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catalytic activities of the g-C3 N4 /PANI composites were evaluated by using oxytetracycline
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(OTC) as model pollutants. The optimal g-C3 N4 /PANI composite (5%PANI: the g-C3 N4 /PANI
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hybrid with 5 wt.% of PANI) showed an enhancement degradation rate of 5-fold compared to
that of conventional g-C3 N4 under simulated-sunlight irradiation. In addition, the 5%PANI
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demonstrate significantly photocatalytic evolution H2 rate (163.2 μmol/(ghr)) under the vis-
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ible light irradiation. Furthermore, based on the results of optical performance and electro-
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chemical testing, a possible mechanism was proposed, indicating that the incorporation

Oxytetracycline

of PANI into the traditional g-C3 N4 can effectively tune the electronic structures, improve

Photocatalytic hydrogen production

the photo-generated electrons-holes separation and enhance extensive absorption of visi-

Visible light

ble light. Such a g-C3 N4 /PANI hybrid nanocomposites could be envisaged to possess great
potentials in practical wastewater treatment and water splitting.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
The environment pollution and energy shortage are considered as two of the major issues that threaten the survival of
humans (Dong et al., 2017; Ren et al., 2019; Yu et al., 2018).
In this context, photocatalysis as an effective and clean technology has been treated as the most promising strategy for
healing environmental issues, such as purification of organic
wastewater, inactivation of microorganism, hydrogen evolution and so on (Tang et al., 2019). In the past decades, many
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semiconductor such as metal-organic-frameworks (MOFs),
TiO2 , SnS2 and graphic carbon nitride (g-C3 N4 ) have been reported as useful photocatalysts for both photocatalytic degradation organic pollutions and photocatalytic hydrogen production from water (He et al., 2018; Zhou et al., 2018).
Recently, g-C3 N4 has attracted boosting attention because
of its low cost, non-toxicity and good stability (Dong et al.,
2018; Fan et al., 2017; Guo et al., 2018). Furthermore, it also
exhibits the intrinsic features of the suitable band structure
and the appropriate optical absorption (Jiang et al., 2016b;
Kumar et al., 2017). As a consequence, g-C3 N4 has been widely

Corresponding authors.
E-mails: shidashuying@htu.edu.cn (S. Dong), sunjhhj@163.com (J. Sun).

https://doi.org/10.1016/j.jes.2020.08.024
1001-0742/© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

318

journal of environmental sciences 104 (2021) 317–325

employed in photocatalytic applications for water splitting,
environmental pollution purification and initiate carbon dioxide reduction reactions (Qin et al., 2019; Yang et al., 2016).
Nevertheless, the high recombination rate of photo-generated
charge and the lack of absorption visible light still retard the
practical applications of g-C3 N4 (Zhang et al., 2014a, 2014b). In
this regard, key methods have been carried out to augment the
photocatalytic efficiency of g-C3 N4 , such as doping, morphology tailoring, coupling with other semiconductors and so on
(Duan et al., 2018; Luo et al., 2018). Especially, coupling with
other semiconductors is considered as a promising solution
to reduce the recombination rate of active species (Al Angari
et al., 2018; Ćirić-Marjanović, 2013; He et al., 2018). Among various kinds of semiconductors tested so far, polyaniline (PANI)
was brought to the forefront due to its low cost, excellent environmental stability and high conductivity. PANI is one of the
best conductive polymers with a delocalized π -π conjugated
structure, leading to the high absorption coefficient in the visible light and high charge separation efficiency (Li et al., 2016;
Reddy et al., 2015; Tao et al., 2018; Zhao et al., 2018). For the past
few years, PANI was used to modify some photocatalysts for
constructing composites with advanced photocatalytic performances, like PANI@ZnO (Gilja et al., 2018; Zhu et al., 2018),
PANI@MgIn2 S4 (Xu et al., 2019), PANI@Ag3 PO4 (Liu et al., 2017b)
and PANI@SnS2 (Dionysiou et al., 2018; Zhang et al., 2017).
It can be found that the significantly improvement of photocatalytic performance is attributed to the combination between PANI and other semiconductor photocatalyst, in which
PANI can effectively restrain the recombination rate of photogenerated carriers and then promote the photocatalytic activity. Therefore, it is expected that the photocatalytic activity of the g-C3 N4 /PANI hybrid would be efficiently improved.
Ge et al. (2012) found that the prepared g-C3 N4 /PANI photocatalysts could be effectively used for photocatalytic oxidation
of Methylene Blue (MB) due to the synergistic effect between
PANI and g-C3 N4 . Jiang et al. (2016a) fabricated PANI/g-C3 N4
composite hydrogel via in situ polymerization for removing
MB through adsorption and photocatalysis, which presented
a new idea of the construction of three dimensional (3D) hierarchical photocatalysts. However, studies on the synthesis of
g-C3 N4 /PANI catalysts with high photocatalytic activities toward synchronous antibiotic-containing wastewater removal
and H2 evolution are rare.
Herein, we report an innovative g-C3 N4 /PANI photocatalysts with enhanced photocatalytic properties prepared by a
facile in-situ polymerization process. The photocatalytic activity of the composites was evaluated by the degradation
of antibiotic-containing wastewater under simulated-sunlight
irradiation. The results show that the PANI loading greatly
improved the photocatalytic activities of g-C3 N4 . In addition,
the hydrogen production performance of g-C3 N4 /PANI is also
explored in this study. Such a g-C3 N4 /PANI hybrid composites can be assumed to possess great potentials in practical
wastewater treatment and photocatalytic hydrogen evolution.

