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A B S T R A C T

To improve the redox performance and light absorption property, the 2D/0D g-C3N4/TiO2 heterojunction
photocatalyst were successfully fabricated by co-annealing process based on melamine powder and ultrafine
TiO2 nanoparticles (about 9.87 nm) obtained from electrochemical etching technology. The surface micro-
morphology, crystal structure, basic element composition, chemical structure, specific surface and optical per-
formance were analyzed by SEM-EDS, TEM, HR-TEM, XRD, XPS, FTIR and Ultraviolet–visible diffuse reflection
spectra (UV–vis DRS). The photocatalytic performance of g-C3N4/TiO2 photocatalyst was assessed by the de-
gradation of tetracycline hydrochloride (TC) under simulated sunlight irradiation. The results showed that the
obtained TiO2 powder had extremely smaller particle size and higher photocatalytic activity than commercial
P25. The coupling of 0D TiO2 nanoparticles and 2D g-C3N4 nanosheet further promoted the visible light ab-
sorption performance of TiO2. The unique g-C3N4/TiO2 heterojunction photocatalyst exhibited remarkable
photocatalytic performance for the degradation of TC, whose degradation rate could reach to 99.40% under
120 min irradiation. The kinetic constant of the g-C3N4/TiO2 photocatalyst was 1.48 times of that of TiO2. The
ESR results confirmed ·OH and ·O2

– radicals produced in the photocatalytic process. This work could provide an
effective reference for the fabrication of ultrafine TiO2 powder and binary heterojunction photocatalyst with
excellent photocatalytic activity for organic pollutants degradation in water purification.

1. Introduction

During the past decades, the water body has been largely destroyed
due to the random discharge of organic pollutants [1]. Among them,
tetracycline hydrochloride (TC), as an emerging antibiotic con-
taminant, has attracted widespread attention due to its high persistence
and ecotoxicity [2]. Furthermore, TC is easily accumulated in the
aquatic environment due to high solubility [3], which could seriously
threaten the human health. Therefore, it is necessary for investigate
economical and effective technology to remove TC in contaminated
water. Photocatalysis, as an increasingly cost-effective technology, has
a promising application for the degradation of organic pollutants in
water. Semiconductor materials such as titanium dioxide (TiO2) [4],
graphite carbon nitride (g-C3N4) [5], tungsten trioxide (WO3) [6] and
cadmium sulfide (CdS) [7], play important roles in the field of photo-
catalysis [8,9]. Among numerous semiconductors, TiO2 was considered

as a remarkable photocatalyst for its high stability [10], non-toxic [11],
low cost [12], environmental friendly [13] and high reactivity [14].

In recent years, the commercial TiO2 with an average particle size of
25 nm (P25) is widely considered as a successful catalyst with high
photocatalytic activity [15]. The grain size of photocatalyst is one of the
crucial factors determining photocatalytic activity by affecting its op-
tical, specific surface area and other aspects [16–18]. Ultrafine particles
(1–10 nm) with the size of the quantum effect can lead to blue shift of
absorption band edge and enhance the specific surface area of catalysts
[19,20]. And the quantization of size can increase charge transfer rate
of semiconductor, reduce the probability of photo-generated electron-
hole pair recombination and improve the efficiency of photocatalytic
reaction [19]. In addition, studies have reported that ultrafine nanos-
tructures can expose more active sites and exhibit enhanced quantum
size effects, which will contribute to attractive photocatalytic perfor-
mance [20]. Therefore, it is necessary to reduce the grain size of TiO2
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particles to achieve higher photocatalytic activity. Generally, the
synthesis methods of TiO2 nanoparticles mainly include hydrothermal
[21]、sol–gel [22]、sputtering [23], etc [24–26]. But, the grain size of
TiO2 prepared by these methods is still larger (~20 nm or 50–60 nm),
which limits the further improvement of the photocatalytic perfor-
mance [22,27]. In addition, hydrothermal processes usually require for
the creation of high temperature and pressure environment [21,28].
And the sol-gel method requires for the use of titanium salt with high
cost, and the calcination process will produce extra carbon pollution
[29,30]. The sputtering method has high requirements on equipment
and technology [23,27], however, the recovery rate is low and cost is
high. Compared with the these methods, the electrochemical etching
method has the advantages of mild operational conditions, simple de-
vice, environmental friendliness, and can produce more uniform and
ultrafine sized TiO2 particles. In previous researches, we found that the
TiO2 nanoparticles obtained by electrochemical etching technology
have smaller particle size and excellent photocatalytic activity com-
pared with P25. In addition, the practical application of TiO2 was
limited due to the wide band gap (anatase: 3.2 eV), which leads to the
low utilization of sunlight. Furthermore, the photocatalytic efficiency
was unsatisfactory for the rapid recombination rate of photo-generated
electron-hole pairs. Therefore, TiO2 has been modified by various
methods to improve its photocatalytic performance and response to
visible light [24,31,32]. Among them, semiconductor coupling tech-
nique is regarded as an effective approach to improve the performance
of photocatalyst.

G-C3N4, a fantastic metal-free semiconductor material [33], has
attracted extensive attention for its suitable band gap, low price, simple
and convenient in preparation, eco-friendliness and high chemical
stability [34–37]. Particularly, g-C3N4 has a preferably absorption of
visible light (＜460 nm) for the narrower band gap (2.7 eV). Never-
theless, the photocatalytic performance of g-C3N4 is restricted by high
recombination rate of photo-generated electron-hole pairs [38]. For g-
C3N4, the top of valence band (VB) and the bottom of conduction band
(CB) are located at 1.60 eV and−1.10 eV vs normal hydrogen electrode
(NHE), respectively [38]. Meanwhile, those of TiO2 are located at
2.91 eV and −0.29 eV vs NHE [13], respectively. It can be seen that, g-
C3N4 have stronger reduction capacity and weaker oxidation capacity,
while TiO2 showed stronger oxidation capacity and weaker reduction
capacity. Therefore, the unique binary semiconductor photocatalyst,
with strong oxidation and reduction capacity at the same time, could be
constructed by coupling TiO2 and g-C3N4 for the appropriate band
position [39]. And the constructed g-C3N4/TiO2 heterojunction photo-
catalyst might not only enhance visible light absorption performance,
but also improve the separation efficiency of photo-generated carriers
[40]. Thus, it is significant to fabricate and analyze the properties of g-
C3N4/TiO2 composite photocatalyst using the ultrafine TiO2 nano-
particles with high active.

Based on the above discussion, the highly active ultrafine TiO2 na-
noparticles were successfully prepared by electrochemical etching
process, and the g-C3N4/TiO2 heterojunction photocatalyst was further
fabricated via in situ synthesis by the annealing of melamine powder
and ultrafine TiO2 nanoparticles. The surface morphology, crystal
structure, element composition, surface area, chemical structure and
optical properties of composite photocatalyst were analyzed. Moreover,
the photocatalytic property and mechanism for the removal of TC was
also studied in depth.

2. Experiments

2.1. Chemicals and materials

Titanium foils (purity > 99.8%, 0.2 mm thickness) were obtained
from Dongguan Tai Fu Metal Materials limited company (Co. LTD).
Degussa P25 was purchased from Shaoxing Lijie chemical Co. LTD. TC
(99.7%) was purchased from Shanghai Aladdin reagent Co. LTD. Other

reagents were purchased as analytical pure from Sinopharm Chemical
Reagent Co. LTD. All solutions were prepared with deionized water.

2.2. Photocatalyst preparation

The highly active ultrafine TiO2 nanoparticles were obtained from
the electrochemical etching process. Prior to electrochemical etching,
Ti foils were pretreated as follows: (1) Soaking in hydrofluoric acid
solution to remove the oxide film on the surface. (2) Ultrasonic cleaning
in deionized water, mixed solution of ethanol and acetone, and deio-
nized water in series. The electrochemical etching process was carried
out in a glass reactor containing a mixed electrolyte solution of Na2SO4

(1 mol/L) and NaF (0.5 wt%). The as-pretreated Ti foils (the reaction
area is 40 mm × 10 mm) and Pt sheet were used as anode and cathode,
respectively. The distance between the two electrodes was 2 cm.
Meanwhile, the conditions of the electrochemical etching process were
controlled at constant voltage of 20 V and temperature of 25℃.
Ultrafine TiO2 powder was etched from the Ti foils and deposited on the
bottom of the glass reactor. Then ultrafine TiO2 powder is further col-
lected through filtration. And ultrafine TiO2 powder was washed with
acid, alkaline and deionized water, respectively, until the pH value was
approached to 7. Then, the ultrafine TiO2 nanoparticles were dried at
80◦C for further use.

The g-C3N4/TiO2 heterojunction photocatalyst was prepared by a
simple annealing method. In details, the precursor of composite pho-
tocatalyst was obtained by melamine powder mixed with TiO2 nano-
particles in a certain proportion (yield-mass ratio). Then, the g-C3N4/
TiO2 composite photocatalyst was obtained by annealing in tube fur-
nace at 500 ◦C under nitrogen atmosphere for 2 h, with a heating rate of
5◦C·min−1. Subsequently, the g-C3N4/TiO2 composite photocatalyst
was further ground to uniform size. The mass ratio of TiO2 to g-C3N4

was 5:1, which was marked as g-C3N4/TiO2. Besides, the other mass
ratio of TiO2 to g-C3N4 was 10:1, 2:1, 1:1, 1:2, 1:5 and 1:10 which were
denoted as CT10, CT2, CT1, CT0.5, CT0.2 and CT0.1. At the same time,
pure g-C3N4 was prepared by the same method without addition of
TiO2.

2.3. Photocatalyst characterization

The surface morphology and elemental compositions of the samples
were characterized by scanning electron microscope (SEM, Japan JEOL
7500F) with energy dispersive X-ray spectrometer (EDS). The micro-
morphology and structure of g-C3N4/TiO2 were investigated by high-
resolution transmission electron microscopy (HR-TEM, Tecnai G2 F20).
The crystal structure was investigated by X-ray Powder Diffractometer
(XRD, Bruker AXS D8 ADVANCE) with Cu kα radiation
(λ = 0.15418 nm). The average crystal size of all samples was calcu-
lated using the Scherrer’s formula, D = 0.89λ/β cosθ where D is the
grain size, λ is the X-ray wavelength of 0.15418 nm, β is the line width
at half-maximum and θ is Bragg angle. In order to measure the basic
element composition of samples, X-ray photoelectron spectroscopy
(XPS) was analyzed by Multifunctional imaging electron spectrometer
(Thermo ESCALAB 250Xi) using an Al-Kα X-ray (1486.6 eV) source at
150 W. In order to determine chemical structure, the samples were
detected in a range of 400–4000 cm−1 with a resolution of 4 cm−1 by
Fourier transform infrared spectroscopy (FTIR, Bruker Optics Tensor
27). The Brunauer-Emmett-Teller (BET) specific surface area and pore
structure of the samples were investigated by specific surface and
aperture analyzers (JW-BK122 W) in the relative pressure (P/P0) range
of 0.00–1.0. Ultraviolet–visible diffuse reflection spectra (UV–Vis DRS)
were recorded by a spectrophotometer (Beijing Purkinje General
Instrument Co, Ltd) with scanning wavelength of 200–800 nm using
BaSO4 as reference. The additive product of active radicals was detected
by ESR technique (ELEXSYS-II E560, BRUKER). Specifically, •OH and
•O2

– radicals were determined using deionized water and methanol as
solvent, respectively. Firstly, 1.5 mg of g-C3N4/TiO2 was added to 5 mL
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of the corresponding solvent. After xenon lamp illumination for three
mins, the capillary tube were used for absorbed part of the solution to
determine the generation of radicals.

2.4. Measurement of photocatalytic activity

The photocatalytic activity of samples was estimated by the de-
gradation rate of TC under xenon lamp (150 W) irradiation. The quartz
reactor contains photocatalyst (250 mg/L) and 40 mL TC solution
(20 mg/L) with magnetic stirring. The distance between the quartz
reactor and the xenon lamp was controlled at 2 cm. Before irradiation,
TC solution was placed in the dark for 30 min to accomplish adsorption
equilibrium. The concentration of TC was detected by HPLC (Agilent
1100, America) consisting of an Eclipse XDB-C18 column
(4.6 × 150 mm, 5 μm) at 30 °C. The mobile phase was methanol/oxalic
acid solution (0.05 M) = 4:6 with a 1.0 mL/min flow rate.

