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Abstract: The triazine-based carbon nitride known as polytriazine imide (PTI) is a metal-free semiconductor photocatalyst but 
usually shows moderate activity due to its limited charge transfer mobility. Here, carbon self-doped PTI (C-PTI) was prepared via 
a facile and green method by using glucose as the carbon source. In the condensation process, glucose can promote nanotube 
formation, giving the product larger surface areas. Moreover, carbon self-doping induces an intrinsic change in the electronic 
structure, thus optimizing the band structure and the electronic transport property. Therefore, the as-synthesized C-PTI exhibits 
remarkably enhanced photocatalytic activities for both hydrogen evolution and tetracycline degradation reactions. 
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1  Introduction 
 
Photocatalysis has been recognized as a prom-

ising strategy to address the global energy shortage 
and environmental problems; using solar energy can 
produce clean fuel hydrogen and decompose pollu-
tants (Ong et al., 2016; Huang et al., 2019; Deng et al., 
2020). To date, a variety of metal-based oxides, sul-
fides, and nitrides have been widely studied as pho-
tocatalysts to absorb sunlight and generate electron- 
hole pairs to induce redox reactions (Stolarczyk et al., 

2018; Gusain et al., 2019). However, these materials 
generally have some limitations such as poor visible- 
light response and/or photocorrosion (Ma et al., 2016; 
Zhong et al., 2016; Yu et al., 2018; Liu et al., 2019).  

In the exploration of efficient and stable 
photocatalysts, a polymeric semiconductor known as 
carbon nitride (CN), with excellent chemical stability 
and suitable band structure, has exhibited outstanding 
performance in the field of solar energy utilization 
(Wang XC et al., 2009; Liu et al., 2015; Zhao et al., 
2015; Wang XL et al., 2018). The CN synthesized by 
traditional thermal condensation of nitrogen-rich 
precursors is known as a N-bridged “poly(tri-s- 
triazine)” (Wang et al., 2012). Due to the layered 
structure similar to graphene, it is usually called 
graphitic carbon nitride (g-C3N4). In recent years, 
molten salt methods have been developed for the 
synthesis of CNs. Previous studies indicate that the 
use of salt melts causes CN building blocks to convert 
from tri-s-triazine to s-triazine (Wirnhier et al., 2011; 
Schwinghammer et al., 2013; Heymann et al., 2018; 
Jia et al., 2018). The as-prepared CN is often named 
polytriazine imide (PTI). 
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Compared to traditional condensation, the mol-
ten salt method has advantages in controlling product 
morphology, thus often resulting in a larger surface 
area and shorter photocarrier migration distance. 
However, pristine PTI still exhibits moderate photo-
catalytic activity (Ham et al., 2013; Zhang H et al., 
2016). A major reason might be that its reduced 
conjugation structure leads to limited charge transfer 
mobility (Lin et al., 2016). To address the problem, it 
is imperative to modulate the electronic structure and 
charge transport properties. 

It is well known that the self-doping method can 
tune the surface properties and electronic structure of 
a semiconductor photocatalyst without introducing 
foreign impurities as recombination centers (Zuo et 
al., 2010; Fang et al., 2015; Wei et al., 2018). In 
particular, carbon self-doping can increase electrical 
conductivity and thus accelerate charge transfer 
(Dong et al., 2012). In this study, we developed a 
facile method to prepare carbon self-doped PTI 
(C-PTI) by thermal polymerization of melamine and 
glucose in LiCl/KCl salt melts. During the synthesis, 
no toxic precursors or organic solvents were used. 
Our study demonstrated that the incorporation of the 
carbon source, glucose, can promote nanotube for-
mation during condensation, thus giving the product 
larger surface areas. Moreover, carbon self-doping 
induces an intrinsic change in the electronic structure, 
thus optimizing the band structure and the electronic 
transport property. Therefore, the as-synthesized 
C-PTI exhibits enhanced photocatalytic activities for 
both reduction and oxidation reactions with respect to 
those of pure PTI.  
 