1. Materials and methods
Details of this section can be found in Appendix A. Supplementary data. The g-C3 N4 /PANI hybrid with different weight

ratios of PANI (3, 5, 7 and 10 wt.%) based on the total weight
of g-C3 N4 and aniline is denoted as X%PANI, and X stands for
the content of polyaniline.

2. Results and discussion
The catalytic activities of the as-prepared catalysts were
evaluated by degradation of oxytetracycline (OTC) under
simulated-sunlight illumination (350 W Xenon lamp, Beijing
China Education Au-light Co., Ltd, China) for 100 min. As
shown in Fig. 1a, the photocatalytic efficiency of pure g-C3 N4
and PANI are 16.7% and 14.3%, respectively. The photocatalytic performance is significantly enhanced by employing gC3 N4 /PANI hybrid (3%PANI - 10%PANI), where almost 88.1%
OTC could be photodegraded in 100 min, staying 71.4% and
73.8% higher than that of pure g-C3 N4 and PANI respectively.
Furthermore, the distribution of photocatalytic oxidation of
OTC over 5%PANI was analyzed via high performance liquid
chromatography (HPLC) and total organic carbon (TOC) analysis was carried on to evaluate the mineralization rate. From
Appendix A Fig. S2a, the peak at 3.95 min represents OTC
and the peak area gradually decreases with the increase of
reaction time. While the peaks at about 3.66 min representing intermediate species first increased to a certain extent
and then decreased with the reaction going on. Appendix A
Fig. S2b shows the both the removal rate and the mineralization rate of OTC over 5%PANI. Nearly 92.7% degradation
and 53.5% mineralization were completed after 180 min under simulated-sunlight illumination, which is similar with the
previous work (Yang et al., 2020, 2019). The phenomena reveal
that OTC can be efficiently degraded down to small molecules,
and finally mineralized to CO2 over g-C3 N4 /PANI hybrid composites. In addition, the photocatalytic activity of the optimized photocatalyst (5%PANI) was evaluated by degradation
of two other antibiotic wastewater (chloramphenicol (CAP)
and sulfamonomethoxine (SMX)) under simulated-sunlight irradiation. As shown in Fig. 1b, the results demonstrate that
5%PANI exhibits better performance for the degradation of antibiotics wastewater. The degradation rate (η) of the three antibiotics was commonly found to be in the order of η (OTC) >
η (SMX) > η (CAP), which is believed to be in connection with
the different molecular structure of the three antibiotics.
The recycle experiments were carried out to evaluate the
photostability of the synthesized material. The degradation
efficiency of OTC during each cycle is shown in Fig. 1c. It can
be observed that after three cycling runs of photodegradation
of OTC, there is no significant decrease of the degradation efficiency for 5%PANI composite, identifying that 5%PANI displays excellent photocatalytic stability for successive use.
In order to further evaluate the activity of as-synthesized
5%PANI, the photocatalytic hydrogen evolution from water
with triethanolamine (TEOA) as an electron donor was carried
out under simulated-sunlight irradiation. As shown in Fig. 1d,
the hydrogen production of 5%PANI has been increasing in the
first four hours, and the H2 evolution rate reaches the maximum value of 163.2 μmol/(ghr) at the fourth hour. The results
demonstrate that the g-C3 N4 /PANI composite not only can degrade organic pollutants efficiently, but also possess good photocatalytic hydrogen production performance.
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Fig. 1 – (a) Comparison of the degradation efficiencies of the 5 mg/L oxytetracycline (OTC)-contained wastewater under
simulated-sunlight irradiation, (b) degradation efficiencies of the different types antibiotic-contained wastewater over
5%PANI, (c) recyclable photodegradation of OTC, and (d) time-dependent photocatalytic H2 evolution under visible light
irradiation X%PANI: the graphic carbon nitride/polyaniline (g-C3 N4 /PANI) hybrid with X wt.% of PANI.