3. Results and discussions

3.1. SEM-EDS and TEM analysis

The surface micromorphology and elemental composition of all
samples were characterized by SEM and EDS (Fig. 1). It could be seen
that the prepared TiO2 nanoparticles were irregular aggregates

(Fig. 1a). And the g-C3N4 sheets also showed an irregular two-dimen-
sion (2D) lamellar structure (Fig. 1b). For g-C3N4/TiO2 composite
photocatalyst, it could be clearly seen that some zero-dimension (0D)
TiO2 nanoparticles were scattered on g-C3N4 sheets (Fig. 1c), which
showed the successful coupling of g-C3N4 and TiO2. Noticeably, 0D
TiO2 nanoparticles and 2D g-C3N4 sheets showed better dispersivity and
ductility in g-C3N4/TiO2, respectively, which might provide favorable
conditions for the improvement of photocatalytic activity. The EDS
result showed that the elemental composition of g-C3N4/TiO2 photo-
catalyst were C, N, O and Ti, whose atomic ratio were 35.87%, 19.75%,
39.55% and 4.83%, respectively (Fig. 1d). Among them, C and N ele-
ment came from g-C3N4. Furthermore, TEM and HR-TEM images of g-
C3N4/TiO2 were displayed in Fig. 1e and 1f. It could clearly observed
that the ultrafine TiO2 nanoparticles were attached to thin sheets of g-
C3N4. And the HR-TEM image showed that the different lattice spacing
were 0.350 nm and 0.326 nm, which corresponded to the crystal planes
of TiO2 (1 0 1) and g-C3N4 (0 0 2). The close connection of the two types
of crystal planes indicated the formation of heterogeneous structures.

3.2. XRD characterization

The XRD spectra of etched TiO2 were shown in Fig. 2a. The anatase
TiO2 (JCPDS 21-1272), rutile TiO2 (JCPDS 21-1276) and brookite TiO2

(JCPDS 29-1360) were marked with triangle, dot and rhombus,

Fig. 1. SEM images of TiO2 (a), g-C3N4 (b) and g-C3N4/TiO2 (c); EDS of g-C3N4/TiO2 (d) TEM (e) and HR-TEM (f) images of g-C3N4/TiO2.
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respectively. The peaks of g-C3N4 (JCPDS 87-1526) were marked with
star. The unannealed TiO2 particles were amorphous without any
crystal peaks. And the crystal shape began to appear in TiO2 samples
after annealing. Along with the temperature increased to 600◦C, rutile

TiO2 characteristic peak appeared. All the anatase peaks disappeared
and were replaced by rutile and brookite crystal peaks after the an-
nealing temperature increased to 800◦C. It is known that the particle
size of P25 photocatalyst is about 25 nm. Interestingly, the average
particle crystal size of etched TiO2 powder was calculated as 9.87 nm.
The much smaller particle size of ultrafine TiO2 than that of P25 was
more beneficial to the enhancement of photocatalytic performance
[19]. Fig. 2b showed the XRD spectra of g-C3N4 annealed at different
temperature. The characteristic peak approximately at 13° was identi-
fied as (1 0 0) facet of tri-s-triazine units [41]. The peak approximately
at 27° was identified as (0 0 2) facet of interlayer spacing, which cor-
responding to the inter-planar staking of conjugated aromatic system
[42,43]. In addition, the layer spacing of g-C3N4 conjugated aromatic
systems were calculated as 0.326 nm, which was consistent with the
literature [13].

Fig. 2c showed the XRD spectra of g-C3N4/TiO2 with different TiO2

and g-C3N4 annealed at 500 °C. It is obvious that the peak of g-C3N4 was
not found in the g-C3N4/TiO2 when the mass ratio of TiO2 to g-C3N4

was larger than 0.5, which could be attributed to the lower g-C3N4

content. When the mass ratio of TiO2 to g-C3N4 decreased to 0.2, the
crystal surface peaks of g-C3N4 (1 0 0) and (0 0 2) facet appeared in the
composite photocatalyst. The above results confirmed that g-C3N4/TiO2

heterojunction photocatalyst has been successfully synthesized. The
average crystal size of g-C3N4/TiO2 was 9.08 nm, which was smaller
than that of etched TiO2 nanoparticles. The reduced particle size may
be attributed to the enhanced dispersion of TiO2 particles for the cou-
pling of g-C3N4 (Fig. 1c), which would be favorable to improve pho-
tocatalytic activity.

3.3. XPS analysis

The XPS survey spectra of TiO2, g-C3N4 and g-C3N4/TiO2 were
shown in Fig. 3a. The high-resolution C 1s, O 1s, Ti 2p and N 1s XPS
spectra and fitting results of g-C3N4/TiO2 composite photocatalyst were
shown in Fig. 3b-e. Fig. 3a showed that the characteristic diffraction
peak of N appeared in the full spectrum of g-C3N4/TiO2 photocatalyst.
And the atomic percentages of C, O, N, and Ti elements are 34.94%,
37.90%, 5.48% and 24.64%, respectively. As shown in Fig. 3b, the peak
of C1s could be divided into three minor peaks at 248.7 eV, 286.3 eV
and 288.5 eV, which could be identified as C–C or adventitious carbon
[44], C-OH group [45] and N-C=N groups of g-C3N4, respectively. The
peaks of O 1s located at 529.7 eV and 531.6 eV (Fig. 3c) were identified
as Ti-O-Ti bond and surface –OH groups [46,47]. As shown in Fig. 3d,
the two peaks centered at 464.5 eV and 458.3 eV correspond to Ti 2p 1/
2 and Ti 2p 3/2, respectively. The space of 5.8 eV between Ti 2p 1/2
and Ti 2p 3/2 indicated the Ti element exists in the form of Ti4+ in TiO2

[45]. The high-resolution N 1s spectrum of g-C3N4/TiO2 showed two
peaks located at 398.8 eV and 400.3 eV (Fig. 1c), which could be as-
signed to the sp2-hybridized aromatic nitrogen (C=N–C) and tertiary
nitrogen (N-C3) of g-C3N4, respectively [48,49]. These results, com-
bined with the SEM (Fig. 1c) and XRD (Fig. 2c) analysis, indicated that
the g-C3N4/TiO2 photocatalyst has been successfully synthesized.

3.4. FTIR analysis

The chemical structure of the TiO2, g-C3N4 and g-C3N4/TiO2 was
detected by FT-IR spectra (Fig. 4). For pure TiO2, the absorption peak at
400–700 cm−1 could be attributed to the stretching vibration of
Ti–O–Ti bond [46,47]. The two characteristic peaks located at
1620 cm−1 and 3400 cm−1 were identified as the –OH groups and
adsorbed H2O, respectively. The peaks at 813 cm−1 and 3154 cm−1

belonged to the breathing mode of tri-s-triazine ring [50,51] and the
stretching vibration of N-H bond [46,50] in g-C3N4, respectively. Fur-
thermore, the peaks at 1240 cm−1, 1330 cm−1, 1409 cm−1,
1460 cm−1, 1580 cm−1 and 1650 cm−1 were corresponded to typical
stretching vibration of C-N bonds in heterocycles [52,53]. For g-C3N4/

Fig. 2. XRD of TiO2 (a) and g-C3N4 (b) annealed at different temperature; XRD
of g-C3N4/TiO2 (c) with different mass ratio annealed at 500 °C.
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TiO2, the characteristic absorption peaks of both g-C3N4 and TiO2 ap-
peared in the spectrum, which proved that g-C3N4 and TiO2 semi-
conductor materials were successfully coupled together. In addition, the
position of Ti–O–Ti bond was slightly shifted compared with the TiO2

spectra, which could be attributed to the heterogeneous interface
formed between g-C3N4 and TiO2 [47].

3.5. N2 adsorption-desorption isotherms

In order to investigate BET specific surface area and pore size dis-
tribution of all samples, the N2 adsorption-desorption isotherms and
pore diameter distribution curves were shown in Fig. 5 and the average

pore diameter, pore volume and BET specific surface area of ultrafine
TiO2, g-C3N4 and g-C3N4/TiO2 were presented in Table 1. It could be
clearly seen that all isotherms of g-C3N4, ultrafine TiO2 and g-C3N4/
TiO2 belong to type IV of IUPAC classification (Fig. 5a), indicating these
photocatalyst belonged to mesoporous (2–50 nm) adsorbent materials.
At relative pressure range from 0.3 to 1.0, the typical H3 hysteresis loop
appeared in the isotherm of g-C3N4/TiO2 photocatalyst, implying the
slit-like pores were formed by the accumulation of plate-like particles
[38]. In addition, Fig. 5b showed that compared with g-C3N4, ultrafine
TiO2 and g-C3N4/TiO2 photocatalyst have more mesoporous, and the
mesoporous distribution characteristics were similar, which might be
caused by the perfect dispersity of ultrafine TiO2 on the g-C3N4
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nanosheet. The abundant mesoporous pores could provide a large
specific surface area.

Table 1 showed that both pore volume and pore diameter of g-C3N4/
TiO2 composites were smaller than that of ultrafine TiO2, which could
be attribute to the fact that ultrafine TiO2 particles inserted into the g-
C3N4 nanosheet layer and filled part of the pore channels with each
other, resulting in the reduction of them. The TiO2 particles have a
larger specific surface area (90.042 m2/g) than P25 (50 m2/g) [54],
which could be attributed to its ultra-fine particle size (Fig. 2). Besides,
the BET specific surface area of g-C3N4/TiO2 composite (97.26 m2/g)
was larger than that of pristine TiO2 and g-C3N4, which was also ascribe
to the perfect dispersity of ultrafine TiO2 on the g-C3N4 nanosheet
(Fig. 1c). And a larger specific surface area might provide more active
sites, which is advantageous to improve the adsorption of pollutants,
thus improve the photocatalytic activity.

3.6. UV–vis characterization

As shown in Fig. 6a, the light absorption properties of ultrafine
TiO2, g-C3N4 and g-C3N4/TiO2 photocatalyst were investigated. Ob-
viously, in the ultraviolet region (200–390 nm), ultrafine TiO2 has the
strongest light absorption capacity, followed by g-C3N4/TiO2 and pris-
tine g-C3N4. In the visible light region (390–440 nm), the light

absorption performance of the g-C3N4/TiO2 composite was obviously
stronger than that of pristine TiO2. The results showed that the visible
light absorption of TiO2 was enhanced by g-C3N4. According to the
Kubelka–Munk formula [45]:

=α A( hv) (hv\; - \;Eg).2

where α, hv, Eg and A were absorption coefficient, the photon energy,
the band gap and a constant, respectively. The (Ahv)1/2 ~ hv curves of
all samples were shown in Fig. 6b. The calculation results showed the
band gaps of TiO2, g-C3N4 and g-C3N4/TiO2 were 3.06 eV, 2.55 eV and
2.66 eV, respectively. Compared with ultrafine pristine TiO2, the band
gaps of g-C3N4/TiO2 reduced 0.51 eV for the combing with g-C3N4. In a
word, the coupling of g-C3N4 expanded the response range of visible
light and promoted the separation efficiency of photon-generated car-
riers of TiO2.

3.7. Photocatalytic performance

The photocatalytic activity of TiO2, g-C3N4, and g-C3N4/TiO2 was
evaluated by photocatalytic degradation of TC. As shown in Fig. 7a,
dark treatment was performed for 30 min to achieve adsorption-deso-
rption equilibriums of TiO2, g-C3N4 and g-C3N4/TiO2 before illumina-
tion. For all photocatalysts, the rank of adsorption capacity was con-
sistent with that of the specific surface area, and the adsorption
capacity of g-C3N4/TiO2 was strongest owing to the largest specific
surface area (Fig. 5b and Table 1). Under 120 min irradiation, the
photocatalytic degradation rate of TC by TiO2, g-C3N4 and g-C3N4/TiO2

were 95.81%, 90.16% and 99.40%, respectively. The photocatalytic
degradation rate of TC could be described by pseudo-first-order reac-
tion rate equation as follows:

=C C ktLn( / )t0

where Ct is the TC concentration at reaction time t, C0 was the TC
concentration after adsorption equilibrium, and k is the kinetic rate
constant.
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Table 1
Average pore diameter, Pore volume and BET specific surface area of TiO2, g-
C3N4 and g-C3N4/TiO2.

Sample Pore diameter
(nm)

Pore Volume
(cm3/g)

Specific surface area
(m2/g)

TiO2 13.66 0.31 90.04
g-C3N4 12.50 0.05 15.79
g-C3N4/TiO2 11.55 0.28 97.26
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As shown in Fig. 7b, the kinetic rate constants of P25, TiO2, g-C3N4

and g-C3N4/TiO2 were 2.10, 2.40, 2.00 and 3.70× (10-4 min−1), re-
spectively. Obviously, g-C3N4/TiO2 composite photocatalyst showed
the highest degradation rate, which was attributed to the high specific
surface area (Table 1) and ultrafine particle size (Fig. 2a) to provide
more active sites. And pristine TiO2 exhibited higher photocatalytic
activity than P25 owing to the ultrafine particle size (Fig. 2) as well as
large specific surface area (Fig. 5). Meanwhile, the size effect of ultra-
fine TiO2 particles improves the separation efficiency of photo-gener-
ated electron-holes, resulting in prominent photocatalytic efficiency
[19]. G-C3N4 has favorable visible-light absorption property (Fig. 6),
but the position at the top of VB is not high enough to exhibit high
oxidation capacity. At the same time, the photocatalytic property is
limited because photo-generated electron holes are easy to recombine
(Fig. 7). Particularly, the results showed that g-C3N4/TiO2 had higher
photocatalytic activity than g-C3N4, TiO2 and P25, which could be at-
tributed to the following reasons: (1) The heterogeneous structure were
constructed due to the matching energy band structure between g-C3N4

and TiO2, which could promote the transfer of charge within the
composite photocatalyst. Furthermore, the composite photocatalyst
demonstrated strong oxidation and reduction capacity, thus improving
the photocatalytic efficiency. (2) The improvement of visible light ab-
sorption performance could stimulate the photocatalyst to produce
more photogenic electrons and holes, leading to the generation of more
free radicals, which would be conducive to the further degradation of
TC. (3) The improved adsorption performance of g-C3N4/TiO2
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promoted the reaction rate of photocatalytic process [55].

