
Copolymerization with 2,4,6-Triaminopyrimidine for the Rolling-up
the Layer Structure, Tunable Electronic Properties, and
Photocatalysis of g‑C3N4

Wingkei Ho,*,†,⊥ Zizhong Zhang,*,†,‡ Wei Lin,§ Shuping Huang,∥ Xianwen Zhang,‡ Xuxu Wang,‡

and Yu Huang⊥

†Department of Science and Environmental Studies, The Hong Kong Institute of Education, Hong Kong, China
‡Research Institute Photocatalysis, State Key Laboratory of Photocatalysis on Energy and Environment, Fuzhou University, Fuzhou
350002, China
§Department of Chemistry & Biochemistry, University of California, San Diego, La Jolla, California 92093, United States
∥Department of Chemistry, University of South Dakota, Vermillion, South Dakota 57069, United States
⊥Key Lab of Aerosol Chemistry & Physics and State Key Lab of Loess and Quaternary Geology, Institute of Earth Environment,
Chinese Academy of Sciences, Xi’an 710075, China

*S Supporting Information

ABSTRACT: Copolymerization with 2,4,6-triaminopyrimi-
dine (TAP) is developed for precise substitution of one
nitrogen with carbon atom in the triazine ring of polymeric g-
C3N4. Direct incorporation of C4N2 ring from TAP into the
network retains the structural features of g-C3N4, but induces
the rolling-up of g-C3N4 sheets into tubular configuration. The
band gap energy is narrowed from 2.7 to 2.4 eV by a negative
shift of valence band of the g-C3N4 photocatalyst, which
enhances charge-carrier migration and separation, leading to
higher photocatalytic activity for NO gas pollutant removal. It
is attributed to the decrease of the π-deficiency and the
generation of imbalanced electron density in π-electron conjugated units of g-C3N4 by TAP incorporation. This work provides a
significant technique for precise control of heteroatom in the framework of g-C3N4 to finely adjust its intrinsic electronic
properties and its photocatalytic properties.
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1. INTRODUCTION

Artificially mimicking photosynthesis for efficient solar energy
conversion motivates the searches for powerful multifunctional
materials as photocatalysts working under visible light.
Graphitic carbon nitride (g-C3N4) has been receiving much
attention as a noble metal-free and visible-light-driven photo-
catalyst that has versatile properties and promising applications,
such as H2 evolution from water, degradation of organic dyes,
selective organic transformations to fine chemicals, and CO2
conversions.1−6 Nevertheless, the pristine g-C3N4 photocatalyst
suffers more severely from fast charge recombination and lack
of absorption above 460 nm,7 which inevitably restrict its
widespread applications. The resolution of these scientific
issues is dependent on the fine-tuning of intrinsic electronic
structures to narrow the band gap and reduce electron−hole
recombination rates to improve the photocatalytic performance
of g-C3N4.
Various approaches have been developed to manipulate the

electronic structure of g-C3N4. These approaches include
thermal condensation, heteroatom doping, copolymerization,

and semiconductor hybridization,8−14 among which heteroa-
tom doping is regarded as the most popular method for this
purpose because of the organic nature of g-C3N4, which allows
for plentiful organic schemes to engineer molecular structure.
Nonmetal elements, such as sulfur, carbon, phosphorus, boron,
fluorine, and iodine,15−20 have been introduced into g-C3N4

framework to successfully extend visible light absorption and
accelerate photogenerated electron−hole separation. However,
the effect of heteroatom doping on the photocatalytic
performance of g-C3N4 is frequently affected by the prepared
methods and the selected ligands. For example, boron-modified
g-C3N4 prepared from the 1-butyl-3-methylimidazolium tetra-
fluoroborate (BmimBF4) is virtually inactive for water
splitting,21 whereas boron-modified g-C3N4 prepared from
sodium tetraphenylboron (Ph4BNa) shows much higher
activity for H2 production than pure g-C3N4 catalyst.22 This