Fig. 2 – Nitrogen adsorption desorption isotherms and the corresponding pore size distribution (inset) of g-C3 N4 , 3% PANI,
5% PANI, 7%PANI, 10%PANI and PANI. Vp : pore volume; dp : pore diameter.

The surface area and porosity of photocatalysts plays an
important role in the photocatalytic activity which was characterized by N2 adsorption-desorption technique. Fig. 2 shows
the N2 adsorption-desorption isotherms of the pure g-C3 N4 ,
PANI and g-C3 N4 /PANI (5%PANI) hybrid photocatalysts. According to the International Union of Pure and Applied Chemistry (IUPAC) classification, all the curves are type IV isotherms

with type H3 hysteresis, indicating that the photocatalysts
have a mesoporous structure (Tan et al., 2019). The comparison of the Brunauer-Emmett-Teller (BET) surface area and
mean pore diameter of the g-C3 N4 , 5%PANI and PANI is depicted in Table 1. Information extracted from the table indicating that specific surface area might not be the main factor
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Fig. 3 – Field emission scanning electron microscope (FESEM) images of (a) g-C3 N4 , (b) 3%PANI, (c) 5%PANI, (d) 7%PANI, (e)
10%PANI and (f) PANI; Transmission electron microscopy (TEM) images of (g) g-C3 N4 , (h) 5%PANI, and (i) PANI.

Table 1 – Comparison of nitrogen adsorption characteristics between the g-C3 N4 , 5%PANI and PANI.

g-C3 N4
5%PANI
PANI

BET surface area (m2 /g)

Mean pore diameter (nm)

48.59
18.76
38.92

37.12
33.53
34.31

BET: Brunauer-Emmett-Teller.

to cause the difference of photocatalytic performance in this
system (Duan et al., 2018; Liu et al., 2017a).
The layer-by-layer stacking structure of g-C3 N4 was clearly
seen in Fig. 3a. It can be seen from Fig. 3f that the morphology of as-prepared PANI is irregular block composed of abnormal network structure stacking and interweaving. With respect to the g-C3 N4 /PANI hybrid photocatalysts, field emission
scanning electron microscope (FESEM) images of as-prepared
3%PANI - 10%PANI (Fig. 3b-e) display no significant difference
with that of pure g-C3 N4 due to the low doping amount of
PANI. In addition, the transmission electron microscopy (TEM)
(Fig. 3j-i) images further verify the microscopic morphology
which is consistent with the FESEM images.
X-ray diffraction (XRD) curves shown in Fig. 4a and b
were used to characterize the crystal phases of g-C3 N4 , gC3 N4 /PANI and PANI. The XRD pattern of pristine g-C3 N4
shows two typical diffraction peaks, the (002) diffraction peak