3.8. Photocatalytic mechanism

To identify the presence of active species in photocatalytic pro-
cesses, the ESR test of g-C3N4/TiO2 was performed. And the ESR test
results of the g-C3N4/TiO2 were shown in Fig. 8. It can be clearly seen
that adduct of hydroxyl radicals (DMPO-·OH) have typical character-
istic peaks of 1:2:2:1. In addition, the peak of superoxide radicals ad-
duct (DMPO-·O2

–) was also detected, which confirmed that a large
number of ·O2

– radicals were produced in the photocatalytic process.
Based on the above results, ·O2

– radicals and ·OH radicals were pro-
duced simultaneously during photocatalytic degradation.

As shown in Fig. 9, a probable photocatalytic degradation me-
chanism of TC for g-C3N4/TiO2 photocatalyst was proposed. In the
process of photocatalysis, ·O2

– and ·OH radical play the vital role
(Fig. 8). The VB potential positions of g-C3N4 and TiO2 were 1.60 eV
and 2.91 eV (vs. NHE), and their CB were −1.10 eV and −0.29 eV (vs.
NHE), respectively [38,56]. The VB potential energy of g-C3N4 was
lower than that of ·OH/H2O (2.68 eV vs NHE) and ·OH/OH– (1.99 eV vs
NHE) [57] so that the hole cannot produce ·OH. Although both g-C3N4

and TiO2 have the ability to produce ·O2
– radical for O2/·O2

–(-0.046 eV
vs NHE) [58]. Nevertheless, the CB of g-C3N4 is more negative than of
TiO2, so O2 tend to react with electrons of g-C3N4 to form ·O2

–. For
pristine TiO2 photocatalyst, after being illuminated by xenon lamp, the
excited electrons could transit to the CB and the holes were left in the
VB. But photo-electrons could easily return to the VB and recombine
with hole. For g-C3N4/TiO2 photocatalyst, both of g-C3N4 and TiO2

were stimulated by photon energy to produce photo-generated elec-
trons and holes [Eq. (1)]. Because the CB of g-C3N4 is more negative
than that of TiO2, the electrons at the CB of g-C3N4 will migrate to the
CB of TiO2, thus effectively inhibiting the recombination of photo-
generated carriers. Furthermore, a heterojunction interface is formed
between TiO2 and g-C3N4 after the coupling of two semiconductors.
And electrons on the CB of TiO2 could bind to holes in the VB of g-C3N4

through the heterojunction interface [57]. This photocatalytic system
could promote the rapid separation of photo-generated carriers, thus
improve the light absorption performance (Fig. 6) and photocatalytic
quantum efficiency (Fig. 7). In addition, the unique binary semi-
conductor photocatalyst has the stronger oxidation and reduction
ability. And electrons could react with oxygen to form ·O2

– radicals [Eq.
(2)], and holes could combine with H2O to form ·OH radicals [Eq. (3)].
TC will be degraded into small molecule organic compounds and finally
mineralized to CO2 and H2O under the action of radicals [Eq. (4)].

g-C3N4/TiO2 + hν → h+ (TiO2) + e- (g-C3N4) (1)

O2 + e- (g-C3N4) → O2
–· (2)

H2O/OH– + h+ (TiO2) →·OH (3)

TC + ·OH / O2
–· → CO2 + H2O + ...... (4)

4. Conclusions

In conclusion, g-C3N4/TiO2 heterostructure photocatalyst were
successfully synthesized via a co-annealing of melamine powder and
ultrafine TiO2 nanoparticles. The as-prepared ultrafine TiO2 nano-
particles possessed finer size and exhibited higher photocatalytic ac-
tivity. The coupling of g-C3N4 greatly improved the visible light ab-
sorption properties and photocatalytic activity of TiO2. The unique
heterojunction photocatalyst has remarkable oxidation and reduction
capacity. Furthermore, the semiconductor heterostructure formed by
2D g-C3N4 and 0D TiO2 nanoparticles promoted the separation effi-
ciency of photo-generated electron-hole pairs. Both ·OH and ·O2

– radi-
cals contribute to the photocatalytic process. In our work, the synthesis
of g-C3N4/TiO2 heterojunction photocatalyst will provide a reliable and
effective basis for the treatment of antibiotic-contaminated wastewater.
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g r a p h i c a l a b s t r a c t
The photocatalytic activity of the 3D TiO
2 nanotube arrays photoelectrode was greatly improved by the modification of 2D reduced graphene oxide (rGO)
and graphitic carbon nitride (g-C3N4). And the 3D rGO@g-C3N4/TNAs photoelectrode has excellent solar absorption capacity, photoelectric conversion per-
formance and redox ability. Hydroxyl (�OH) and superoxide (�O2

�) radicals were proved to be the main active species in photocatalytic degradation of TC
by rGO@g-C3N4/TNAs photoelectrode.
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To enhance the photocatalytic performance of titanium dioxide (TiO2) and reduce the photocorrosion of
graphitic carbon nitride (g-C3N4), two-dimensional (2D) reduced graphene oxide (rGO) and g-C3N4 co-
modified three-dimensional (3D) TiO2 nanotube arrays (rGO@g-C3N4/TNAs) photoelectrodes were fabri-
cated by the combination of impregnation, annealing and electrochemical cathode deposition. The micro-
morphology and microstructure were observed by SEM and TEM. The crystalline structure and element
composition were characterized by XRD, XPS and Raman spectra. The optical and photo-electrochemical
properties were analyzed by UV–vis DRS, open circuit potential and photocurrent density. Results
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Graphitic carbon nitride
Reduced graphene oxide
Photoelectrodes
Photo-degradation
indicated that g-C3N4 and rGO were successfully loaded on the surface of the TNAs photoelectrodes and
formed rGO@g-C3N4/TNAs heterostructure. The photocatalytic activity of the photoelectrodes was eval-
uated by the degradation rate of tetracycline hydrochloride (TC) under xenon lamp irradiation. The intro-
duction of g-C3N4 and rGO reduced the band gap of TNAs photoelectrodes and promoted the separation of
photo-induced electron-hole pairs. The rGO@g-C3N4/TNAs photoelectrodes exhibited higher photo-
electrochemical properties and photocatalytic activity. The removal rate of TC by rGO@g-C3N4/TNAs pho-
toelectrodes could reach 90% under 120 min photo-degradation and reaction kinetic constant was 2.38
times that of TNAs photoelectrodes. The active radicals capture and ESR experiments results showed that
�O2

� radical and �OH radical played the major role in photocatalytic degradation of TC. The possible pho-
tocatalytic mechanism of rGO@g-C3N4/TNAs photoelectrodes was presented.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Recently, semiconductor-based photocatalysis technology has
been extensive concerned owing to their excellent features for
degradation of organic pollutants [1]. Titanium dioxide (TiO2)
semiconductor was regarded as a high-efficiency photocatalyst
among various semiconductor materials (such as ZnO [2], CdS
[3], SnO2 [4], etc.) by reason that its abundance [5], inexpensive,
non-toxicity [6], high chemical stability [7] and noncorrosive prop-
erty [8]. However, the main defects of TiO2 are the low use of sun-
light owing to large band gap (~3.2 eV) as well as the low quantum
production efficiency for high reintegration rate of photon-
generated carriers, which significantly limits its practical applica-
tions [9]. To date, researchers have made a lot of research and
efforts for further enhance the photocatalytic performance of
TiO2, including metals and non-metals doping [8], noble metal
depositing [10], surface modification of carbon nanomaterials [9],
dye-sensitization, semiconductor coupling [11,12], and so on
[13–15]. Particularly, the semiconductor heterostructure con-
structed by coupling with narrower band gap semiconductors is
considered a contributing approach to improve photocatalytic
activity [11]. This unique heterostructure can broaden the light
response region of TiO2, and increase the separation efficiency of
photogenic electron-hole pairs, thus prominently improve visible
light photocatalytic performance [16–18].

Graphitic carbon nitride (g-C3N4), a fine two-dimensional (2D)
non-metal semiconductor material, has attracted much attention
due to narrower band gap (2.7 eV), low price, environmental
friendliness, high chemical stability, corrosion resistance and high
reduction potential [19–23]. At the same time, g-C3N4 has a strong
ability to absorb visible light (380–460 nm). But g-C3N4 has a low
oxidizability for organic pollutants owing to the low oxidation
potential and high recombination rate of photon-generated carri-
ers [24]. The construction of semiconductor heterogeneous struc-
ture between the TiO2 and g-C3N4 might provide a high-
efficiency approach to enhance the visible light photocatalytic
property and redox capacity of pristine TiO2 or g-C3N4 [25,26].
The conduction band (CB) of g-C3N4 (�1.10 eV vs NHE) is more
negative than that of TiO2 (�0.29 eV vs NHE) [27], which results
in that the excited electrons on the CB of g-C3N4 could migrate to
that of TiO2 by means of contact with the heterojunction interface
[21,28]. Therefore, the reintegration of photo-induced hole-
electron pairs might be high-efficiency suppressed to enhance
their separation efficiency, even the photocatalytic activity. How-
ever, in the process, some of the high-energy electrons will be lost
as the electrons migrate from the CB of g-C3N4 to that of the TiO2,
thus leads to a reduction in reduction capacity of g-C3N4. Xiao et al.
[29] has confirmed that g-C3N4/TiO2 heterojunction photocatalyst
was prepared via melt-infiltrating dicyandiamide and the photo-
catalytic degradation rate of Rhodamine B was improved. Other
researchers also successfully prepared g-C3N4/TiO2 photocatalysts
by hydrothermal method [30], in-situ thermal polymerization
method [31], calcination method [32], solvent-free in situ method
[33], thermal transformation methodology [34], pyrolysis process
[35], dipping method [21], solid sublimation and transition method
[36], and so on [25,37–40]. It is a pity that most of the reported g-
C3N4/TiO2 photocatalysts displayed lower utilization and difficult
recycling due to the disordered structure and powder state. Fortu-
nately, 2D g-C3N4 modified three-dimensional (3D) TiO2 nanotube
arrays [21,28,40] (g-C3N4/TNAs) photoelectrodes possess highly
ordered structure, larger surface area [17] and higher photoelectric
conversion ability [40]. However, g-C3N4/TNAs photoelectrodes
were still instability for the lower electron transfer ability of g-
C3N4 [41]. In particular, the electrons transfer between CB of g-
C3N4 and TiO2 reduces the reduction capacity of g-C3N4. Therefore,
the electrons transfer capacity and redox ability of g-C3N4/TNAs
photoelectrodes need to be further improved.

Graphene, a unique two-dimensional (2D) structure carbon
materials, has a large specific surface area [42], superior electron
transfer ability [27,43], high chemical stability, high transparency
[44] and strong adsorption capacity [45]. The introduction of
graphene might transfer the electrons quickly from g-C3N4 and
TNAs photoelectrodes. As a result, the photocorrosion of g-C3N4

could be reduced and the stability of the photoelectrodes would
be improved. Furthermore, the reduction ability of g-C3N4 is
effectively retained due to the rapid electron transfer ability of
graphene, which will contribute to the generation of active free
radicals and promote photocatalytic activity. At the same time,
tetracycline hydrochloride (TC), as a kind of antibiotic pollutants,
has attracted great attention in the field of water treatment for
its high solubility [46]. Due to high persistence and toxicity
[47], TC is not only difficult to be biodegradable, but also can
damage the aquatic environment and further threaten people
health. Therefore, it is urgent to remove TC from contaminated
water by an efficient and environmentally friendly way. To the
best of our knowledge, the 2D rGO and g-C3N4 co-modified 3D
TiO2 nanotube arrays (rGO@g-C3N4/TNAs) photoelectrodes and
its photocatalytic degradation performance of TC have not been
reported.

In this paper, 3D rGO@g-C3N4/TNAs photoelectrodes was pre-
pared through the combination of impregnation, annealing and
electrochemical deposition. The morphology, crystal structure
and element composition were studied systematically. To further
study the influence of rGO on electrons transfer rate of g-C3N4/
TNAs photoelectrode, the open circuit photo-generated potential
and photocurrent density were further analyzed. The photocat-
alytic performance and stability of rGO@g-C3N4/TNAs photoelec-
trodes were assessed by the degradation of TC. On the basis of
active radical scavenging and electron spin resonance (ESR) exper-
iments, the possible degradation mechanism for 3D rGO@g-C3N4/
TNAs photoelectrodes under simulated sunlight irradiation have
also been proposed.
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2. Experiments

2.1. Chemicals

Titanium (Ti) sheets (fineness > 99.8%) were supplied by Dong-
guan Tai Fu Metal Materials limited company (Co. LTD). TC (99.7%)
was purchased from Shanghai Aladdin reagent Co. LTD. Other
reagents were purchased as analytical pure without further treat-
ment. All experiments were conducted using deionized water.
2.2. Fabrication of 3D rGO@g-C3N4/TNAs photoelectrodes

TiO2 nanotube array photoelectrodes were synthesized through
an anodization process according to our previous research [17,48]
except that the reaction area was 40 mm � 10 mm.