Received: January 5, 2015
Accepted: February 23, 2015
Published: February 23, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 5497 DOI: 10.1021/am509213x
ACS Appl. Mater. Interfaces 2015, 7, 5497−5505

www.acsami.org
http://dx.doi.org/10.1021/am509213x
http://pubs.acs.org/action/showImage?doi=10.1021/am509213x&iName=master.img-000.jpg&w=238&h=107


is because controlling heteroatoms in the particular site of the
network of g-C3N4 is difficult. Therefore, precise control of
heteroatom in the framework of g-C3N4 remains to be a
challenge, but it is very important for the fine-tuning of its
intrinsic electronic structures, and thus its photocatalytic
properties.
The perfect g-C3N4 is constructed from the repeating units of

N-bridged “poly(tri-s-triazine)” to form π-conjugated graphitic
plane. Although g-C3N4 has a similar layered structure with
graphite, the electrical conductivity of g-C3N4 is significantly
lower than that of graphene.23 This is attributed to a
symmetrical substitution of high-electronegativity nitrogen
atoms for carbon atoms in the carbon ring that leads to an
increase in the π-deficiency of the conjugated system, and thus
decrease the electron availability of g-C3N4 compared with
graphene. From this point of view, to enhance electrical
conductivity and subsequently suppress the recombination of
photogenerated charge carriers for g-C3N4, an ideal strategy is
to partially reversely substitute the nitrogen atom with low-
electronegativity atoms, such as carbon, to decrease π-
deficiency and extend the π-electron conjugated system to
narrow the band gap energy of g-C3N4 for harvesting visible
light. Although Dong et al. had synthesized carbon doped g-
C3N4 by copolymerization of the melamine pretreated with
absolute ethanol as the precursor, and suggests that the
replacement of bridging N among triazine units with doping
C,16 it is hard to control the content and the site of the carbon
to dope into the skeleton structure of triazine of g-C3N4.
In this study, 2,4,6-triaminopyrimidine replacement of

melamine was successfully copolymerized into the network of
g-C3N4 for precise substitution of nitrogen in the skeleton of
tri-s-triazine with carbon (Scheme 1). The introduction of
C4N2 ring from TAP molecular into the C3N4 structure
facilitated the decrease of the π-deficiency and the generation of
imbalanced electron density in π-electron conjugated units of g-
C3N4. The rolling-up of g-C3N4 sheet into the tubular
configuration after TAP incorporation was first observed.
Moreover, the resultant g-C3N4 displayed the tunable band gap
and efficient separation of photogenerated charge carriers,
which results in efficient photocatalytic activity for NO gas
pollutants removal. This design is a significant step toward the
fine-tuning of intrinsic electronic structures and photocatalytic
properties of polymeric g-C3N4. It provides a flexible choice for
controlling heteroatom doping in the specific site of the
network of g-C3N4.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. The modified g-C3N4 samples were

prepared through copolymerization of melamine (MA) and 2,4,6-
triaminopyrimidine (TAP). In a typical preparation steps, 10 g MA
and a certain amount of TAP were mixed uniformly in an agate mortar.
Then, the mixture was placed in a porcelain crucible with a cover and
heated at 5 °C min−1 up to 550 °C for 4 h. The resulting samples were
labeled as x TAP-CN (x denotes the TAP/MA molar ratio, x = 0.5, 1,
2, 3, and 10%, respectively).

2.2. Characterization. C, N, and H contents were measured using
an Elementar Vario EL analyzer. X-ray diffraction (XRD) measure-
ments were performed on a Bruker D8 Advance X-ray diffractometer
using Cu Kα1 radiation (λ= 1.5406 Å). BET measurements were
carried out using Micrometrics ASAP 2020 surface area/porosity
analyzer. UV−vis spectra were recorded through a Varian Cary 500
Scan UV−vis-NIR spectrophotometer using a BaSO4 standard. FTIR
spectra were obtained using a Nicolet Magna 670 FTIR spectrometer
that has a DTGS detector. EPR spectra were recorded using a Bruker
A−300−EPR X−band spectrometer at room temperature. XPS spectra
were obtained using a VG ESCALAB 250 XPS system that has a
monochromatized Al Ka X−ray source (15kV, 200 W, 500 um pass
energy =20 eV). All binding energies were referenced to the C 1s peak
at 284.6 eV of the surface adventitious carbon. Photocurrent
measurements were conducted in a BAS Epsilon Electrochemical
System with a conventional three-electrode cell using a Na2SO4 (0.2
mol L−1) electrolyte solution.