at around 2θ = 27.42° and the (100) diffraction peak at around
2θ = 13.03°, which belong to the repeated tristhiazine units
and graphitic-like structures, respectively. For PANI, the sharp
peak at around 2θ = 15.25° belongs to the emeraldine salt 1
(ES1) type. The broad bands centered at 2θ = 20.58° and 25.05°
are ascribed to the repetitive units of PANI. It can be observed
that the XRD patterns of all the g-C3 N4 /PANI samples are similar with that of g-C3 N4 due to the low loading amount of
PANI. Fourier transform infrared (FT-IR) spectra of g-C3 N4 , gC3 N4 /PANI and PANI are shown in Fig. 4c and d. In the FTIR spectrum of g-C3 N4 , the peak at 806.7 cm−1 is attributed
to the breathing mode of s-triazine ring system. Additionally, the peaks at 1233, 1326.2, 1420.6, 1555.6, and 1637.4 cm−1
are corresponded to the typical stretching modes of CN heterocycles. Further, the absorption band at 3050–3300 cm−1
might be related to the surface hydroxyl and amino group. For
PANI, the peak at around 804.4 cm−1 is originated from the
C–H out-of-plane bending vibration of the 1,4-disubstituted
rings. The bands at 1127.2 and 1295.1 cm−1 come from C–N
stretching mode for benzenoid unit and quinonoid units of
PANI, respectively. The peaks at 1481.4 and 1568.5 cm−1 can
be attributed to the C = N and C = C stretching vibration of
quinonoid and benzenoid rings. The hydrogen bonded N–H
bond between amine and imine sites occur at 3227.6 cm−1 .
For all the g-C3 N4 /PANI samples, the characteristic peaks of
g-C3 N4 are clearly observed. Raman spectroscopy as one of
the most sensitive and informative techniques was used to
further characterize the structure of the prepared materials.
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Fig. 4 – (a, b) X-ray diffraction (XRD) patterns and (c, d) Fourier transform infrared (FT-IR) spectra of g-C3 N4 , g-C3 N4 /PANI
(3%PANI-10%PANI) and PANI.

Appendix A Fig. S3 shows the Raman spectra of pure g-C3 N4 ,
g-C3 N4 /PANI and pure PANI. The typical peaks were located at
707, 767 and 1230 cm−1 can be reliable to the g-C3 N4 heterocycles vibration, and the sharp peak at 707 cm−1 was attributed
to the in-plane bending vibrations of the heptazine connections (Jayaraman and Mani, 2020). The PANI shows three major Raman bands at 1338, 1475 and 1572 cm−1 , among which,
the bands band observed at 1572 cm−1 is assigned to quinoid
ring C = C stretch (Jiang et al., 2016a; Mittal et al., 2019). gC3 N4 /PANI (5%PANI) composite exhibits both the characteristic bands of g-C3 N4 and PANI, proving that PANI was successfully polymerized by aniline monomer molecules and it was
combined with g-C3 N4 .
X-ray photoelectron spectroscopy (XPS) is an essential tool
for studying the chemical states and surface stoichiometry of
the elements. As shown in Fig. 5a, the high-resolution C1s of gC3 N4 spectrum shows two distinct peaks at 288.4 and 284.8 eV,
which corresponds to N–C = N and C–C, respectively. In Fig. 5b,
three peaks can be divided into three peaks at 400.8, 399.3,
and 398.4 eV for N 1 s spectrum of g-C3 N4 , which attributed
to the binding energy of C–N–H, N-(C)3 and C = N–C functional
groups, respectively. For 5% PANI, both the N peak and the oxygen peak shift to a higher binding energy, indicating the existing interaction between g-C3 N4 and PANI.
The optical absorption property of photocatalysts would
impact on their photocatalytic activity. Fig. 6a shows the
ultraviolet-visible diffuse reflectance spectra (UV–Vis DRS) of

