coexist in M-7 (Figure S4c and Scheme
1,III). These new rodlike structures are M·CA supramolecular
structures (Figure S4d,g), suggesting that: (1) M was partly
converted into CA in situ and (2) the remaining M aggregated
with CA to form M·CA supramolecular structures through
hydrogen bonding (N−H···O and N−H···N, Scheme 1,III)
(changes in the surface functional groups were investigated by
FT-IR spectroscopy, as shown in Figure S5, with the
corresponding details available in the Supporting Informa-
tion).54 At 12 h, hexagonal prismlike rod structures dominate
the precursor (Scheme 1,IV). The hydrothermal reaction
facilitates rapid precursor recrystallization at the center of each
hexagonal rod, resulting in a higher density of defects than in
epitaxial growth regions.39 Hence, after calcining under N2,

pyrolysis-induced collapse occurs from the center of each
hexagonal rod in the direction of the tube wall, to form a
prismlike hollow tubular g-C3N4. Large amounts of NH3 are
released during pyrolysis condensation, which subsequently act
as bubble templates that result in abundant pores in the
lamellar tube wall (Scheme 1,V).

Evaluating Photocatalytic Activity and Identifying
Reactive Species. The photocatalytic degradation of NO
under visible light irradiation was examined in a continuous
reactor, the results of which are shown in Figure 3a. NO
adsorption equilibrium in the dark and reactivity in the
absence of a photocatalyst under visible light irradiation were
excluded through control experiments. The NO removal ratios
(η) over the tubular g-C3N4 samples are higher than that of
bulk g-C3N4. Among them, CNT-12 shows the highest value of
η (32.8%) when irradiated by visible light, which is 1.4, 1.2,
and 1.8 times higher than those of CNT-8 (23.7%), CNT-16
(26.9%), and CN (18.2%), respectively.
The Langmuir−Hinshelwood model was used to describe

the NO photodegradation rates because the initial photo-
catalytic degradation of NO approximately follows mass-
transfer-controlled pseudo-first-order kinetics.55−57 (The
Langmuir−Hinshelwood model is detailed in the Supporting
Information along with calculations of apparent rate constant,
k.) The apparent reaction rate constant k of CNT-12 (0.045
min−1) was determined to be 2.6, 1.2, and 2.1 times higher
than those of CN (0.017 min−1), CNT-8 (0.037 min−1), and
CNT-16 (0.021 min−1), respectively (Figure S6). NO2, as the
reaction intermediate, hinders NO degradation because it
occupies active sites. Hence, a byproduct of NO2 is monitored
online (Figure S7a), with selectivity subsequently calculated.
The results show that CNT-12 displays the lowest conversion
ratio of NO to NO2 among the materials examined, as shown
in Figure S7b. After a single run, the accumulated products on
the surfaces of the CN and CNT-12 samples were extracted
with deionized water and examined by ion chromatography
(IC), which revealed that the amounts of NO3

− and NO2
−

accumulated on the CN surface were 146.7251 and 30.1789
μg/g, respectively, while those accumulated on the CNT-12
surface were 237.6047 and 6.5573 μg/g, respectively. In
addition, to further examine photocatalytic stability and
durability, CNT-12 was subjected to five cycles of use; the
NO removal capability of this material exhibited excellent
reproducibility, as shown in Figure 3b.
Spin-trap ESR spectroscopy was performed to identify the

active radicals involved during NO removal over CNT-12. As
shown in Figure 3c,b, no ESR signals corresponding to •O2

−

and •OH were observed in the dark at the commencement of
irradiation. However, after 10 min of visible light irradiation,
signals for these two radicals were clearly observed. The
observation that the photogenerated holes of CNT-12 are
unable to directly oxidize H2O to active •OH species because
the EVB of CNT-12 (1.62 V, the band structures of all samples
were determined by UV−vis diffuse reflectance spectroscopy,
as detailed in the Supporting Information) is lower than
H2O/

•OH (2.37 V) indicates that a proportion of •O2
− is

transformed into •OH radicals via the •O2
− → H2O2 →

•OH
route.19 Consequently, signals corresponding to the
DMPO−•OH adduct are weaker than those of the
DMPO−•O2

− adduct. Furthermore, the observation that the
EVB of CNT-12 is higher than that of HNO3/NO (0.94 V)
implies that holes are able to remove NO by direct oxidation.58

The following hole scavenger test (detailed in the Supporting

Figure 2. SEM images of (a) CNT-8, (b) CNT-12, and (c) CNT-16.
(d) TEM image of CNT-12. (e) Enlarged TEM image of the tubular
wall of CNT-12. (f) N2 adsorption−desorption isotherms of CN,
CNT-8, CNT-12, and CNT-16 and the corresponding pore size
distribution curves.
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Information) was used to reveal its contribution during
photocatalytic NO removal processes.6 As shown in Figure
S8, the value of η of CNT-12 was reduced from 32.8 to 21.3%
after introducing KI, indicating that holes were also the active
species for NO removal. These results indicate that •O2

− and
h+ are the dominant active species during NO oxidation over
CNT-12 and that •OH radicals make minor contributions due
to limited pathways for their generation.
Photocatalytic Activity Enhancement Mechanism.