2.3. Photocatalytic Measurements. The photocatalytic activity
was measured by removing NO at 600 ppb levels using a continuous
flow reactor at ambient temperature. The volume of the rectangular
reactor, which was made of stainless steel and covered with quartz
glass window, was 4.5 L (30 cm × 15 cm × 10 cm). A 30 W visible
LED was vertically placed outside the reactor and was used as a light
source. Photocatalyst (0.1 g) was coated onto a dish with a diameter of
12.0 cm. The coated dish was then pretreated at 70 °C to remove
water in the suspension. The NO gas was acquired using a compressed
gas cylinder at an NO (N2 balance) concentration of 50 ppm. It was
diluted to about 600 ppb through a dynamic gas calibrator (Ecotech
GasCal 1000) that was combined with a zero air supply. The gas flow
rate through reactor was controlled at 1000 mL/min using a mass flow
controller. The lamp was turned on after obtaining the adsorption−
desorption equilibrium. The concentration of NO was continuously
measured using a NOx analyzer model T200 (Teledyne API). The
removal ratio (δ) of NO was calculated as δ(%) = (1 − C/C0) ×
100%, where C0 is the initial concentration of NO and C is the
concentration of NO after the photocatalytic reaction.

3. RESULTS
3.1. Synthesis and Structural Characterization. The

incorporation of TAP into the framework of g-C3N4 conjugated
system is depicted in Scheme 1. The TAP has a molecular
structure similar to MA; both of them possess a six-membered
aromatic heterocycle with 2,4,6-triamine. The only difference in

Scheme 1. Incorporation of TAP into the Network of g-C3N4
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the molecular structure was that MA has a 1,3,5-triazine
skeleton (C3N3), whereas the TAP molecular consists of
pyrimidine with two nitrogen atoms in the ring (C4N2). TAP
can easily substitute precursor MA and implant into the
network of g-C3N4 because of the high similarity between the
molecular structures of AM and TAP. Therefore, the molar
ratio of C to N was gradually increased with more TAP
incorporation through bulk element analysis, as shown in Table
1. For example, the C/N molar ratio was increased from 0.676

for pristine g-C3N4 to 0.714 for 10% TAP-CN. Moreover, the
H/C molar ratio was correspondingly increased by incorporat-
ing TAP. The increased extent of C/N molar ratio for the 10%
TAP-CN samples was calculated to be about 5.93% compared
with the pristine g-C3N4. This result is consistent with the
theoretical value of 5.98% for 10% TAP incorporation, which
indicates successful incorporation of TAP into the network of
g-C3N4. The additional characterizations below by IR and XPS
also confirmed the successful incorporation.
The characteristic structure of heptazine units was analyzed

through FTIR spectra to investigate the effect of TAP
incorporation on the heptazine units of g-C3N4, as shown in
Figure 1. The multiple bands of the pristine g-C3N4 between

1200−1600 cm−1 corresponded to the characteristic absorb-
ance of the typical aromatic CN heterocycles. The absorption
peaks at 1636 and 1540 cm−1 were due to CN bonds,
whereas the peaks at 1317 and 1238 cm−1 were attributed to
single C−N bonds.24 When copolymerized with TAP, the
characteristic absorbance for the graphitic CN heterocycles

remained almost unchanged. This suggested that the TAP
incorporation did not severely alter either the bulk structure or
the core chemical skeleton of g-C3N4. However, the intensity
was weakened by the increase of TAP. Moreover, the IR peak at
1238 cm−1 shifted to higher frequencies when TAP content
increased. The shifts indicated that the enhanced strength of
C−N covalent bonds resulted in higher frequencies. These
findings were due to the electronegativity of the carbon that
was lower than that of nitrogen, which resulted in the
enhancement of the adjacent C−N covalent bonds in heptazine
units. Thus, TAP monomers were successfully substituted for
melamine and copolymerized into the framework of heptazine
units.
Figure 2 shows the XPS spectra to determine the effect of