The 3D g-C3N4/TNAs photoelectrodes were prepared by a sim-
ple dipping and calcining process. Firstly, the melamine solution
of 20,000 mg/L was prepared as solvent with ethylene glycol. Sec-
ondly, the TNAs photoelectrodes were dipped in melamine solu-
tion with stirring for 10 min and afterwards the glycol on the
TNAs photoelectrodes were evaporated in muffle furnace at
210 �C under nitrogen atmosphere. Then, repeated the above steps
four times. Thirdly, the g-C3N4/TNAs photoelectrodes were
obtained by annealing in tube furnace at 500 �C and maintain
two hours under nitrogen atmosphere. The rGO@g-C3N4/TNAs
photoelectrodes were prepared by cathodic electrodeposition.
The g-C3N4/TNAs photoelectrodes were used as cathode and Pt
sheet as the anode. The deposition was in the solution of 50 mg/
L graphene oxide at glass reactor. In detail, graphene oxide was
prepared on the basis of the improved Hummers method [43,49].
The 3D rGO@g-C3N4/TNAs photoelectrodes were obtained after
an electrochemical cathode deposition process. The applied depo-
sition voltage was 2.5 V, and the deposition process was main-
tained for 3 min. Finally, the rGO@g-C3N4/TNAs photoelectrodes
were evaporated through vacuum drying oven at 105 �C.
2.3. Photoelectrodes characterization

The micromorphology and microstructure of the as-prepared
samples were investigated by cold field launch scanning electron
microscope (SEM, Hitachi S-4800) and field emission transmission
electron microscope (TEM, Tecnai G2 F20). The crystalline struc-
ture was characterized via X-ray diffractometer (XRD, D8
ADVANCE, Bruker AXS) with Cu ka radiation (k = 0.15418 nm).
The composition and structure of the substance were analyzed
using Raman spectrometer (DXR Raman Microscope). Spectrome-
ter: DXR Raman Microscope. The detailed test parameters of
Raman were as follows: Laser: 532 nm; Laser power level:
6 mW; Exposure time: 1.00 sec; Number of exposure: 20. In order
to measure the basic element composition of photoelectrodes film,
X-ray photoelectron spectroscopy (XPS) was analyzed through
Multifunctional imaging electron spectrometer (Thermo ESCALAB
250Xi) using an Al-Ka X-ray (1486.6 eV) source. UV–Vis diffuse
reflectance spectra were acquired by a UV–Vis spectrophotometer
(TU-1901, Beijing). The photo-electrochemical properties of as-
prepared photoelectrodes were measured using an electrochemical
workstation (LK2010, LANLIKE). Specifically, 0.1 M Na2SO4 was
serve as an electrolyte solution for the three-electrode operating
system. The as-prepared photoelectrodes and Platinum plate were
used as the working electrode and counter electrode, respectively.
The saturated calomel electrode was used as the reference elec-
trode. The active radicals adducts were determined by ESR tech-
nique (ELEXSYS-II E560, BRUKER) with DMPO as trapping agent.
Particularly, �OH and �O2

� radicals were determined by using deion-
ized water and methanol as solvent, respectively.
2.4. Measurement of photocatalytic activity

The photocatalytic activity of the photoelectrodes was evalu-
ated by the degradation rate of TC under xenon lamp irradiation.
The newly prepared photoelectrode was placed vertically in a
quartz reactor containing 40 mL TC solution (20 mg/L) with mag-
netic stirring. The distance between the photoelectrode and xenon
lamp (150 W) was at 2 cm. The concentration of TC was measured
by Waters 1525 HPLC equipped with a Waters Symmetry C18 col-
umn (4.6 � 150 mm, 5 lm particle size) at every 20 min intervals.
The mobile phase was 40% methanol and 60% acetic acid (0.1%)
with a flow rate of 1.0 mL/min, and the absorption wavelength
was controlled at 356 nm.

The removal rate of TC was calculated according to the follow-
ing equation:

Removal ð%Þ ¼ ½ðC0 � CÞ=C0� � 100

where C0 was the initial concentration of TC before irradiation; C
was the concentration of TC after irradiation for t min.
3. Results and discussions

3.1. SEM and TEM analysis

The micromorphology and microstructure of various photoelec-
trodes were investigated by SEM and TEM (Fig. 1). The ordered 3D
nanotube arrays with a diameter of about 90 nm grown on the sub-
strate of photoelectrodes and the average wall thickness of nan-
otubes was approximately 25 nm. It could be clearly observed
that floccules were deposited on the top of the nanotubes
(Fig. 1b) after loading the 2D g-C3N4 particles. For 3D rGO@g-
C3N4/TNAs photoelectrodes, some transparent irregularity film
covered the nanotubes (Fig. 1c), which indicated that 2D g-C3N4

and rGO were successfully loaded on 3D TNAs photoelectrodes.
As shown in Fig. 1d, TiO2 was tightly bound to g-C3N4 sheets in
transparent thin layers of graphene. The HR-TEM image of
rGO@g-C3N4/TNAs photoelectrode (Fig. 1e) clearly revealed the
formation of composite heterogeneous interfaces of rGO, g-C3N4

and TiO2, and the lattice spacing of anatase TiO2 crystal plane
(1 0 1) and g-C3N4 crystal plane (0 0 2) were 0.35 nm and
0.33 nm [50], respectively. At the same time, the selected-area
diffraction rings (Fig. 1f) confirmed the polycrystalline structure
of the 3D rGO@g-C3N4/TNAs photoelectrode. The EDX spectra of
rGO@g-C3N4/TNAs photoelectrodes was shown in Fig. 1g. Obvi-
ously, the characteristic peaks of Ti, O, C and N elements were
observed in rGO@g-C3N4/TNAs photoelectrodes, where N elements
came from g-C3N4 and C elements might come from rGO or g-C3N4.
According to the above results, it could be determined that g-C3N4

and rGO were successfully loaded on TNAs photoelectrodes.

3.2. XRD and Raman characterization

The crystalline structure of the TNAs, g-C3N4/TNAs and rGO@g-
C3N4/TNAs photoelectrodes were investigated by XRD and Raman
spectra. Fig. 2a showed that diffraction peaks of anatase TiO2

(JCPDSNO. 21-1272) and Ti (JCPDSNO. 65-3362) metal phase
appeared in all photoelectrodes, which were marked with triangle
and dot. According to the Scherrer’s formula, TiO2 lattice size of all
the above mentioned photoelectrodes were approximately 37 nm,
which showed that the introduction of g-C3N4 and rGO has no sig-
nificant change on the crystalline structure of TiO2. Similarly, the
average crystal sizes of g-C3N4 was calculated as 23 nm. The peaks
at 12.2� and 27.5� were identified as (1 0 0) and (0 0 2) crystal
plane of g-C3N4 (JCPDS 87–1526), respectively. And the sharp char-
acteristic peak at 27.5� represented the interlayer stacking of the



Fig. 1. SEM images of TNAs (a), g-C3N4/TNAs (b), rGO@g-C3N4/TNAs (c) photoelec-
trodes; TEM image of rGO@g-C3N4/TNAs (d) photoelectrodes; HR-TEM image of
rGO@g-C3N4/TNAs (e); Selected-area election diffraction rings of rGO@g-C3N4/TNAs
(f) photoelectrodes; EDX spectrum of rGO@g-C3N4/TNAs (g) photoelectrodes.

Fig. 2. XRD spectra (a) and Raman spectra (b) of TNAs, g-C3N4/TNAs, rGO@g-C3N4/
TNAs photoelectrodes.
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conjugated aromatic system, and the distance was 0.325 nm
according to the Bragg equation, which was in accordance with
the reported literature [32]. Compared to the TNAs photoelec-
trodes, the characteristic diffraction peak at 27.5� for g-C3N4/TNAs
and rGO@g-C3N4/TNAs photoelectrodes, indicated that g-C3N4 has
been successfully loaded on the TNAs photoelectrodes. However,
no obvious characteristic peak of rGO was found in rGO@g-C3N4/
TNAs photoelectrodes, which should be caused by the lower con-
tent [42] and high dispersity of rGO on the surface [51].

Fig. 2b showed the Raman spectra of TNAs, g-C3N4/TNAs and
rGO@g-C3N4/TNAs photoelectrodes including the characteristic D
and G bands. For all photoelectrodes, the major Raman bands of
TiO2 anatase phase appeared at 145, 198, 398, 516, 636 cm�1

[17]. It was clear that there was no significant change in the crys-
tals structure of TNAs after the deposition of g-C3N4 and rGO. For
the Raman spectrum of rGO@g-C3N4/TNAs photoelectrodes, two
obvious characteristic peaks appeared at around 1348 and
1597 cm�1, which is related to the D and G bands of rGO, respec-
tively. And the D and G band represent the existence of defects
of sp3 hybridized carbon atoms and in-plane stretching vibration
of carbon atom sp2 hybridized, respectively [52,53]. Therefore, it
could be further proved that rGO has been successfully deposited
on the film of the photoelectrodes. In addition, no typical charac-
teristic peak of g-C3N4 was discovered in g-C3N4/TNAs and
rGO@g-C3N4/TNAs photoelectrodes. And the result might be
caused by a lower g-C3N4 content and the weak response of g-
C3N4 to Raman absorbance [53–55]. The results of XRD and Raman
spectrum indicated that g-C3N4 and rGO has been successfully
loaded on the surface of TNAs, which confirmed the results of
SEM and TEM (Fig. 1).
3.3. XPS analysis

The XPS survey spectrum of rGO@g-C3N4/TNAs photoelectrodes
and high-resolution XPS spectra of Ti 2p, C 1s, O 1s, N 1s were
shown in Fig. 3. The photoelectrodes film mainly contained four
elements of Ti, C, O and N (Fig. 3a). Fig. 3b revealed that two peaks
appeared in the binding energy of 458.6 and 464.4 eV correspond-
ing to Ti 2p3/2 and Ti 2p1/2, respectively. Meanwhile, the separa-
tion distance was 5.8 eV between Ti 2p3/2 and Ti 2p1/2, which was
consistent with the binding energy of Ti4+ in TiO2 [56,57]. The high-
resolution XPS spectrum of C 1s was shown in Fig. 3c, the sharp C1s
peak centered at 284.7 eV corresponding to the C@C, CAH, and sp2
hybridized carbon atoms (CAC) in rGO [42,58]. The other two



Fig. 3. XPS survey spectrum of rGO@g-C3N4/TNAs (a) photoelectrodes; High-resolution XPS spectra of (b) Ti 2p, (c) C 1s, (d) O 1s and (e) N 1s.
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peaks of C 1s centered at 285.8 and 288.5 eV were regarded as the
C@N (sp2) and CAN (sp3) or C-(N)3 groups, respectively [24,59]. As
shown in Fig. 3d, the O 1s peaks appeared at 529.9 and 531.5 eV
were identified as the TiAO bond and surface AOH groups [40].
The high-resolution XPS spectrum of N 1s was separated into
two weaker peaks (Fig. 4e) at 397.7 eV and 399.4 eV, which could
be attributed to sp2 hybridized nitrogen in triazine rings (C@NAC)
and tertiary nitrogen(NA(C)3) [18,25,41], respectively. According
to this XPS results, as well as XRD and Roman, g-C3N4 and rGO have
been successfully combined with TNAs.