According to the ESR results, •O2
− radicals are crucial active

species involved in the removal of NO. The formation of •O2
−

involves two steps, namely, the adsorption of O2 onto the
surface of the material in the dark and the reduction of the
adsorbed O2 by photogenerated electrons upon irradiation
with light. To investigate the differences in the O2 adsorption
behavior of g-C3N4 and N2c-deficient g-C3N4 in detail, O2

adsorption energies and EDDs were calculated by DFT;
models of O2 adsorbed on g-C3N4 and N2c-deficient g-C3N4

following geometry optimization are shown in Figure 4a,b,
respectively. From the perspective of thermodynamics,

Scheme 1. Schematic Representation of the Morphological Evolution of CNT-12

Figure 3. (a) Visible light photocatalytic activities of CN, CNT-8, CNT-12, and CNT-16 toward NO removal in air. (b) Cycling of CNT-12 during
NO removal. (c) DMPO spin-trap ESR spectra of CNT-12 dispersed in (a) methanol for DMPO−•O2

− and (d) water for DMPO−•OH.
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molecular O2 is difficult to adsorb onto unbroken g-C3N4 due
to the positive ΔEads (0.48 eV). In contrast, it spontaneously
adsorbs at the N2c-deficient site because of the negative ΔEads
(−5.99 eV). This chemisorption is accompanied by electron
transfer between the absorbed O2 and the g-C3N4, with
electron coupling further promoting O2 activation. To identify

the degree of O2 activation in g-C3N4 and N-deficient g-C3N4,
the EDDs of the O2-adsorbed models were calculated, which
revealed that about 1.05 electrons are transferred from the N-
deficient g-C3N4 to the O2 (Figure 4d), but only 0.05 electrons
are transferred from g-C3N4 to O2 (Figure 4c). Furthermore,
molecular O2 eventually dissociates into two active O atoms at
the N-vacancy site (Figure 4b); these active O atoms are easier
to reduce to •O2

− than to molecular O2 by photogenerated
electrons. In addition, models of NO adsorbed on g-C3N4 and
N-deficient g-C3N4 are shown in Figure 4e,f, respectively, with
corresponding adsorption energies calculated. The calculations
reveal that molecular NO is difficult to adsorb onto unbroken
g-C3N4 (Figure 4e, ΔEads = 0.29 eV) but spontaneously
adsorbs at the N2c-deficient site (Figure 4f, ΔEads = −5.91 eV).
These results indicate that N-vacancies not only increase the
O2 and NO adsorption capacities, but also realize the
dissociative activation of molecular O2, which decreases the
barrier to the formation of •O2

− in subsequent photoreaction
processes.
To illustrate changes in the photoelectric separation

efficiency after N-vacancies are introduced into the tubular
structure, transient photocurrents and PL spectra were
recorded for pristine CN and CNT samples. Figure 5a reveals
that the photocurrents generated by the CNT samples are
generally higher than those of bulk CN, which suggests that the
CNT samples have superior photoinduced charge-separating
abilities owing to their hollow tubular structures with thinner
layers (Figure S9).59,60 In addition, the CNT samples possess
similar hollow tubular structures. The photocurrent was
observed to increase from an average value of 0.59 μA/cm2

for CNT-8 to an average value of 1.12 μA/cm2 for CNT-12
owing to the larger BET surface area of the latter, which
provides more surface N-vacancies.33,49 The photocurrent then
decreases to an average value of 0.90 μA/cm2 for CNT-16
owing to the excessive loss of ordered tri-s-triazine framework

Figure 4. Models of O2 adsorbed on: (a) g-C3N4 and (b) N-deficient
g-C3N4 after geometry optimization. The corresponding calculated
EDD diagrams of O2 absorbed on: (c) g-C3N4 and (d) N-deficient g-
C3N4. Models of NO adsorbed on: (e) g-C3N4 and (f) N-deficient g-
C3N4 after geometry optimization.