TAP incorporation on the chemical skeleton of g-C3N4. The
modified g-C3N4 displays that the C 1s and N 1s XPS peak
shapes were almost similar to that of the parent g-C3N4
samples. However, the binding energy for the C 1s XPS at
287.9 eV ascribed to C-(N)3 bonding shifted slightly to lower
energy, and the peak at 286.1 eV corresponded to C−N
reversely shift to higher energy when TAP incorporation
increased.25 The C/N molar ratios were calculated from XPS
spectra, as shown in Table 2. The C/N ratios gradually
increased as TAP increased, which is consistent with the result
of the incorporation of TAP into g-C3N4.
The main N 1s XPS of the parent g-C3N4 can be fitted into

three peaks at 398.5, 399.8, and 400.9 eV. These three peaks
corresponded to N bonded to carbon atoms (CN−C) of
triazine rings (denoted as N1), the tertiary N in the form of N
− (C)3 (denoted as N2, as shown in Figure 2 inset), and amino
functional groups (C−N−H),26,27 respectively. Upon incorpo-
ration with TAP, The binding energy for the N 1s XPS peaks
did not obviously change. However, the N1/N2 molar ratios
decreased when TAP content increased (Table 2), which is
consistent with the result of the substitution of partial N1
atoms by carbon atom in the framework of g-C3N4 when MA
was substituted by TAP. Therefore, TAP monomers were
successfully substituted for melamine and incorporated into the
framework of heptazine units.
The crystal structure of the TAP-incorporated g-C3N4 was

investigated through XRD pattern, as shown in Figure 3. All
samples revealed typical graphitic layered structures without an
impurity phase. However, the X-ray diffraction peak was
obviously decreased and broadened upon TAP incorporation,
compared with that of the pristine g-C3N4. Therefore, the
graphitic structure was disturbed by TAP incorporation.
Furthermore, the main peak at 27.75° for the pristine g-C3N4
displayed a slight shift to lower angles with TAP incorporation
(Figure 3B), indicating an increase in the interplanar distance of
graphitic layered structure. The 2-theta angle continuously
decreased from 27.75 to 27.53° because of the gradual increase
of TAP content from 0.5 to 3%, which corresponded to the
increase of the interplanar distance from 0.321 nm for the
pristine g-C3N4 to 0.324 nm among the 3% TAP-CN samples.
The increase in the interplanar distance facilitated the reactant
molecule’s approach to the interplanar space to improve the
photocatalytic reaction. However, the 2θ angle increased when
the TAP content was further increased to 5 and 10%.
Therefore, the incorporation of 3% TAP in g-C3N4 caused
the maximum interplanar distance of the graphitic layered
structure. Evidently, TAP incorporation has a significant
influence on the planar structure of g-C3N4, and may improve
the semiconductive properties of g-C3N4. The N2 absorption−

Table 1. Bulk C, N, and H Contents, BET Specific Surface
Area, and Band Gap Energy (Eg) of the g-C3N4 Samples

samples N (%) C (%) H (%) C/N H/C
BET
(m2/g)

Eg
(eV)

g-C3N4 60.68 35.05 1.567 0.674 0.536 39.1 2.69
0.5%
TAP

60.08 34.87 1.658 0.677 0.571 37.5 2.63

1%TAP 59.46 34.57 1.731 0.678 0.601 37.2 2.59
2%TAP 59.20 34.59 1.782 0.682 0.618 29.4 2.54
3%TAP 58.65 34.55 1.842 0.687 0.640 26.5 2.50
10%
TAP