3.4. UV–vis characterization

UV–vis diffuse reflectance spectra (DRS) play a significant
impact in measuring the light absorption performance of the
photoelectrode [17]. The DRS and band gap of the as-prepared



Fig. 4. UV–vis absorption spectra (a) (Ahv)2 ~ hv curves (b) of TNAs, g-C3N4/TNAs,
rGO@g-C3N4/TNAs photoelectrodes.
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photoelectrodes were analyzed and shown in Fig. 4. It is apparent
that optical absorption property of rGO@g-C3N4/TNAs photoelec-
trodes has been greatly enhanced in visible light region
(>390 nm) compared with the TNAs photoelectrodes. The results
indicated that g-C3N4 and rGO significantly promoted the light
absorption of TNAs. Based on the Kubelka-Munk function Eq. [18]:
ðahvÞ2 ¼ Aðhv � EgÞ
Fig. 5. Open circuit potential (a) and Photocurrent density (b) of TNAs, g-C3N4/
TNAs, rGO@g-C3N4/TNAs photoelectrodes.
where a, hv, Eg and A were absorption coefficient, photon energy,
band gap and a proportionality constant, respectively. At the same
time, the (Ahv)2 versus hv curves of samples were presented in
Fig. 4b. According to the results, the band gaps of TNAs, g-C3N4/
TNAs, rGO@g-C3N4/TNAs photoelectrodes were 3.15 eV, 2.87 eV
and 2.72 eV, respectively, which indicated that the longer waves
would be absorbed for the introduction of g-C3N4 or rGO. As a
result, the red shift of the light absorption wavelength and
increased absorption property, which could provide probable condi-
tions for the improved visible light photocatalytic activity of the
composite photoelectrodes.
3.5. Photo-electrochemical properties

To in-depth investigate the separation efficiency of photon-
generated carriers, the open circuit potential and photo-
generated current of all photoelectrodes were measured. As shown
in Fig. 5a, the open circuit potential sharply increased for the accu-
mulation of photoelectrons when light was on and gradually
decreased once the light was off for the accumulated photo-
electrons transferred to the solution or recombined with photo-
holes. The open circuit potential of rGO@g-C3N4/TNAs photoelec-
trode was the highest (~0.20 V), which was 1.25-fold that of TNAs
photoelectrode (~0.16 V) and 1.1-fold that of g-C3N4/TNAs photo-
electrode (~0.18 V). Based on the UV–vis diffuse reflectance spectra
(Fig. 4), rGO@g-C3N4/TNAs photoelectrodes could produce more
photo-induced electrons owing to the greatly enhanced light
absorption ability of TNAs photoelectrode. Meanwhile, the separa-
tion efficiency of photo-generated carriers was greatly improved
due to excellent electrons transfer ability of rGO [27]. Thus,
rGO@g-C3N4/TNAs photoelectrodes revealed a higher potential.
For TNAs photoelectrodes, the open circuit potential rose rapidly,
which suggested that the ordered 3D nanotube structure of TNAs
photoelectrodes could transfer electrons quickly [48]. For g-C3N4/
TNAs photoelectrodes, the open circuit potential was significantly



Fig. 6. Photocatalytic removal rates of TC (a) and pseudo first-order kinetics fitting
curves (b) of over TNAs, g-C3N4/TNAs, rGO@g-C3N4/TNAs photoelectrodes.
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enhanced compared with that of TNAs photoelectrodes, which
might be attributed to the reason that the enhancement of light
absorption capacity (Fig. 4) could lead to the increase of photo-
induced electrons. However, it could be apparently seen that the
open circuit potential of g-C3N4/TNAs photoelectrodes increased
slower than that of TNAs and rGO@g-C3N4/TNAs photoelectrodes,
and the hysteretic effect was shown [42,48]. For rGO@g-C3N4/TNAs
photoelectrodes, the open circuit potential increased rapidly and
hysteresis effect was reduced. It can be seen from the above results
that only the open circuit potential of g-C3N4/TNAs photoelec-
trodes has obvious hysteresis effect, which might be interpreted
by the following reasons: (1) For the TNAs photoelectrodes, under
the illumination of xenon light, the generated carriers was smaller
and the ordered nanotube array is sufficient to transfer rapidly the
electrons. Thus hysteresis effect is very difficult to appear. (2)
However, as g-C3N4/TNAs photoelectrodes, a large electrons could
be generated with the illumination, which could not transfer
quickly for the weak electron transfer ability of g-C3N4. Further-
more, the transfer ability of nanotube arrays is also difficult to
meet the requirements of transfering quickly the increased elec-
trons. Thus the hysteretic effect was shown. (3) And the introduc-
tion of rGO could efficiently and quickly transfer the increasing
electrons, thus the hysteresis effect was reduced. Furthermore,
the ultra-fast electron transfer capability of rGO promote the sep-
aration of photo-induced electrons and holes, and thus rGO/g-
C3N4/TNAs photoelectrodes were able to quickly reach a higher
open circuit potential.

Similarly, when the light source was removed, the open circuit
potential of g-C3N4/TNAs photoelectrodes decreased slower than
that of TNAs and rGO@g-C3N4/TNAs photoelectrodes due to the
hysteresis effect. In addition, the recombination rate of photo-
induced holes and electrons was regarded as an important factor
of photocurrent density [17]. As shown in Fig. 5b, the photocurrent
increased or decreased rapidly when the light was on or off, which
indicated that all the photoelectrodes were extremely sensitive to
illumination. The photocurrent density of the TNAs, g-C3N4/TNAs,
rGO@g-C3N4/TNAs photoelectrode were 0.024 mA cm�2,
0.045 mA cm�2 and 0.056 mA cm�2, respectively, which indicated
that the separation efficiency of photon-generated carrier were
improved obviously after decorated g-C3N4 and rGO. Meanwhile,
it was obvious that the photocurrent density curve of the rGO@g-
C3N4/TNAs photoelectrode was smoother than TNA photoelec-
trode, which could be attributed to excellent stability of rGO@g-
C3N4/TNAs photoelectrode. According to the above results,
rGO@g-C3N4/TNAs photoelectrode exhibited superior photo-
electrochemical properties.

3.6. Photocatalytic performance

The photocatalytic performance of rGO@g-C3N4/TNAs photo-
electrodes was further investigated by photocatalytic removal
rates of TC. As shown in Fig. 6a, after 120 min photo-
degradation, the removal rates of TC by TNAs, g-C3N4/TNAs and
rGO@g-C3N4/TNAs photoelectrodes were 61.28%, 78.36% and
90.23%, respectively.

The results indicated that rGO@g-C3N4/TNAs photoelectrodes
have a much higher photocatalytic performance than TNAs (about
1.47 times). As shown in Fig. 6b, the removal of TC could be
described by pseudo first-order reaction kinetic equation as
follows:

Ln C0=Cð Þ ¼ kt

where C0 was the initial concentration of TC, C was the concentra-
tion of TC after irradiation for t min, and the k is the pseudo first-
order rate constant. For rGO@g-C3N4/TNAs photoelectrodes, the k
was 0.019 min�1, which was 1.58 and 2.38 times that of g-C3N4/
TNAs and TNAs photoelectrodes, respectively. The results shown
that rGO@g-C3N4/TNAs photoelectrodes revealed the highest photo-
catalytic performance, which were attributed to the enhancement
of light absorption performance (Fig. 4) and higher electron mobil-
ity (Fig. 5) due to the decoration of g-C3N4 and rGO. In addition, the
stability of the rGO@g-C3N4/TNAs photoelectrodes were investi-
gated (Fig. 7). It could be obviously seen that the removal rate of
TC, which decreased by less than 4% after five cycles, was still
higher than 87%. The results showed rGO@g-C3N4/TNAs photoelec-
trodes possessed superior stability, which could be ascribed to the
rapid electron transfer capability of rGO, and thus inhibit the pho-
tocorrosion of g-C3N4. In addition, it also could be ascribed to the
formation of more stable semiconductor coupling structures
because rGO strengthen the close contact between g-C3N4 and TNAs
photoelectrodes [58].
3.7. Photocatalytic mechanism

In general, active radicals play the decisive role in photocat-
alytic degradation of pollutants. To further explore the photocat-
alytic degradation mechanism of rGO@g-C3N4/TNAs
photoelectrodes for TC, the active radical capture experiment was
performed. As demonstrated in Fig. 8, the photocatalytic removal
rates of TC were inhibited by 37.28%, 21.67%, and 8.83%, in the



Fig. 7. Photocatalytic removal rates of TC by rGO@g-C3N4/TNAs photoelectrodes for
five run cycles.

Fig. 8. Photocatalytic removal rates of TC by rGO@g-C3N4/TNAs photoelectrodes in
the presence of radical scavenger.

Fig. 9. ESR spectra of DMPO-�OH and DMPO-�O2
� adducts of rGO@g-C3N4/TNAs

photoelectrodes under xenon lamp irradiation.
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presence of BQ (scavengers of �O2
�), TBA (scavengers of �OH) and AO

(scavengers of h+), respectively. Notably, the order of contribution
rates of active free radicals in photocatalytic degradation was as
follows: �O2

� > �OH > h+, which further revealed that �O2
� and �OH

play a dominant role in photocatalytic degradation of TC by
rGO@g-C3N4/TNAs photoelectrodes.

The spin-trapping ESR techniques was used to further detect �O2
�

and �OH radicals generated during photocatalytic degradation on
rGO@g-C3N4/TNAs photoelectrodes. As displayed in Fig. 9, four
peaks with a peak intensity ratio of 1:2:2:1 were present in the
case of the rGO@g-C3N4/TNAs photoelectrodes illuminated by
xenon lamps, which indicated that significant �OH were produced
in the process of photocatalysis. At the same time, the peaks of
�O2

� radicals adders (DMPO-�O2
�) also appear in the ESR spectra.

Obviously, the peak strength of DMPO-�O2
� was significantly higher

than that of DMPO-�OH, which indicated that the concentration of
�O2

� radicals generated in the photocatalytic process was higher
than that of �OH radicals. The ESR results were consistent with
the radicals scavenging experiment.
On the basis of the above mentioned consequence, the possible
mechanisms for photocatalytic degradation of TC over as-prepared
photoelectrodes under simulated sunlight irradiation were pro-
posed in Fig. 10. According to previous reports, the CB and valence
band (VB) potentials of TiO2 are �0.29 eV vs NHE and 2.91 eV vs
NHE [42,60], respectively. And the CB and VB potentials of g-
C3N4 are �1.10 eV vs NHE and 1.60 eV vs NHE [27], respectively.
Thus, both electrons in CB of TiO2 and g-C3N4 possess the ability
to create superoxide (�O2

�) radicals because the potential is negative
enough (E0 (O2/�O2

�) = �0.046 eV) [18,27,61]. At the same time, for
pristine TiO2, the hole oxidation capacity of VB is sufficient to gen-
erate hydroxyl (�OH) radical because the potential of VB is higher
than E0 (OH�/�OH) = 1.99 eV and E0 (�OH/H2O) = 2.68 eV, while g-
C3N4 is not sufficient to produce �OH due to the weak oxidation
potential of the CB. Fig. 10a showed that TNAs photoelectrodes
possessed higher photo-generated hole-electrons recombination
rate and lower solar light absorption capacity (Fig. 4) for the wide
band gap of 3.2 eV. Thus, the degradation efficiency of TC by pris-
tine TNAs photoelectrode was the lowest (Fig. 6). For g-C3N4/TNAs
photoelectrodes, both g-C3N4 and TNAs could be excited and g-
C3N4 could absorb the visible light, thus much more photo-
generated electrons and holes could appear in their CB and VB.
Some of the holes in the VB of TiO2 could migrate to that of the
g-C3N4 because the VB of TiO2 is more positive than that of g-
C3N4. Similarly, some electrons in the CB of g-C3N4 could be trans-
ferred to that of TiO2 for the CB of g-C3N4 is more negative. The
result will result in the loss of high-energy electrons in CB of g-
C3N4, reducing the formation rate of �O2

�. The accumulated elec-
trons on the CB of TiO2 would react with O2 to form �O2

� and the
accumulated holes on the VB of TiO2 would react with H2O to gen-
erate �OH [26]. Meanwhile, some photo-generated electrons might
also transfer to the VB of g-C3N4 and recombine with the accumu-
lated holes on the VB of g-C3N4 (Fig. 10b). Furthermore, the photo-
corrosion of g-C3N4 will be reduced for the fast electrons transfer
rate. It is known that radicals such as �OH and �O2

� undertake the
crucial tasks during the photocatalytic degradation system [40].
For rGO@g-C3N4/TNAs photoelectrodes, the generated electrons
in the CB of g-C3N4 would be quickly transferred to rGO instead
of CB of TiO2. The transferred electrons could be captured by O2

and produce �O2
� (Fig. 10c), which will effectively avoid the loss

of high-energy electrons and the photocorrosion of g-C3N4. Thus,
the high reduction properties of g-C3N4 were preserved, which will



Fig. 10. Schematic diagrams for photocatalytic mechanism of (a) TNAs, (b) g-C3N4/TNAs and (c) rGO@g-C3N4/TNAs photoelectrodes.
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be more favorable to the formation of �O2
� radicals. Besides, the

electrons in the CB of TiO2 will also be transferred by rGO rather
than recombined with photo-generated holes in the VB of g-
C3N4. Hence, the reintegration of photo-generated electrons and
holes (as-mentioned in Fig. 10b) could be effectively inhibited or
hysteresis to prolong the life of photo-generated holes. Finally,
rGO@g-C3N4/TNAs photoelectrodes exerted the superior photocat-
alytic performance for the degradation of TC (Fig. 6). Depend on the
functions of various radicals such as �OH and �O2, TC could be
degraded to produce CO2, H2O and other small molecules.
4. Conclusions

In summary, 2D rGO and g-C3N4 co-modified 3D TiO2 nanotube
arrays photoelectrodes were successfully prepared through the
process of impregnation, annealing and electrochemical deposi-
tion. The introduction of g-C3N4 and rGO not only enhanced visible
light adsorption, but also promoted the transfer of photo-
generated electrons between g-C3N4 and TiO2. The high reduction
properties of g-C3N4 were effectively preserved due to the promi-
nent electrons transfer ability of rGO. Meanwhile, rGO@g-C3N4/
TNAs photoelectrodes demonstrated the higher open circuit poten-
tial and transient photocurrent density compared to TNAs and g-
C3N4/TNAs photoelectrodes. The rGO@g-C3N4/TNAs photoelec-
trodes exhibited excellent photocatalytic degradation performance
for TC. Besides, rGO@g-C3N4/TNAs photoelectrodes showed a
remarkable stability due to the reduction of photocorrosion. The
photocatalytic degradation mechanism was dominated by �OH
and �O2

� radicals. In this work, the preparation of 3D rGO@g-C3N4/
TNAs photoelectrodes would provide useful experimental basis
for the purification of organic pollutants in water body.
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� Network 3D Z-scheme g-C3N4

nanosheets/TiO2 nanobelt-tubes
photoelectrodes was synthesized.