Figure 5. (a) Transient photocurrent responses of CN, CNT-8, CNT-12, and CNT-16. (b) Schematic diagram depicting the roles of N-vacancies
in the migration and separation behavior of photoinduced charges and holes pairs. (c) PL spectra and (d) Nyquist plots of CN, CNT-8, CNT-12,
and CNT-16.
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structures in CNT-16 and its very high concentration of bulk
N-defects.33,49 These results indicated that surface N-
vacancies, as hole traps, are beneficial for reducing photo-
induced charge-carrier recombination, leading to more charges
and holes that migrate to the catalyst surface and take part in
subsequent redox chemistry. However, N-vacancies in the bulk
can provide similar pathways, which restrict charges and holes
to the bulk and negatively affect the electrochemical response

and photocatalytic activity (Figure 5b). Furthermore, as shown
in Figure 5c, CNT-12 exhibits the lowest PL intensity and is
∼82% quenched relative to bulk CN, which further suggests
that the recombination of photogenerated charges is more
substantially suppressed in CNT-12 than in the other samples.
To further investigate the differences between the irregular

bulk morphology and the tubular structure toward charge-
transport capacity, these samples were subjected to EIS in the

Figure 6. (a) UV−vis absorption spectra of CN, CNT-8, CNT-12, and CNT-16, and the calculated electronic structure (inset) of N-deficient g-
C3N4. (b) Transformed Kubelka−Munk functions of light-absorbed CN, CNT-8, CNT-12, and CNT-16.

Figure 7. Time-dependent DRIFTS images for the adsorption of NO and O2, and their photocatalytic reactions on (a, c) CN and (b, d) CNT-12.
(e) Depicting the proposed reaction pathways for adsorption and the photocatalytic oxidation of NO over pristine (left) and N-deficient (right) g-
C3N4.
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dark. Figure 5d reveals that the radii of the arcs in the Nyquist
plots of the CNT samples are smaller than those of CN,
indicating that 1D tubular structures facilitate facile charge-
carrier transport in their longitudinal directions.40,61 Among
the tubular structures, CNT-12, with the smallest arc radius,
exhibited the highest charge-transfer efficiency, owing to its
suitable thin-wall construction and longitudinal structure;
however, the performance of CNT-16, with a similar thin-
wall structure, was unsatisfactory, which is ascribable to the
loss of intralayer long-range ordered tri-s-triazine units (as
evidenced by XRD; see Figure 1a). These above-mentioned
results demonstrate that suitable surface N-vacancies and 1D
tubular ordered structures are responsible for effective
electron−hole separation and transfer, leading to enhanced
photocatalytic activity.
Moreover, the optical absorbing abilities and band gaps of

the prepared g-C3N4 samples were examined by UV−vis
diffuse reflectance spectroscopy, the results of which are shown
in Figure 6a. Compared to bulk CN, clear blue shifts in the
intrinsic absorption edges, from 458 nm for CN to 451, 446,
and 447 nm for CNT-8, CNT-12, and CNT-16 were observed,
respectively, which are the result of increasingly thin layers that
reduce interlayer electron coupling.60 However, increased
absorption tails are observed in the visible light regions of
the spectra of the CNT samples that are due to N-defect
states.62 The electronic structures of g-C3N4 and N-deficient g-
C3N4 were calculated based on the atomic structure models
shown in Figure S1. Compared to the electronic structure of g-
C3N4 (Figure S10), a defect energy level is observed for N-
deficient g-C3N4, as illustrated in Figure 6a, which coincides
with the increasing absorption tail observed for the CNT
samples (Figure 6a). The band gaps were determined by the
Kubelka−Munk method to be 2.71, 2.75, 2.78, and 2.77 eV for
CN, CNT-8, CNT-12, and CNT-16, respectively (Figure 6b).
The valence band (VB) and conduction band (CB) potentials
of a semiconductor material can be determined using empirical
equations, the details of which are provided in the Supporting
Information; the positions of the VBs and CBs of the as-
prepared samples were calculated to be 1.59 and −1.13 V for
CN, 1.60 and −1.15 V for CNT-8, 1.62 and −1.16 V for CNT-
12, and 1.62 and −1.15 V for CNT-16, respectively. Hence, N-
vacancies simultaneously enhance the visible light-absorbing
ability of g-C3N4, while slightly enhancing its redox capabilities.
Adsorption Sites, and the Identification of Inter-

mediates and Photocatalytic Reaction Pathways. Based
on the aforementioned DFT results for O2 and NO adsorption,
N-vacancies are proposed to be the active sites that adsorption-
activate reactants. To further verify this hypothesis, the NO-
and O2-adsorption processes over CN and CNT-12 were
investigated by in situ DRIFTS, the results of which are
displayed in Figure 7a,b, respectively. A background spectrum
was recorded after pretreating each sample with high-purity
He; detailed descriptions of the NO- and O2-adsorption
processes over CN are provided in the Supporting
Information, which revealed that both NO and O2 adsorb at
the N−H bonds of CN to form NOH and OOH bonds,
respectively; NO− and surface peroxo species are formed as a
result of these activation processes. Compared to the
adsorption reactions of CN (Figure 7a), some clear differences
are observed when NO and O2 are adsorbed by CNT-12. First,
two new adsorption peaks were observed to gradually appear at
1350 and 1299 cm−1 in the spectra shown in Figure 7b; these
peaks are assigned to adsorbed nitro compounds (−NO2).