56.98 34.89 1.963 0.714 0.675 25.8 2.39

Figure 1. FTIR spectra of the pristine and modified g-C3N4 samples.
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desorption isotherms of the samples were measured and the
specific surface area was calculated, as shown in Table 1. The
BET surface area was gradually decreased when the TAP
incorporation was increased because of the improvement of
degree of thermal condensation of g-C3N4 after TAP
incorporation.
The microstructure of the as-prepared samples was

investigated by TEM, as shown in Figure 4 and Figure S1 in
the Supporting Information. A typical thick and sheetlike
structure was clearly observed in the pristine g-C3N4 (Figure

4a). Interestingly, the g-C3N4 layer self-organized into nano-
tubes with a wrinkled appearance when the TAP was
incorporated. The configuration of tubular structure is
depended on the TAP contents. For 0.5% TAP, the layer was
partially rolled up into the half-round nanotube (Figure 4b).
When the TAP content was increased to 1%, the layers was
assembled into the intact nanotube with diameters of
approximately 1 μm (Figure 4c). Further increasing incorpo-
ration to 2% or more TAP, the nanotube configuration was
begun to be collapsed (Figure 4d and Figure S1 in the
Supporting Information). The SEM images (Figure S2 in the
Supporting Information) of 1% TAP-CN also confirm the tube
morphology of g-C3N4 after TAP incorporation. It is worth to
note that TAP incorporation induces the rolling-up of g-C3N4
sheets to form nanotubes. Since the aromaticity of pyrimidine
ring of TAP molecular was comparatively higher than that for s-
triazine of MA, the TAP substitution of precursor MA
integrated into the network of g-C3N4 resulting in higher
electronic density of the modified C6N8 units in comparison
with that of the pristine g-C3N4. The imbalance of electron
density in the modified C6N8 units may contribute to the
rolling-up of g-C3N4 sheets and subsequent formation of the
nanotube configuration.

3.2. Optical and Electronic Properties. Figure 5 shows
the UV−vis absorption spectra of g-C3N4 functionalized with
various contents of TAP. The parent g-C3N4 showed a band
edge absorption at ca. 461 nm with a broad absorption shoulder
extending into 600 nm, which was consistent with the results
reported in the previous literature on g-C3N4 samples that were
prepared through thermal condensation in air.28 A red shift of
the band edge absorption and an increase of more than 460 nm
in the absorption shoulder occurred along with TAP
incorporation. The extent of the red shift of the band edge
absorption was gradually increased when the amount of TAP
incorporation was increased. Thus, the electronic structure of g-
C3N4 was remarkably modified by the incorporation of TAP.
The band gap energy (Eg) of g-C3N4 samples was calculated
through the equation Eg = hc/λ, where λ is the wavelength
(nm) obtained from the tangent drawn from the absorbance
curve. The calculated band gap energy is shown in Table 1. Eg

Figure 2. XPS of the pristine and modified g-C3N4 samples.

Table 2. Estimated C/N Ratios and Different N Species
Ratios for the Modified g-C3N4 Samples

samples g-C3N4 0.5%TAP 1%TAP 3%TAP 10%TAP

C/N 0.749 0.752 0.765 0.788 0.811
N1/N2a 5.58 5.51 5.34 5.23 5.04

aN1 and N2 corresponding to N species at 398.5 and 399.8 eV of N 1s
XPS spectra, respectively.

Figure 3. (A) XRD patterns of the TAP-incorporated g-C3N4 samples;
(B) enlarged view of main peak at around 27.75°.
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was remarkably decreased from 2.69 eV for the pristine g-C3N4
to 2.59 eV for the 1% TAP to 2.39 eV for the 10% TAP
incorporation. The Eg narrowing arose from the introduction of
TAP into the network to decrease the π-deficiency and
efficiently extend the conjugated π-electron system.
The total and partial density of states (DOS) of the pristine

and modified g-C3N4 were carried out via Heyd-Scuseria-
Ernzerhof (HSE06) functional with Hartree−Fock exchange
mixing parameter a = 0.175 (Figure 6 and Supporting
Information).29 The calculated band gap for the pristine g-
C3N4 was 2.7 eV, where HOMO was predominantly derived
from nitrogen 2p orbital (mainly 2Pz), whereas LUMO
consisted mainly of carbon 2p orbitals (2Py), which was
consistent with the corresponding literature data.1 The
incorporation of TAP for the precise substitution of nitrogen
with carbon atom in the triazine ring resulted in the narrowing