 

2  Experimental  

2.1  Synthesis procedure 

For the synthesis of C-PTI, a thoroughly 
grounded mixture of melamine (1.00 g), glucose 
(0.004 g), LiCl (4.50 g), and KCl (5.50 g) was heated 
in a muffle furnace at 550 °C for 4 h. The heating rate 
was 2.1 °C/min. After cooling to room temperature, 
the obtained mixture was dispersed in water and 
stirred at 90 °C for 0.5 h. Then the gray solid was 
collected by filtration, washed with water, and dried 
at 60 °C. The light yellow pure PTI was prepared 
following the above procedure without the use of 
glucose. 

g-C3N4 was synthesized by thermal condensa-
tion of melamine: 2.00-g melamine was heated in a 
muffle furnace at 550 °C for 4 h. The obtained  
solid was thoroughly grounded and collected as the 
product. 

2.2  Hydrogen evolution experiments 

Photocatalytic hydrogen production experiments 
were performed in a sealed top-irradiation reaction 
vessel. Typically, a 50-mg sample was dispersed in a 
mixture of 90-mL deionized water and 10-mL tri-
ethanolamine (TEOA). After addition of 3% (in 
weight) H2PtCl6 (based on Pt), the system was de-
gassed and then irradiated under a 300-W Xe lamp 
with a 420-nm cut-off filter. During the reaction, the 
suspension was stirred at 20 °C, controlled by cycle 
water. The gas product was analyzed by on-line gas 
chromatography, using argon as the carrier gas. 

2.3  Tetracycline degradation experiments 

Photocatalytic tetracycline degradation experi-
ments were carried out in a top-irradiation reaction 
vessel and the reaction temperature was 20 °C, con-
trolled by cycle water. A 300-W Xe lamp with a 
420-nm cut-off filter was used as the light source. In a 
typical procedure, a 50-mg sample was dispersed in 
100 mL of 30-mg/L tetracycline aqueous solution and 
was stirred in the dark for 40 min prior to irradiation. 
During the reaction, 4 mL of the suspension fluid was 
collected from the reaction vessel every 20 min and 
filtered through a 0.45-μm filter to remove the pho-
tocatalysts. The resulting solution was analyzed by a 
UV1800PC spectrophotometer (USA) at a wave-
length of 358 nm. The active species trapping ex-
periments were conducted by adding a corresponding 
scavenger (1.0 mmol) or by removal of O2: isopro-
panol (IPA) and disodium ethylenediaminetetraace-
tate (EDTA-2Na) were selected as the scavengers 
of ·OH and h+, respectively. For the elimination 
of ·O2

−, the reaction system was evacuated and then 
filled with N2 several times to completely remove O2. 

 
 

3  Results and discussion 
 

Carbon doping levels could be controlled by 
tuning the amount of glucose added, as described in 
the electronic supplementary materials (ESM). We 
took the optimized C-PTI sample as an example to 



Zhang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2021 22(9):751-759 
 

753

demonstrate that carbon self-doping gave rise to cer-
tain changes in the morphological properties, band 
structures, charge transport properties, and photo-
catalytic activities. 

The structures of the as-prepared samples were 
confirmed by X-ray diffraction (XRD) (PW3040/60P 
analytical X’Pert PRO diffractometer, the Nether-
lands) and Fourier transform infrared (FT-IR) 
(Thermo Nicolet iS10 spectrometer, USA). As 
shown in Fig. 1a, the XRD pattern of PTI was con-
sistent with previous studies (Wirnhier et al., 2011; 
Zhang YL et al., 2016). The strongest peak at 26.6° 
corresponded to the (002) plane of PTI. We ascribed 
this peak to the stacking of conjugated aromatic 
rings, with an interlayer distance of 0.335 nm. The 
C-PTI sample exhibited similar diffraction peaks to 
those of PTI. Somewhat differently, as displayed in 
Fig. 1b, the (002) peak of C-PTI shifted to 26.4°, with 
an increased distance of 0.337 nm. This crystal dis-
tortion might have arisen from carbon doping in PTI. 
Fig. S4 in ESM presents the FT-IR spectra of PTI and  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C-PTI. Both spectra contained characteristic peaks 
assigned to vibrational modes in PTI. In detail, sev-
eral strong bands at 1200–1650 cm−1 were attributa-
ble to the stretching modes of C-N and C=N in the 
triazine rings. The sharp peaks at 806 cm−1 originated 
from the out-of-plane bending vibrations of triazine 
units (Schwinghammer et al., 2013). We attributed the 
broad bands at 3000−3500 cm−1 to N-H stretching 
(Bojdys et al., 2008; Suter et al., 2019). 