g-C3 N4 and g-C3 N4 /PANI hybrid composites. It can be observed
that the pure g-C3 N4 has good adsorption in the ultraviolet region, while PANI possesses strong absorption performance in
the whole UV and visible region because of the π -π ∗ transition of the PANI molecules. After the addition of PANI, the absorption capacity of the g-C3 N4 in the visible region increases
with the increase of PANI content. Moreover, the energy band
structures of the photocatalyst play an important role on its
photocatalytic activity. As shown in Fig. 6b, the band gap energy (Eg ) values of pure g-C3 N4 and 5%PANI are calculated to
be 2.7 and 2.21 eV, respectively, based on the Tauc’s plot. This
result further indicates that the intimate interaction between
g-C3 N4 and PANI can impact on the intrinsic properties of gC3 N4 /PANI effectively.
It is generally accepted that the separation efficiency of
photo-generated electrons-holes pairs plays a vital role in
photocatalytic reaction, Fig. 6c shows the photoluminescence
decay curves of pure g-C3 N4 and 5%PANI, and the decay profiles the fitting photoluminescence (PL) decay data are shown
in Table 2. The intensity-average PL lifetimes (τ ) values were
calculated according to the formula:
τ=

A1 τ12 + A2 τ22 + A3 τ32
A1 τ1 + A2 τ2 + A3 τ3

(1)

where τ 1 , τ 2 , and τ 3 are the emission lifetimes, and A1 , A2 ,
and A3 are the corresponding amplitudes. The average PL lifetime in 5%PANI is 44.57 nsec higher than that of pure g-C3 N4 ,
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Fig. 5 – X-ray photoelectron spectroscopy (XPS) spectra of 5%PANI and g-C3 N4 : (a) C1s and (b) N1s.

Fig. 6 – (a) Ultraviolet-visible diffuse reflectance spectra (UV–Vis DRS) of g-C3 N4 , PANI and g-C3 N4 /PANI (3%PANI-10%PANI)
and (b) Tauc’s plots of g-C3 N4 and 5%PANI; (c) Time-resolved photoluminescence (TR-PL) spectra and (d) photoluminescence
spectra curves of g-C3 N4 and 5%PANI. A: absorption coefficient; h: Planck’s constant; ν: frequency.

which indicates that the PANI incorporation into g-C3 N4 can
be conducive to the photo-generated electrons transport and
enhance the separation of photo-induced carriers (Dong et al.,
2019; Raziq et al., 2016; Zhou et al., 2019). In addition, the photoluminescence measurement was performed to analyze the
separation efficiency of photo-generated electrons and holes.

As shown in Fig. 6d, 5%PANI displays much lower peak intensity than pure g-C3 N4 implying that PANI doping can effectively inhibit the recombination of photo-induce electron-hole
pairs.
In order to further discover the cause of the enhanced
photocatalytic performance, photocurrent and electrochemi-
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Fig. 7 – Electrochemical impedance spectra (EIS) of (a) g-C3 N4 and (b) 5%PANI; (c) Photocurrent responses of g-C3 N4 and
5%PANI; (d) Trapping experiment of active species (OTC = 5 mg/L). MA: methyl alcohol; AO: ammonium oxalate; IPA:
isopropanol.

Table 2 – Fitted lifetimes and their percentages of g-C3 N4
and 5%PANI.
A1

τ 1 (nsec) A2

5%PANI 57.23% 2.0944
g-C3 N4 50.97% 3.2709

τ 2 (nsec) A3

31
6.1287
33.38 10

τ 3 (nsec) τ (nsec)

11.77 20.3445
15.65 76.2353

11.45
56.02

τ : the intensity-average photoluminescence lifetimes; τ 1 , τ 2 , and
τ 3 : the emission lifetimes; A1 , A2 , and A3 : the corresponding amplitudes.