of band gap by a negative shift of HOMO level, whereas
LUMO still retained. For example, 6% TAP incorporation in
the model evidently caused the negative shift of HOMO with
0.2 eV, decreasing the band gap to 2.5 eV (Figure 6b), which
matched well with the observed values from the UV−vis
absorption spectra. Doping of carbon from TAP broke the
balance of the electron density on the corresponding triazine
rings. Subsequently, the HOMO of 6% TAP-CN monolayer
was dominated with 2Py orbitals of the substituted carbon and
the nitrogen (N2) 2P orbitals to decrease π-deficiency of g-
C3N4 system (see Figure 6b). The imbalanced π−conjugated
electrons then induced the negatively shift of the HOMO. With
the increasing proportion of TAP, the contributions of
substituted carbon would decrease the balances of the π−
conjugated electrons on the triazine rings, and accordingly
reduced the band gaps on the large doping compounds as
observed in the UV−vis absorption spectra. Since the TAP
incorporation kept the position of the LUMO level unchanged,
the potential of the conduction band electron of g-C3N4 was
sufficient to reduce oxygen to produce active oxygen species for
the oxidation reaction. Hence, these calculations indicated that
TAP incorporation narrow the band gap energy of g-C3N4 for
more visible-light harvesting and might enhance photocatalytic
oxidation of NO.

3.3. Photocatalytic Activity. Gas-phase photocatalytic
oxidation of NO through a continuous flow model was used to
evaluate the effect of TAP incorporation on the photocatalytic
behavior of catalyst samples under visible light LED irradiation.
The dependence of the concentration of NO as a function of
reaction time is shown in Figure 7A. The amount of NO rapidly
decreased from 605 to 362 ppb over the pristine g-C3N4
samples under visible light LED irradiation. NO concentration

Figure 4. TEM images for (a) g-C3N4, (b) 0.5%TAP-CN, (c) 1%TAP-CN, and (d) 2%TAP-CN.

Figure 5. UV−visible light absorption spectra of the pristine and
modified g-C3N4 samples.
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was further diminished to 245 ppb when 1% of TAP was
incorporated in the reaction system. NO3

− ion products of NO
oxidation accumulated on the 1% TAP-CN catalyst surface
were observed by XPS (Figure S3 in the Supporting
Information). NO degradation over the TAP polymer as a
controlled experiment was also carried out. No activity was
observed on the TAP polymer. Therefore, TAP incorporation
can efficiently improve the photocatalytic properties of g-C3N4.
The dependence of NO removal on the content of TAP
incorporation was investigated in detail and shown in Figure
7B. NO removal significantly increased from 40 to 59.4% when
TAP was increased from 0 to 1%. NO removal nearly reached a
constant when the content of TAP was increased from 1 to 3%.
However, NO removal exhibited an abrupt decline when the
content of TAP was increased to 5 or 10%. The most optimum
TAP contents seem to be in the range of 1 to 3%. The stability
of the functionalized catalysts for NO removal was also

investigated. Figure 8 shows the prolonged-run experiments for
NO removal over the optimized 1% TAP-CN catalyst.
Interestingly, 1% TAP-CN can maintain efficient and durable
visible light photocatalytic activities after six cycles of repeated
runs with no obvious deactivation. The stability of the 1% TAP-
CN catalyst was further confirmed by FT-IR spectra after the
prolonged runs (Figure S4 in the Supporting Information).
Thus, the TAP-CN photocatalyst is both stable and efficient,
which is important for practical applications.
The photocatalytic activity of the modified g-C3N4 was

significantly improved compared with that of the pristine g-
C3N4. However, the TAP incorporation retained the structural
features and induced decrease in the BET surface area of g-
C3N4. The results closely depended on the fundamental
properties of charge-carrier migration and separation in the
TAP-incorporated g-C3N4. Photoluminescence spectra (PL)
were employed to determine the separation/recombination of