� The TiO2 nanobelt-tubes structure
improved the transfer efficiency of
electrons.

� Z-scheme heterostructure facilitated
the separation of photogenerated
electron hole pairs.

� g-C3N4/TNBTs heterostructure
exhibited stronger photocatalytic
degradation of TC.
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a b s t r a c t

Netlike 3D Z-scheme graphitic carbon nitride (g-C3N4) nanosheets decorated TiO2 nanobelt-tubes
(TNBTs) photoelectrodes (g-C3N4/TNBTs) were fabricated via anodization and coating technology. The
network 3D photoelectrodes were characterized by HR-TEM, XPS and UV–Vis/DRS. The photoelectro-
chemical properties were examined to reveal the transfer and separation efficiency of photogenerated
electrons. The photocatalytic activity was investigated by the photocatalytic decomposition of tetracy-
cline hydrochloride (TC) under light irradiation. Results showed that g-C3N4 with rugged surface were
loaded on TNBTs by chemical bond joint to form heterostructure. The g-C3N4/TNBTs exhibited stronger
visible light absorption and reduced recombination of photogenerated electron-hole pairs than TNBTs.
The photocurrent response of g-C3N4/TNBTs was ~1.88-fold that of TNBTs. The photocatalytic rate of g-
C3N4/TNBTs for TC was significantly higher than that of TNBTs (0.017 min�1 vs 0.007 min�1). The �O2

�

and h+ were the dominant oxidation species during the degradation of TC. The possible photocatalytic
mechanism of constructing Z-scheme heterojunction was also proposed.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction
Recently, with the rapid development of veterinary and human
medicine, potential environmental risks caused by antibiotics
abuse has raised widespread attention (Roy et al., 2020;
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Wang et al., 2019b; Wu et al., 2019a). It is thus that the degrada-
tion of wastewater containing antibiotics is urgent for human
health and environmental protection (Yu et al., 2020). Tetracycline
hydrochloride (TC), as important broad-spectrum antibiotics,
which are extensively applied in human and veterinary medicine
against infectious diseases, and their residues from the application
can encourage the growth of antibiotic resistant pathogens and
cause serious health and environmental issues (Chen et al., 2018;
Xue et al., 2018; Zhao et al., 2019). Hence, it is a great mission to
develop an efficient treatment technology to remove these tetracy-
cline residues in the aquatic environment.

Photocatalysts have potential applications in the decomposition
of contaminants and the development of new energy by utilizing
solar energy as a sustainable energy source (Jiang et al., 2018;
Yang et al., 2017). Fujishima and Honda firstly reported titanium
dioxide (TiO2) for hydrogen production in 1972 (Inoue et al.,
1979), TiO2 has become a promising candidate to dealing with
the problems of environmental and energy crisis owing to its
chemical stability, environmental-friendliness and strong oxidiz-
ing power (Turolla et al., 2018; Moreira et al., 2012). Nevertheless,
TiO2 intrinsic shortcomings of the restrained UV-light response
and the rapid recombination of electron-hole pairs exhibit signifi-
cant limitations in the photocatalytic reaction process. Up to now,
various endeavors, such as ion doping (Schlexer et al., 2018), dye
sensitization (Mohanan et al., 2019) and coupling with other
visible-light semiconductors (Huang et al., 2015; Mishra et al.,
2018; Wu et al., 2019b; Zhang et al., 2018b; Zhou et al., 2018), have
been employed to ameliorate the photocatalytic performance of
TiO2. Thereinto, coupling with narrow band gap semiconductors
is a strategy to promote the transfer of electron-hole pairs and
enhance the visible light absorption (Li et al., 2019a; Sheng et al.,
2019; Wang et al., 2014; Ye et al., 2012). Unfortunately, when
two semiconductors are coupled, the photo-generated carries are
transferred into conduction band (CB) and valence band (VB) of
opposite semiconductor according to the potential difference, thus
the redox ability of composite semiconductors would be reduced
(Chen et al., 2014a,b; Li et al., 2013). Compared with traditional
heterostructures, all-solid-state Z-scheme systems with excellent
redox ability have attractive advantages in charge separation and
transportation (Zhou et al., 2014).

Since graphitic carbon nitrogen (g-C3N4) was firstly used for
water splitting to produce H2 by Wang et al. (2009), it has gained
much attention in the domain of photocatalysis for CO2 reduction
(Brunetti et al., 2019), pollutant degradation (Cerdan et al., 2018;
Zhang et al., 2020) and organic synthesis (Cao et al., 2015). The
g-C3N4 possesses a band gap of 2.84 eV with the CB located at
�1.19 eV and VB located at +1.65 eV vs normal hydrogen electrode
(NHE), which can absorb visible light at wavelengths less than
437 nm (Boonprakob et al., 2014). The CB of g-C3N4 is adequately
negative, many photocatalytic reduction reactions are promoted
on the g-C3N4 surface. Furthermore, g-C3N4 has outstanding
physicochemical stability on account of strong covalent bond
between C and N (Chen et al., 2016; Liao et al., 2012; Liu et al.,
2011). However, the VB potential and the band gap of g-C3N4 lead
to weak oxidation ability and fast recombination of photo-
generated carries. Hence, the g-C3N4 with appropriate band posi-
tion can be modified with TiO2 to form a matched Z-scheme
heterostructure. The distance between the VB of g-C3N4

(+1.65 eV) and the CB of TiO2 (�0.30 eV) is less than their own
band gap, thus the electrons in the CB of TiO2 are readily combined
with holes in the VB of g-C3N4, which makes the photogenerated
electrons to accumulate in the CB of g-C3N4 with strong reducibil-
ity and the holes to accumulate in the VB of TiO2 with high oxida-
tive capability. TiO2 powder modified by the 0-dimensional (0D) or
2-dimensional (2D) g-C3N4 has been illustrated to improve photo-
catalytic performance and raise the separation efficiency of photo-
generated carriers because of Z-scheme heterogeneous structure
(Liu et al., 2019b; Lu et al., 2018; Sridharan et al., 2013). Wang
et al. (2019a) constructed three-dimension (3D) TiO2

microflowers/g-C3N4 nanosheets through hydrothermal and calci-
nation process, showing the excellent H2 production activity bene-
fiting from an effective direct Z-scheme heterojunction. Li et al.
(2017) suggested that Z-scheme g-C3N4-TiO2 nanocomposites have
higher photocatalytic activity for the propylene degradation.

However, the huge cost of separating TiO2 powder from suspen-
sion is one of the main drawbacks hindering the practical utiliza-
tion of this process in pollutant treatment. The immobilized 1-
dimensional (1D) TiO2 nanostructures such as nanowires (Tan
et al., 2013) and nanobelts (Chen et al., 2013) prepared by anodic
oxidation have higher photochemical activity and practical appli-
cation prospect compared with TiO2 powder because of its abun-
dant exposed edge sites, large specific surface area and
overcoming the disadvantage of powder suspension (Liu et al.,
2015; Zhai et al., 2014). In order to advance the transfer of photoin-
duced electrons and further improve photocatalytic activity, a
highly ordered 1D/3D TiO2 nanobelt-tubes (TNBTs) network photo-
electrodes were tried to obtain by adjusting the anodic oxidation
parameters. As we have seen, there are no literature on the con-
struction and properties of netlike 3D Z-scheme g-C3N4/TNBTs
photoelectrodes. The mechanisms of charge transfer and photo-
catalysis are still unclear.

Hence, we design the highly ordered 1D/3D TNBTs network
embellished with 2D g-C3N4 to construct all-solid-state network
3D Z-scheme g-C3N4/TNBTs photoelectrodes by anodization and
coating technology. In this 3D composite photoelectrode, there
are three key advantages: (1) TiO2 nanobelts provide 1D structure
to increase reactive sites and enhance optical capture capability;
(2) g-C3N4 nanosheets and TiO2 form close heterostructure to
enhance the optical absorption range and promote electron trans-
fer; and (3) highly ordered TiO2 nanotube arrays serve as efficient
carriers transfer medium. The photocatalytic properties of g-C3N4/
TNBTs photoelectrodes was studied by photocatalytic degradation
of TC. The heterostructure formed between g-C3N4 nanosheets and
TNBTs network was examined by analyzing surface morphology,
optical and photoelectric properties. The transfer mechanism of
photo-induced carriers and degradation mechanism of TC over
the g-C3N4/TNBTs photoelectrodes were proposed.
2. Materials and methods

2.1. Materials

Hydrofluoric acid (HF, �40.0%), ethanol (75%), acetone
(�99.5%), ammonium fluoride (NH4F, �96.0%), ethylene glycol
(�99.5%), melamine (�99.0%), p-benzoquinone (BQ, �98.0%),
tert-butylalcohol (TBA, �98.0%) and ammonium oxalate (AO,
�99.5%) were provided by Sinopharm Chemical Reagent Co. Ltd.
TC (96%) are purchased from Aladdin (Shanghai China). Titanium
(Ti) foils (99%) with a thickness of 0.2 mm were used raw materi-
als. All the chemicals were analytical-grade without further purifi-
cation. Ultrapure water was used in all solutions.
2.2. Synthesis of netlike g-C3N4/TNBTs photoelectrodes

Prior to anodization, the Ti foil was pickled in a mixture con-
taining HF and H2O (1:1) for 15 s and then dried in air. Desiccative
Ti foil was polished by 600, 1000 and 2000 mesh sandpaper in turn.
Following, Ti foil was sonicated for 3 min in ultrapure water,
ethanol-acetone mixture (1:1) and ultrapure water, respectively.

Netlike TNBTs photoelectrodes were fabricated by an anodiza-
tion method with Ti foil (reaction area of 4 cm2) was used as the
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anode and platinum foil as cathode. The electrolyte contains ethy-
lene glycol, 0.5 wt% ammonium fluoride (NH4F) and 7 vol% water
by inputting constant voltage of 60 V at 20 �C for 2.5 h. After, the
photoelectrodes were rinsed completely with ultrapure water
and dried at 101 �C for 30 min.

Ethylene glycol solution containing 10 g/L melamine was
coated on surface of TNBTs photoelectrodes using a brush with var-
ious times (1, 3, 5 and 7 times) and dried in a muffle furnace at
200 �C for 10 min. Subsequently, the coated TNBTs photoelectrodes
were annealed at 550 �C for 2 h after each coating. The photoelec-
trodes were called as g-C3N4/TNBTs-n, where n referred to the
coating times.

2.3. Characterization

The microstructure and electron diffraction of the photoelec-
trodes were characterized by a scanning electron microscope
(SEM, Hitachi S-4800, Japan), high-resolution transmission elec-
tron microscopy (HR-TEM, Tecnai G220, America). The crystal
structure was investigated by X-ray diffraction (XRD, Bruker AXS,
Germany) with Cu ka1 radiation (40 kV/30 mA). X-ray photoelec-
tron spectroscopy (XPS) was detected using a Thermo ESCALAB
250Xi on a monochromatized Al ka (1486.68 eV) X-ray sources.
UV–Vis diffuse reflectance spectra (DRS) were examined from a
TU-1901 UV–Vis spectrophotometers. The functional properties
of photoelectrodes were recorded with a Fourier transform infra-
red (FTIR) spectroscopy (UATR Two, PerkinElmer, USA). Photolumi-
nescence (PL) spectra were verified by a F-4600 fluorescence
spectrometer (Hitachi) with excitation wavelength of 325 nm.

The photoelectrochemical performance was investigated by
measuring photocurrent response, electrochemical impedance
spectra (EIS) and open-circuit voltage (Voc) on an electrochemical
workstation (CHI660E, China) with a standard three-electrode sys-
tem, comprising the as-prepared photoelectrodes (working elec-
trode), platinum foil (counter electrode), a saturated calomel
electrode (reference electrode) and 0.1 mol/L Na2SO4 solution as
the electrolyte. The light source was a 35 W Xenon light (Philips).
The EIS measurement was conducted with frequency range of
100 kHz to 0.01 Hz at a bias of 0 V.