The high-resolution X-ray photoelectron spec-
troscopy (XPS) (VG Multilab 2000 X-ray photoe-
lectron spectrometer, USA) spectra of C 1s for PTI 
and C-PTI in Fig. 2a could be deconvoluted into three 
peaks at 284.7, 285.9, and 288.2 eV. The peak at 
284.7 eV is regarded as adventitious carbon (espe-
cially graphitic C=C and grease), while the peaks at 
285.9 and 288.2 eV are assigned to the sp2 C bonded 
to N in the triazine ring (Schwinghammer et al., 
2014). Interestingly, the percentage of the peak at 
284.7 eV increased from 31.5% to 33.6% for C-PTI 
compared to PTI, which may be caused by carbon 
doping in the C-PTI sample. Fig. 2b is the spectra of 
N 1s for the two samples. Two major peaks were 
identified at 398.7 and 400.3 eV, which can be as-
cribed to the N atoms in triazine units and the 
bridging N atoms in NH groups, respectively 
(Schwinghammer et al., 2014; Zhang et al., 2019). 
Also, the decreased percentage of the peak at 
400.3 eV for C-PTI (23.9%) with respect to PTI 
(24.3%) suggests the probable replacement of 
bridging N with C due to carbon self-doping. 

The morphological properties of the synthesized 
samples were investigated by scanning electron mi-
croscopy (SEM) and transmission electron micros-
copy (TEM). SEM and TEM images were collected 
on a Hitachi S-3400N microscopy and an JEM-2100 
instrument (Japan), respectively. As shown in 
Figs. 3a and 3c, PTI presents a typical cracked 
nanotube structure. When the carbon source glucose 
was introduced into the precursor, the obvious hol-
low nanotubes formed in C-PTI, as shown in Figs. 3b 
and 3d. The change in morphology may be due to the 
hydrogen bonds between glucose and melamine; 
these bonds enhance the toughness of PTI to suppress 
the destruction of bubbles induced by released gases 
during the pyrolysis process (Wang Y et al., 2018). 
Moreover, the morphology change results in a larger 
special surface area for C-PTI than that of PTI (about 

10 20 30 40 50

(a)

(002)

PTI

C-PTI

In
te

n
si

ty
 (

a
.u

.)

2θ (°)

25 26 27 28 29

26.6°

(b)

PTI

C-PTI

In
te

n
si

ty
 (

a.
u

.)

26.4°

2θ (°)

Fig. 1  XRD patterns of PTI (a) and C-PTI (b) 
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174 m2/g vs. 157 m2/g), as determined from the N2 
adsorption-desorption isotherm (Fig. S6). Therefore, 
C-PTI can provide more reaction sites and would be 
more active in photocatalytic reactions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The photocatalytic performance of a semicon-
ductor is closely related to its band-gap position. To 
identify the band structures of the prepared samples, 
the UV-vis diffuse reflection spectra (DRS), 
Mott-Schottky plots, and valence band (VB) XPS 
spectra were measured. Fig. 4a shows the UV-vis 
DRS of PTI and C-PTI. The absorption edges were 
around 450 nm, and there were extended visible-light 
absorptions over 450−800 nm for both of them, 
which enabled the possible utilization of visible light. 
The band gaps (E) could be estimated by the corre-
sponding Tauc plots. As illuminated in the insert, the 
band gap of C-PTI was 3.05 eV, slightly wider than 
that of pristine PTI (2.96 eV). Meanwhile, the 
Mott-Schottky plots in Fig. 4b indicate that the 
conduction bands (CBs) of PTI and C-PTI were de-
termined to be −0.57 V and −0.60 V (vs. normal 
hydrogen electrode (NHE), pH=7), respectively. 
Furthermore, as observed from Fig. 4c, C-PTI dis-
played a VB shift of 0.07 V, in line with the calcu-
lated results obtained from the band gaps and CBs. 
Based on the above results, the band structures of the 
two samples can be resolved in Fig. 4d, which clearly 
demonstrates that both of the samples can thermo-
dynamically enable photocatalytic H2 evolution 
and ·O2