Figure 6. Calculated total and partial density of states (DOS) of the (a) pristine g-C3N4 and (b) 6% TAP-CN; (c) unit cell of 6% TAP-CN g-C3N4
monolayer in calculations.
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photogenerated charge-carriers. The PL spectra of the samples
are shown in Figure 9. The pristine g-C3N4 sample exhibited a

strong and wide luminescence peak centered at about 475 nm,
which can be attributed to the band−band PL phenomenon
with the energy of light that was approximately equal to the
band gap energy of carbon nitride,30 besides a shoulder peak at
shorter wavelength due to some amorphous and low degree of
thermal condensation of g-C3N4.

31 Obviously, the PL intensity
tremendously decreased upon TAP incorporation. PL quench-
ing indicated low recombination rate of the photoinduced
charge carriers, which mainly benefited from the decrease of the
π-deficiency in the conjugated system by TAP incorporation

and the improved mobility of the free-charge carriers. The low
recombination rate of charge carriers has been proposed to
facilitate heterogeneous photocatalysis. Moreover, the emission
peak in PL for the modified g-C3N4 samples gradually shifted
toward longer wavelength with the continuing increase of TAP
content, which is consistent with the narrowing of the band gap
energy with TAP incorporation. To confirm the improvement
of charge-carrier migration and separation by TAP incorpo-
ration, we measured the transient photocurrent of the modified
g-C3N4 (Figure S5 in the Supporting Information). TAP
incorporation enhanced the transient photocurrent in compar-
ison with the pristine g-C3N4. 1% TAP-CN samples produced
the highest photocurrent. The order of the photocurrent of the
various TAP incorporation samples was quite in parallel with
their photocatalytic activity results reported above.
The sensitive EPR technique was used to investigate the

trapped electrons in samples with or without visible light
illumination to further determine the influence of TAP
incorporation on the photogenerated carriers and the intrinsic
electronic structure for g-C3N4. Figure 10 shows the X-band
EPR spectra of the samples. TAP incorporation increased the
EPR spectra of g-C3N4 in the dark. A single-line EPR spectrum
near g = 2.0031 was caused by the generated conduction
electrons in the localized π states of g-C3N4.

32,33 The existence
of these conduction electrons is beneficial to the photocatalytic
reactions. The EPR intensities were enhanced when g-C3N4

Figure 7. (A) Time-online data of NO removal over the pristine and TAP modified g-C3N4 samples; (B) dependence of TAP content on the
photocatalytic activity for NO removal.

Figure 8. Stability of 1% TAP-CN catalysts for NO removal.

Figure 9. PL spectra of the pristine and modified g-C3N4 samples.

Figure 10. EPR spectra of g-C3N4 and 1%TAP-CN samples in the
dark or under visible light (λ ≥ 420 nm).
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and 1%TAP-CN samples were irradiated with visible light.
However, the enhanced extent of EPR signal for 1%TAP-CN
samples was much more prominent than that for the pristine g-
C3N4. Therefore, TAP incorporation facilitates the production
and separation of photogenerated charge carriers in g-C3N4
with visible light illumination, which may cause higher
photocatalytic activity with the incorporation of TAP.

4. CONCLUSIONS
Precise replacement of nitrogen in triazine ring of polymeric g-
C3N4 with carbon atom was successfully achieved through
copolymerization with TAP. The g-C3N4 photocatalyst showed
significant enhancement in activity compared with that of the
pristine g-C3N4. The integration of C4N2 ring from TAP
molecular into the network of g-C3N4 not only results in the
rolling-up of sheet structure to form nanotube configuration,
but also effectively tunes its intrinsic electronic properties by
narrowing the band gap energy, hence enhancing the charge-
carrier migration and separation. In summary, this study
developed a valuable technique for controlling heteroatom
doping in the specific site of the network of polymeric g-C3N4
to improve the intrinsic electronic structures and photocatalytic
properties.
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