63,64

A DFT model of NO and O2 co-adsorbed on N-deficient g-
C3N4 was built and is displayed in Figure S11; this model
reveals that one of the active O atoms of O2 binds to the N
atom of NO to form the −NO2 group following geometry
optimization. In addition, a bidentate-state stretching band at
1024 cm−1 was observed.63,64 These results indicate that N-
vacancies can indeed absorb and activate NO and O2
molecules. In addition, the NO2 (3604−3740 cm−1), NO−

(1095 cm−1), N2O4 (920 cm−1), and surface peroxo (860 and
786 cm−1) peaks in the spectrum of the CNT-12 surface are
more obvious than those in the spectrum of the CN surface.
However, the intensity of the NOH peak (3561 cm−1) on the
CNT-12 surface is weaker than that on the CN surface. These
results indicate that NO and O2 are more rapidly absorbed at
N-vacancies through bidentate states than terminal N−H
bonds due to extra active electrons.
Once adsorption equilibrium is established, a visible light

source was applied to initiate photoreaction processes. Time-
dependent DRIFTS images for the photocatalytic oxidation of
NO over CN and CNT-12 are displayed in Figure 7c,d,
respectively, with detailed descriptions of the photoreactions
involving CN provided in the Supporting Information.
Compared to the characteristic peaks of CN during photo-
reaction processes, new absorption bands were observed at
1500−1600 (monodentate nitrate, ν(NO3)), 1226 (bidentate
nitrate, ν(NO3)), and 1192 (bidentate nitrite, ν(NO2))
cm−1.64 In addition, except for a slight decrease in the intensity
of the 3562 cm−1 peak, peaks corresponding to other types of
nitrates and peroxo species on the CNT-12 surface were more
intense than those on the CN surface. These results
demonstrate that the CNT-12 surface is more active than
the CN surface during both adsorption and photocatalytic
reaction phases. Notably, these new peaks almost disappear
when the light was switched off after 20 min, with the
adsorption equilibrium reestablished in both CN and CNT-12,
consistent with NO3

− dissociation.
Based on the aforementioned chain of evidence, we

conclude that different reaction pathways and reactive sites
are involved in the adsorption and photocatalytic oxidation of
NO over pristine and N-deficient g-C3N4, as depicted in Figure
7e. Simply, NO and O2 are absorbed at N−H bonds to form
NOH and OOH bonds on pristine g-C3N4 (Figure 7e, left
(I)), which are then activated to form NO− and surface peroxo
species (Figure 7e, left (II)) during adsorption. Upon
illumination, the peroxo species are reduced by photo-
generated electrons to form •O2

− (Figure 7e, left (III)) that,
together with photogenerated h+, oxidize absorbed-state
intermediates to afford the end product (NO3

−) (Figure 7e,
left (IV)). However, NO and O2 adsorption and photocatalysis
over N-deficient g-C3N4 proceed via a different pathway. NO
and O2 are more rapidly absorbed at N-vacancies (Figure 7e,
right (I)) through bidentate states, rather than at terminal N−
H bonds; these species are activated and form nitro
compounds (−NO2) (Figure 7e, right (II)) rather than
NOH or OOH bonds. Upon irradiation, the absorbed-state
intermediates are oxidized to NO3

− by •O2
− and h+ at N-

vacancies, as shown in Figure 7e, right (III).

■ CONCLUSIONS
In summary, in this study, we demonstrated a feasible method
for the preparation of N-deficient g-C3N4 with a porous tubular
micro-nanostructure that enhances O2 activation, photo-
induced charge-carrier separation, and oriented transfer. The
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optimal sample, CNT-12, exhibited a NO removal ratio under
visible light irradiation that was 1.8 times higher than that of
bulk g-C3N4. The spatial distribution of N-vacancies activates
and dissociates molecular O2 while also affecting electron-
separation behavior. The porous tubular architecture favors the
oriented transfer of charge carriers and the diffusion of
reactants. These factors contribute to the observed enhance-
ment in photocatalytic activity compared to the bulk material.
in situ DRIFTS revealed that NO and O2 participate in
adsorption/photoreactions at N-vacancies in N-deficient g-
C3N4 and at terminal N−H bonds in pristine g-C3N4. This
study has established a feasible strategy for modifying g-C3N4
through simultaneous N-vacancy incorporation and morphol-
ogy modulation, which improves photocatalytic activity toward
NOx degradation.
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