− production reactions. More importantly, the 
more negative CB and positive VB of C-PTI com-
pared to those of PTI result in higher redox abilities. 
As a consequence, C-PTI could be more favorable 
for photocatalytic redox reactions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3  SEM images of PTI (a) and C-PTI (b); TEM im-

ages of PTI (c) and C-PTI (d) 

(a) (b)

(c) (d)

Fig. 2  High-resolution XPS spectra of C 1s (a) and N 1s 
(b) for PTI and C-PTI 

Fig. 4  UV-vis DRS and the corresponding Tauc plots 
(insert) (a), Mott-Schottky plots (b), VB XPS spectra (c), 
and band structure alignments of PTI and C-PTI (d) 
h is Planck’s constant, ν is the frequency of the incident light, 
and Ca is the capacitance 
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The photogenerated charge carrier transfer also 
plays a crucial role in photocatalytic reactions. To 
study the charge-transfer resistances of the resulting 
samples, we measured electrochemical impedance 
spectra (EIS); the results are displayed in Fig. 5. The 
Nyquist plot diameter of C-PTI was smaller than that 
of PTI, indicating an increased electrical conductiv-
ity of C-PTI caused by carbon self-doping. Benefit-
ting from the increased charge mobility, C-PTI could 
more efficiently restrain the photogenerated  
electron-hole recombination. This can be verified by 
the enhanced photocurrent density in Fig. 5b and 
reduced fluorescence intensity in Fig. S7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The photocatalytic performance of the as- 
synthesized samples was first investigated by hy-
drogen production reactions under visible light irra-
diation. The H2-evolving water-splitting half reac-
tions were carried out in a TEOA aqueous solution. 
As demonstrated in Fig. 6a, the PTI sample showed 

poor photoreduction performance, with a hydrogen 
evolution rate of 0.82 μmol/h; this could be caused by 
the limited charge transfer mobility and the fast 
charge carrier recombination. The even lower H2 
evolution rate in the first hour is due to the insuffi-
cient reduction of the platinum cations. C-PTI pre-
sented significantly enhanced photocatalytic H2 
production activity (4.6 μmol/h), about 5.6 times 
higher than that of PTI. Thus, we concluded that 
carbon self-doping can induce significantly increased 
photoreduction activity of PTI. In addition, the C-PTI 
sample maintained its photocatalytic activity after 
12-h irradiation with visible light (Fig. 6b), which 
indicates good stability of the photocatalyst. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The photocatalytic oxidation activity of the 
samples was further evaluated by tetracycline deg-
radation reactions under visible light irradiation. To 
demonstrate the perfect photocatalytic oxidation 
performance of C-PTI, we also compared its degra-
dation efficiency with that of g-C3N4 (Brunner- 
Emmet-Teller surface area SBET=11.7 m2/g), which 
was synthesized by traditional condensation of 