cal impedance spectroscopy (EIS) were analyzed. Fig. 7a and
b shows the electrochemical impedance spectra of the assynthesized g-C3 N4 and 5%PANI, respectively. Specifically,
smaller diameter for 5%PANI indicates that the g-C3 N4 /PANI
have lower interfacial charge transfer resistance than pure gC3 N4 , thus leading to a fast transfer of photo-generated carriers (Huang et al., 2011). With respect to Fig. 7c, the photocurrent response tests of g-C3 N4 and 5%PANI were performed.
The pure g-C3 N4 and 5%PANI both exhibit the significant photocurrent response. Furthermore, the 5%PANI has the stronger

intensity than that of pure g-C3 N4 , which testifies the higher
separation efficiency of photo-generated electrons and holes.
It is crucial to explore the key active species in the photocatalytic reaction for elucidating the photocatalytic mechanism. The methyl alcohol (MA) as superoxide radicals (•O2 − )
scavenger, ammonium oxalate (AO) as holes (h+ ) scavenger
and isopropanol (IPA) as hydroxyl radicals (•OH) scavenger
were used in the trapping experiment. The experimental result demonstrates that both •O2 − and h+ are play important
roles in the reaction system. However, negligible inhibition
was shown by IPA, indicating that the •OH contribute little to
the degradation of OTC (Fig. 7d).
Based on the foregoing experimental results, a possible
mechanism for the degradation of OTC by g-C3 N4 /PANI can be
speculated in Scheme 1. Both g-C3 N4 and PANI can be excited
to generate electrons and holes under simulated-sunlight irradiation. It is well known that PANI is an outstanding material for transporting holes because of its specific π -π conjugated structure. Hence, the excited holes produced by gC3 N4 are easily migrated to the highest occupied molecular
orbital (HOMO) of PANI, and then participate in photocatalytic
reaction directly. Meanwhile, the photo-generated electrons
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Appendix A. Supplementary data
Supplementary material associated with this article can be
found in the online version at doi:10.1016/j.jes.2020.08.024.

references
Scheme 1 – Proposed mechanism for g-C3 N4 /PANI
photocatalyst under simulated-sunlight irradiation. HOMO:
highest occupied molecular orbital; LUMO: lowest
unoccupied molecular orbital; CB: conduction band; VB:
valence band; NHE: normal hydrogen electrode; h+ : holes;
e− : electrons.

of PANI can be directly transferred rapidly to the conduction
band (CB) of g-C3 N4 . Subsequently, the accumulated electrons
can react with oxygen to form •O2 − for decomposing OTC
into small molecules. For photocatalytic H2 production over
g-C3 N4 /PANI, the excited h+ at the valence band (VB) induce
the production of H+ ions and •OH via the water hydrolysis
reaction, meanwhile triethanolamine (TEOA) as the sacrificial
agent is mineralized to carbon dioxide and water by the consumption of •OH, facilitating the H+ ions efficiently reduced
to H2 by the excited electrons.

3. Conclusions
In this work, the g-C3 N4 /PANI was synthesized by a simple Insitu polymerization process. From these results, it was found
that the degradation efficiency of OTC using 5%PANI is significantly higher than that of pure g-C3 N4 under simulatedsunlight irradiation. The enhancement has been investigated
in relation to the augmented visible light absorption and fast
separation of photo-generated carriers, which is ultimately
due to the forming of the heterojunction interface between
g-C3 N4 and PANI. In addition, the 5%PANI show significantly
photocatalytic evolution H2 rate under visible light irradiation. For these reasons, the g-C3 N4 /PANI hybrid photocatalysts
have potential application both in the actual wastewater treatment and water splitting.

Acknowledgments
This work was supported by the NSFC (Nos. 21677047 and
U1604137), the Innovation Scientists and Technicians Troop
Construction Projects, the Research Start-up Foundation (No.
5101219170107), the Youth Science Foundation (No. 2015QK29)
of Henan Normal University for the PhD, the Key Scientific and Technological Projects in Henan Province (No.
132102210129), research fund from Henan Normal University
(Nos. 5101039170157 and 5101039170304) and Postdoctoral Science Foundation of Henan Province (No. 5201029470213).

Al Angari, Y.M., Gabal, M.A., El-Rashed, S., Hussein, M.A.,
Al-Juaid, A.A., 2018. Polyaniline/Co0.6 Zn0.4 Fe2 O4 core-shell
nano-composites. Synthesis, characterization and properties.
J. Alloy. Compd. 747, 83–90.
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