2.4. Photocatalytic performance

Photocatalytic performance of as-prepared photoelectrodes
(TNBTs and g-C3N4/TNBTs-n photoelectrodes) placed vertically in
the quartz beaker were comparatively investigated by evaluating
the degradation and rate of 2 mg/L TC solution as a model reaction.
Prior to light irradiation, the quartz beaker was placed under stir-
ring for 30 min to obtain adsorption/desorption equilibrium of TC
on the photoelectrodes, and was then irradiated to a 50 W xenon
lamp (CEL-HXF300) for 2 h. The concentration of TC solution at
specific time intervals was measured by HPLC (Agilent 1100) with
a mobile phase containing water (0.005 mol/L oxalic acid) and
methanol (60/40, v/v) employing a flow rate of 1.0 mL/min. The
column was C18 (4.6 mm � 250 mm, 5 lm) and the absorbance
wavelengths was 356 nm.
3. Results and discussion

3.1. Morphology and phase structures

SEM and HR-TEM images distinctly indicate the external mor-
phology and microstructure of the photoelectrodes (Fig. 1).
Fig. 1a was clearly observed that netlike TNBTs photoelectrodes
exhibited well-ordered netlike 3D nanotube structure at the bot-
tom and 1D belt-like structure on the surface with width of 20–
50 nm and length of 2–3 lm (the inset of Fig. 1a). This 1D/3D
nanobelt-tubes channels are beneficial for increasing the reaction
sites of organic pollutants and furthering the transfer of photo-
induced carriers as efficient migration pathways (Chen et al.,
2014a,b). Fig. 1b showed that some rough surface materials with
2D structure covered on the top of the TNBTs, which indicated that
the g-C3N4 was effortlessly attached to TNBTs to form a network
3D photoelectrodes. Notably, several g-C3N4 stacking layers was
clearly seen on the surface of TNBTs with the increase of coating
times to 5 times, indicating the coatings times could affect the
number of deposited layers. A well 1D belt-like and 3D nanotube
network still existed, suggesting that the subsequent deposition
of g-C3N4 did not deform the intrinsic structure of TNBTs.

The selected area electron diffraction pattern of the g-C3N4/
TNBTs-5 photoelectrodes in the inset of Fig. 1c showed obvious
polycrystalline rings for the good crystallization of TiO2 (Ma
et al., 2016). Fig. 1d showed that the different orientations and lat-
tice spacing were 0.35, 0.23 and 0.32 nm, which are in accorded
with the TiO2 (1 0 1), (0 0 1) and g-C3N4 (0 0 2) planes, respectively.
Besides, EDX spectra showed the main elemental compositions of
g-C3N4/TNBTs-5 photoelectrodes. The major signals of Ti, O, C
and N elements were concurrently discovered in g-C3N4/TNBTs-5
photoelectrodes, whose total scale were 14.88%, 36.20%, 30.60%
and 17.73%, respectively, which further demonstrated that g-
C3N4 were on the TNBTs surface (Fig. 1e). These results confirmed
the existence of heterostructure between g-C3N4 and TiO2, and the
deposition of g-C3N4 nanosheets on TNBTs, which could extend vis-
ible light response and accelerate the photo-induced carriers sepa-
ration. Up to now, a network 3D integration interface between g-
C3N4 and TiO2 has been expressed, which probably shows their
individual advantages, for instance, g-C3N4 could broaden the
absorption range towards the visible region and increase the prob-
ability of contact between reactants and photoelectrodes, TNBTs
are beneficial to the transfer of photoexcited carriers. Importantly,
Z-scheme heterostructure structure formed by g-C3N4 and TiO2 can
enhance the redox ability.

XRD spectroscopy were investigated to analyze the crystallo-
graphic structure of the TNBTs, g-C3N4 and g-C3N4/TNBTs photo-
electrodes. In Fig. 2a, the diffraction peaks of TNBTs and g-C3N4/
TNBTs photoelectrodes were observed. The peaks at 25.1�, 37.2�,
48.2�, 55.0�, 55.7�, 63.7� and 40.4�, 53.5�, 70.9� can be indexed to
the characteristic peaks of anatase TiO2 (JCPDS, No. 21-1272) and
Ti (JCPDS, No. 65-3362), respectively, indicating the single crystal
anatase structure, which are in conformity with the HR-TEM con-
sequence. XRD spectra of pristine g-C3N4 are displayed in Fig. 2b.
The diffraction peaks at 13.1� and 28.0� were observed and can
be well-indexed to (1 0 0) and (0 0 2) planes (JCPDS, No. 87-
1526), which belongs to the hexagonal phase graphite-like struc-
ture (Wen et al., 2018). The peak at 13.1� corresponds to the regu-
lar arrangement of triazine rings in g-C3N4 plane. The strong and
sharp diffraction peak at 28.0� is characteristic interlayer stacking
of p-conjugated aromatic system with the interlayer spacing of
0.318 nm by the Bragg equation. It is further demonstrated that
the diffraction peak is related to the (0 0 2) plane of g-C3N4

(d002 = 0.322 nm). The results obtained were consistent with the
previous report (Liu et al., 2019a; Zhao et al., 2005). For g-C3N4/
TNBTs-5 and g-C3N4/TNBTs-7, the peak of g-C3N4 were observed,
the intensity of diffraction peak increased gradually upon enhanc-
ing the coating times. For g-C3N4/TNBTs-1 and g-C3N4/TNBTs-3, the
characteristic diffraction peaks of g-C3N4 were not measured. This
may be attributed to lower loading and poor crystallization of g-
C3N4 deposited (Yu et al., 2013; Zhang et al., 2012). Fig. 2c shows
the XRD spectra of fresh and used g-C3N4/TNBTs-3 photoelec-
trodes. The used photoelectrodes had been recycled for 5 times
(10 h). The diffraction peaks of Ti, anatase TiO2 and g-C3N4 were
observed in XRD patterns of both the fresh and used g-C3N4/



Fig. 1. SEM images of TNBTs (a) and g-C3N4/TNBTs-5 (b) photoelectrodes, TEM image of g-C3N4/TNBTs-5 photoelectrodes (c), HR-TEM image of g-C3N4/TNBTs-5
photoelectrodes (d), EDX of g-C3N4/TNBTs-5 photoelectrodes (e).
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TNBTs-3 photoelectrodes, and the corresponding peak intensity
and position do not change. It can be concluded that the crystallo-
graphic structure of the used g-C3N4/TNBTs photoelectrodes has
not been altered.

3.2. XPS characterization

The chemical bonding and status of surface elements on the
TNBTs and g-C3N4/TNBTs-3 photoelectrodes were further deter-
mined by XPS. Fig. 3 illustrated the full survey spectrum and the
high-resolution survey spectrum of Ti 2p, O 1 s, C 1 s and N 1 s ele-
ments. O, Ti, C, and N were all found in the g-C3N4/TNBTs-3 photo-
electrodes (Fig. 3a). As shown in Fig. 3b, the peaks at 464.1 eV and
458.4 eV corresponds to Ti 2p 1/2 and Ti 2p 3/2 of TiO2, respectively.
There was a distance of 5.7 eV between the two peaks, indicating
that the valence state of Ti was Ti4+ in TiO2 (Liu et al., 2018). Com-
paredwith TNBTs photoelectrodes, the Ti 2p 1/2 and Ti 2p 3/2 peaks
slightly deviated of 0.2 eV to lower binding energy in the g-C3N4/
TNBTs-3 photoelectrodes, which was probably caused a change in
the density of the electron cloud by partial substitution of TiAOwith
TiAN (Hamal and Klabunde, 2011; Wang et al., 2018b). The results
confirmed that g-C3N4/TNBTs-3 heterostructures formed by



Fig. 2. XRD spectra of TNBTs, g-C3N4/TNBTs-n photoelectrodes (a), pure g-C3N4 (b)
and used and fresh g-C3N4/TNBTs-3 photoelectrodes (c).
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chemical bond joint rather than physical mixture (Wang et al.,
2018a,b). The two peaks of O 1s XPS spectrum (Fig. 3c) were located
at 529.8 V and 531.7 V, which were well assigned to TiAOATi link-
ages in TiO2 and AOH functional groups from the oxygen absorbed
on the surface of TNBTs, respectively. Additionally, the binding
energy of O 1s also has a slight decrease, whichwas probably caused
by the chemical configuration (Lakhera et al., 2018). The high-
resolution C 1s spectrum of g-C3N4/TNBTs-3 photoelectrodes were
shown in Fig. 3d, asymmetric and broad peaks can be divided into
three peaks at 284.8, 286.0 and 288.3 eV, corresponding to CAC
(Zhang et al., 2018a), sp2 C atoms in the tri-s-triazine ring (N@CAN2)
(Lu et al., 2017) and sp3 C atoms bonded to N (CAN) of g-C3N4,
respectively (Dong et al., 2015; Su et al., 2016). In Fig. 3e, The N1s
spectrum was fitted into three peaks at 398.4, 399.3 and 400.5 eV,
which are assigned to sp2-hybridezed N bonded to carbon atoms
(C@NAC) in thiazine rings, bridging nitrogen (NA(C)3) and terminal
amino functional groups with a hydrogen atom (ANH or ANH2),
respectively (Ma et al., 2016; Zhang et al., 2012). The existence of
N(AC)3 groups corroborated the polymerization ofmelamine, while
theANHorANH2 groups proved thatmelamine pyrolysis to synthe-
size g-C3N4 was incomplete condensation (Zhou et al., 2013).
According to the result of XPS spectrum, g-C3N4 was successfully
modifiedon theTNBTs surfacevia coatingmethod,whichwere com-
patible with the above-mentioned XRD and HR-TEM.

3.3. FTIR and PL spectra analysis

The FTIR spectra of TNBTs and g-C3N4/TNBTs-3 photoelectrodes
were conducted to analysis the chemical bonding and composi-
tions, as shown in Fig. 4. The sharp peak at 806 cm�1 are assigned
to the out-of-plane stretching vibration of CAN heterocycles in 3-s-
triazine units (Kumar et al., 2013; Wang and Zhang, 2012). There
were several strong bands in the range of 1000–1800 cm�1, which
were related to the characteristic stretching vibration of CAN hete-
rocycles. Thereinto, the band of 1237–1456 cm�1, with 1237, 1320,
1401 and 1456 cm�1, corresponds to the stretching vibration of
CAN and aromatic rings. The absorption peaks at 1548–
1632 cm�1 were caused by the stretching vibration of C@N (Liu
et al., 2015). The shoulder broad absorption at 2913–3335 cm�1

were accordance with the NH bond of free amino groups at the
defect sites of the aromatic ring (Zhang et al., 2017). The character-
istic peaks of TNBTs were not observed.

PL can also be employed to determine the photo-induced carri-
ers behaviors of the photoelectrodes, bandgap energy level distri-
bution, surface oxygen vacancies and defects, etc. The PL spectra
of TNBTs and g-C3N4/TNBTs photoelectrodes in the wavelength
range of 300–600 nm are shown in Fig. 5. The emission peaks of
TNBTs centered at 383 and 396 nm were mainly attribute to the
band-band transition of photo-induced carriers. Four peaks were
detected at 452, 468, 484 and 494 nm, possibly attribute to defects
and oxygen vacancies on the surface of TNBTs (Wang et al., 2018a;
Lakshminarasimhan et al., 2007). In addition, the PL intensity
reduced when the g-C3N4 was decorated into the TNBTs photoelec-
trodes, suggesting that g-C3N4/TNBTs photoelectrodes have better
photogenerated carriers separation efficiency. The holes in the VB
of g-C3N4 were combined with the electrons in the CB of TiO2,
which can release low fluorescence energy and leave holes in the
VB of TiO2 and electrons in the CB of g-C3N4 with stronger redox
ability, respectively. Consequently, it can be predicted that the for-
mation of Z-scheme heterostructure of netlike g-C3N4/TNBTs pho-
toelectrodes will exhibit higher photocatalytic activity.

3.4. UV–Vis DRS results

The optical properties of photoelectrodes are extremely impor-
tant in determining the decomposition of contaminants under
solar light. The UV–Vis DRS of TNBTs, g-C3N4 and g-C3N4/TNBTs-
3 photoelectrodes were recorded (Fig. 6a). For pristine TNBTs pho-
toelectrodes, the optical band edge was 390 nm, which according
with the intrinsic band gap of 3.2 eV, thus, the TNBTs photoelec-
trodes could only be excited by ultraviolet light. However, the
absorption edge of g-C3N4 was extended to visible light (about
450 nm), which was owing to the charge transfer response from
VB migrated by N 2p orbit to the CB formed by C 2p orbit (Li
et al., 2016). After the incorporation of g-C3N4, the optical absorp-



Fig. 3. Full-scale XPS spectra of TNBTs and g-C3N4/TNBTs-3 photoelectrodes (a) and high-resolution Ti 2p (b) and O 1s (c) XPS spectra of TNBTs and g-C3N4/TNBTs-3
photoelectrodes; C 1s spectrum of g-C3N4/TNBTs-3 (e), N 1s spectrum of g-C3N4/TNBTs-3 (f) photoelectrodes.
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tion intensity of g-C3N4/TNBTs-3 photoelectrodes in both ultravio-
let and visible light regions was significantly enhanced than that of
TNBTs photoelectrodes, and the light absorption intensity of g-
C3N4/TNBTs-3 photoelectrodes after 500 nm was higher than that
of the ultraviolet region. The above phenomenonmay be attributed
to the surface defect sites formed during heat treatment as well as
light scattering by nanobelt-tubes or pores in the TNBTs array and
the a compact interaction between TNBTs and g-C3N4, which
increase the transmission length of incident light and enhance
the visible light capture capacity of network 3D g-C3N4/TNBTs



Fig. 4. FT-IR spectra of TNBTs and g-C3N4/TNBTs-3 photoelectrodes.

Fig. 5. PL spectra of TNBTs and g-C3N4/TNBTs-3 photoelectrodes.

Fig. 6. UV–Vis diffuse reflectance absorption spectra (a) and plots of (ahm)2 vs
photon energy (hm) (b) for TNBTs, g-C3N4 and g-C3N4/TNBTs-3 photoelectrodes.
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photoelectrodes (Tan et al., 2018; Wang et al., 2018a,b; Zhu et al.,
2009).