Fig. 6  H2 evolution of PTI and C-PTI under visible light 
irradiation (a) and time course of photocatalytic H2 evo-
lution activity of C-PTI (b) 
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Fig. 5  EIS plots (a) and transient photocurrent responses 
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melamine. As shown in Fig. 7a, the removal of  
tetracycline was 20% by g-C3N4 after 60 min irradi-
ation. For the PTI photocatalyst, the tetracycline 
degradation efficiency was significantly increased to 
70%. This increment may be caused by a higher 
photooxidation ability of PTI, which arises from 
much more positive VB (2.39 V vs. NHE, Figs. 4c 
and 4d) of PTI compared to that of g-C3N4 (1.57 V vs. 
NHE) (Wang et al., 2009). Meanwhile, an even higher 
tetracycline degradation efficiency (up to 79%) was 
achieved by C-PTI under the same conditions. The 
kinetic curves for the tetracycline photocatalytic deg-
radation are presented in Fig. 7b. The removal rate 
constant k of C-PTI was 0.022 min−1, about 23 times 
higher than that of g-C3N4 (0.000 97 min−1), and 1.3 
times higher than that of PTI (0.017 min−1). These 
results indicate a remarkably enhanced photocatalytic 
oxidation activity of C-PTI. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In order to check the fate of catalysts for practical 
applications, we studied the recyclability of C-PTI by 
adding the same concentration of tetracycline after 
each reaction cycle without separating the photocata-
lyst. Fig. S8 shows that photocatalytic degradation 
was 79% in the first cycling run, and decreased only a 
little after four cycles. Moreover, the SEM image and 
XRD pattern of C-PTI after four degradation reaction 
cycles (Figs. S9 and S10) indicate that there were 
negligible changes of morphology and crystal struc-
ture in C-PTI. Therefore, the C-PTI photocatalyst has 
good stability and recyclability. 

During the photocatalytic degradation process, 
the tetracycline was adsorbed on the surface of pho-
tocatalysts and could be oxidized by active species 
such as ·OH, h+, and ·O2

−. To determine the main 
active species involved in the photocatalytic degra-
dation of tetracycline over C-PTI, active species 
trapping experiments were carried out. IPA and 
EDTA-2Na were used as the scavengers of ·OH and 
h+, respectively (Mou et al., 2019). The ·O2

− was 
eliminated by completely replacing O2 with N2 in the 
system (Rimoldi et al., 2019). As shown in Fig. 8, 
EDTA-2Na and N2 obviously inhibited tetracycline 
degradation, which suggests that h+ and ·O2

− are the 
two main active species. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Based on the above characterization and dis-
cussion, a probable photocatalytic mechanism is 
presented in Fig. 9. Under visible light irradiation, 
the photocatalyst generates electron and hole pairs. 
Usually, the photogenerated electrons and holes are 
easy to recombine when migrating from the excita-
tion sites to the reaction sites, leading to a low  

Fig. 8  Photodegradation of tetracycline over C-PTI under 
visible light (wavelength λ≥420 nm) irradiation with rad-
ical scavengers or N2 
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irradiation 
C0 is the initial tetracycline concentration and C is the tetra-
cycline concentration at a given time 

0 20 40 60
0.0

0.4

0.8

1.2

1.6 (b)

−1

k=0.017 min
−1

k=
0.022 m

in
−1

Time (min)

−40 −20 0 20 40 60

0.2

0.4

0.6

0.8

1.0

(a)

Time (min)

g-C3N4

PTI

C-PTI

Dark Visible light

g-C3N4

PTI

C-PTI



Zhang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2021 22(9):751-759 
 

757

photocatalytic activity of pristine PTI. However, 
carbon self-doping induces increased electrical 
conductivity (Fig. 5) and contributes to fast charge 
transfer. Therefore, an obvious suppression of pho-
tocarrier recombination was observed in C-PTI 
(Figs. 5b and S7). Moreover, the negative shift of CB 
and positive shift of VB (Fig. 4d) result in higher 
reduction and oxidation ability of C-PTI, respec-
tively. As a result, the as-synthesized C-PTI exhibits 
enhanced photocatalytic activity in both H2 evolution 
and tetracycline degradation reactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
4  Conclusions 
 

In summary, we have successfully synthesized 
carbon self-doped PTI photocatalysts via a facile and 
green method by using glucose as the carbon source. 
Carbon self-doping induces a large surface area, 
negative shift of CB, positive shift of VB, and in-
creased charge transfer mobility. These changes re-
sult in remarkably enhanced photocatalytic activities 
for both hydrogen evolution and tetracycline degra-
dation reactions. This work provides a novel strategy 
to optimize the electronic structures as well as the 
surface properties of PTI in order to improve photo-
catalytic performance. 
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