The bandgap energy of semiconductors can be evaluated by the
Kubelka-Munk equation (Fig. 6b). The bandgap of pristine TNBTs
and g-C3N4 were 3.2 and 2.7 eV, respectively. After coupling TNBTs
with g-C3N4, the bandgap of TNBTs photoelectrodes changed to
3.0 eV. The improvement of optical absorption and red shift imply
that the utilization of visible light was improved, leading to more
electron-hole pairs and the separation of photo-induced carriers
was improved owing to a compact interaction between TNBTs
and g-C3N4. Consequently, it is easy to illustrate why g-C3N4/TNBTs
has improving photocatalytic activity than TNBTs.

3.5. Photoelectrochemical performance

The separation and migration efficiency can be evaluated by
measuring the transient photocurrent density and Voc vs time
under repeated 50 s on/off irradiation cycles. The interior resis-
tance and charge transfer kinetics of photoelectrodes could be
employed using EIS (Zhao et al., 2018). From Fig. 7a, all the photo-
electrodes exhibited the rise and fall response for each switch on–
off illumination cycle, and the photocurrent response was com-
pletely invertible. The photocurrent density of the prepared g-
C3N4/TNBTs-3 was higher than 0.028 mA�cm�2, which was almost
1.47-fold and 1.88-fold that of the g-C3N4 (0.019 mA�cm�2) and
TNBTs photoelectrodes (0.015 mA�cm�2), respectively. The
enhancement of the photocurrent density of g-C3N4/TNBTs-3 can
be attributed to two factors: (1) the broaden light absorption spec-
trum region and improved absorption intensity for the construc-
tion of g-C3N4/TNBTs heterostructure; and (2) the enhanced
charge transportation efficiency because of the formation of g-
C3N4/TNBTs heterojunction (Li et al., 2015; Zhang et al., 2018a).

The Voc response is an effective method to detect the generation
and aggregation of electrons under open-circuit condition and illu-
mination. As shown in Fig. 7b, most of the excited electrons trans-
ferred and aggregated in TiO2 film, resulting in the transfer of
Fermi level to a more negative potential and the Voc was gradually
increasing after the light was on. Because of the competition of
electrons aggregation and carriers recombination, Voc reached a
maximum and then maintains a steady state (Benjamin and
Prashant, 2009; Mor et al., 2006). Obviously, g-C3N4/TNBTs-3 pho-
toelectrodes exhibited higher photovoltage (~0.08 V) than TNBTs
(~0.07 V) photoelectrodes. However, the photovoltage of g-C3N4/
TNBTs-3 photoelectrodes showed a quickly increase, which was
significantly different from the delayed increase of TNBTs photo-
electrode. There are two possible reasons for the above phe-
nomenon of TNBTs and g-C3N4/TNBTs-3 photoelectrodes: (1) the
narrower bandgap of g-C3N4 can effectively improve the utilization
of light, thus the most stimulated photoelectrons transferred and
accumulated on the CB of g-C3N4; (2) the CB electrons of TiO2



Fig. 7. Photocurrent (a) and Nyquist plots of EIS (c) response of TNBTs, g-C3N4 and
g-C3N4/TNBTs-3 photoelectrodes, Voc (b) of TNBTs and g-C3N4/TNBTs-3.
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rapidly recombined with VB holes of g-C3N4, because of the match-
ing between g-C3N4 and TNBTs. After stopping the illumination,
the Voc gradually decreased as the electrons accumulated in the
photoelectrodes was slowly discharged and trapped through elec-
trons acceptors in the electrolyte. The results of transient pho-
tocurrent density and Voc demonstrated certainly that the
network 3D g-C3N4/TNBTs heterostructure could improve the
interfacial transfer efficiency and separation of photogenerated
carriers, thus giving rise to an enhanced photocatalytic
performance.

The diameter of semicircle in Nyquist diagram in EIS represents
the information of the charge transfer resistance. Accordingly, it is
evident that compared to TNBTs, g-C3N4 and g-C3N4/TNBTs-3
composites show much smaller semicircle diameter (Fig. 7c). This
suggested that the g-C3N4/TNBTs-3 photoelectrodes possess a
smaller charge transfer resistance and smoother charge diffusion
after g-C3N4 modification with smallest charge transfer resistance,
indicating efficient charge separation and interfacial transfer.

3.6. Photocatalytic performance and stability

To estimate the photocatalytic performance of the photoelec-
trodes, the removal of TC was executed by the TNBTs and g-
C3N4/TNBTs photoelectrodes under initial TC concentration of
2 mg/L and light illumination of 120 min. To achieve adsorption
equilibrium of TC molecule on the photoelectrodes surface, TC
solution were magnetically stirred for 30 min before illumination.
In contrast with TNBTs (59%), the significantly improved degrada-
tion rates of TC on the g-C3N4/TNBTs-1, g-C3N4/TNBTs-3, g-C3N4/
TNBTs-5, g-C3N4/TNBTs-7 and g-C3N4/TNBTs-9 photoelectrodes
were 73%, 90%, 80%, 70% and 69%, respectively (see Fig. 8a). The
removal rates of TC can be enhanced with increase of coating
times, and the g-C3N4/TNBTs-3 photoelectrodes had highest photo-
catalytic performance. However, the photocatalytic performance of
g-C3N4/TNBTs-5, g-C3N4/TNBTs-7 and g-C3N4/TNBTs-9 photoelec-
trodes significantly decreased with the increase of coating times.
The degradation process of TC by the photoelectrodes could be fit-
ted by kinetic equation as follow:

lnðCt=C0Þ ¼ �kt ð1Þ
where C0 and Ct are the initial concentration and the concentration
of TC at reaction time t, respectively.

As displayed in Fig. 8b, the k and regression coefficients (R2)
were determined by the linear relationship of ln (C0/Ct) and t. It
was apparent that the k of g-C3N4/TNBTs-3 photoelectrodes
(0.017 min�1) was ~2.4-fold that of TNBTs photoelectrodes
(0.007 min�1).

Above phenomenon could be ascribed to the following three
factors. Firstly, the formation of netlike 3D Z-scheme g-C3N4/TNBTs
heterostructure enlarge light absorption range and restrain the
recombination of the photogenerated carries. Secondly, more
active sites for TC decomposition would be provided with the
increase of the loading amount of g-C3N4 nanosheets. Thirdly, g-
C3N4/TNBTs heterostructure would be strengthened with the
increase of coating times, which further promoted the separation
of photogenerated electron-hole pairs, causing the improvement
of photocatalytic performance. However, the coating times of g-
C3N4 exceeded 3 times, it was not beneficial for the utilization of
light of TNBTs photoelectrode, and excessive g-C3N4 would become
the recombination center of photogenerated carriers (Wang et al.,
2015).

Besides, reusability is a significant indicator for practical appli-
cation of photoelectrodes in water remediation. Therefore, the
durability was examined by repeating the photocatalytic decom-
position of TC on the g-C3N4/TNBTs heterostructures under light
irradiation (Fig. 9a). The photocatalytic performance of g-C3N4/
TNBTs-3 photoelectrodes decreased slightly before 3 consecutive
cycles and stabilized afterwards. It could be concluded that the
g-C3N4/TNBTs-3 photoelectrodes possess relatively high stability
in the photocatalytic decomposition of TC, which were compatible
with the unchanged XRD spectra of the used photoelectrodes.

3.7. Possible photocatalytic mechanism of g-C3N4/TNBTs
photoelectrodes

To ascertain main reactive species and inquire into the photo-
catalytic decomposition mechanism of TC by g-C3N4/TNBTs photo-
electrodes, the free radical and hole quenching experiments were
implemented through adding different scavengers. Here, TBA, BQ



Fig. 8. Photocatalytic degradation (a) of TC on TNBTs and g-C3N4/TNBTs-n
photoelectrodes and rate constant (b) of TC on TNBTs and g-C3N4/TNBTs-
3photoelectrodes.

Fig. 9. Circulating runs in the degradation of TC over g-C3N4/TNBTs-3
photoelectrodes.

Fig. 10. Photocatalytic degradation of TC by g-C3N4/TNBTs-3 photoelectrodes under
trapping of radical species.
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and AO were adopted as the scavengers of hydroxyl radicals (�OH),
superoxide radicals (�O2

�), and holes (h+), respectively (Li et al.,
2019b; She et al., 2018). As illustrated in Fig. 10, the decomposition
efficiency of TC was 100.0% over g-C3N4/TNBTs photoelectrodes
without adding possessory active species scavenger. Notably, the
removal efficiency of TC was suppressed to 41.8%, 65.2%, and
100.0% in the presence of AO, BQ and TBA, respectively. Obviously,
the order of repression degree was AO > BQ > TBA, which also man-
ifested that h+ and �O2

� acted as the main reactive species on the TC
decomposition by g-C3N4/TNBTs photoelectrodes.

Zhou et al. (2016) demonstrated that �OH and �O2
� were the pri-

mary active radicals in Rh.B photodecomposition over g-C3N4/TiO2

nanotube arrays photocatalyst. Liu et al. (2019b) confirmed the
content of �O2

� and �OH was boosted by the Z-scheme g-C3N4/TiO2

heterojunction. Nevertheless, h+ and �O2
� were the major active spe-

cies for the decomposition of TC by g-C3N4/TNBTs photoelectrodes
according to our experiment results. It may be a result of h+ were
more likely to react with a great deal of TC adsorbed on the g-C3N4/
TNBTs photoelectrodes surface, instead of reacting with �OH/H2O to
generate �OH.

To analyze the mechanism of photocatalytic reaction, The VB
edge (EVB) and CB edge (ECB) of g-C3N4 and TNBTs can be specu-
lated by Kubelka-Munk function (Eqs. (2) and (3)) (Zhang et al.,
2017):

EVB ¼ X � Ee þ 0:5Eg ð2Þ
ECB ¼ EVB � Eg ð3Þ
The EVB of g-C3N4 and TNBTs were calculated to be 1.57 eV and

2.91 eV, respectively. So, the ECB of g-C3N4 and TNBTs were
�1.13 eV and �0.29 eV, respectively.

On account of the ECB and EVB of g-C3N4 and TNBTs by Kubelka-
Munk function and aforementioned analysis, an exploratory mech-
anism for the degradation of TC was proposed by improving the
charge separation efficiency at the interactions of the g-C3N4/
TNBTs heterostructures in Fig. 11. The standard redox potential
of O2/�O2

� (�0.33 eV) (Li et al., 2019b) is more negative than the
ECB of TiO2, indicating that the e� can hardly react with O2 to pro-
duce �O2

�. However, the results of radical species trapping demon-
strate that �O2

� is the main active species in photocatalytic
degradation. Therefore, we can speculate that the g-C3N4/TNBTs
photoelectrodes is a Z-scheme mechanism.

In theory, g-C3N4 has stronger reductive ability due to its more
negative reductive potential (�1.13 eV) and TiO2 has stronger oxi-
dation ability owing to its high positive oxidation potential
(2.91 eV). Under light irradiation, all-soild Z-scheme g-C3N4/TNBTs
heterostructure could be excited and generated electron-hole
pairs. Driven by internal electric field, the electrons on the CB of



Fig. 11. Schematic illustration of possible charge transfer and photocatalytic mechanism of g-C3N4/TNBTs photoelectrodes.
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TiO2 could transfer easily to the VB of g-C3N4 and recombine with
the holes for the VB edge of g-C3N4 (1.57 eV vs NHE) was lower
than TiO2 (2.91 eV vs NHE) (Wu et al., 2017). The migration of
photo-induced carriers can lead to the accumulation of photogen-
erated electrons on the CB of g-C3N4 (�1.13 eV), and the h+

retained on the VB of TiO2 (2.91 eV), which effectively restrain
the electron-hole recombination and preserves higher redox activ-
ity. In addition, both layered g-C3N4 nanosheets and netlike TNBTs
can effectively improve the transfer of photogenerated electrons.
Subsequently, the CB potential of g-C3N4 was more negative than
the E0 (O2/�O2

�), resulting that the electrons on the CB of the g-
C3N4 would combine with O2 absorbed on the surface to generate
�O2

� (Hamal and Klabunde, 2011). Simultaneously, the h+ were left
on the VB of TiO2, which have enough energy to attack TC mole-
cules directly. Therefore, �O2

� and h+ might involve in the photocat-
alytic decomposition of TC to generate intermediates, which were
finally mineralized into CO2 and H2O. The photocatalytic mecha-
nism could be described as follows:
g-C3N4/TNBTs + hm ! g-C3N4/TNBTs (e� + hþ)

g-C3N4/TNBTs (e� + hþ) ! g-C3N4 (e�) + TNBTs (hþ)

g-C3N4 (e�) + O2 ! g-C3N4 (�O2
�)

TC + �O2
� + hþ ! degradation products

Generally, the photocatalytic reaction of g-C3N4/TNBTs photo-
electrodes adheres to all-soild Z-scheme g-C3N4/TNBTs mecha-
nism, which not only can further the separation photogenerated
carriers and greatly prolong the lifetime of photogenerated elec-
trons, but also possess higher photocatalytic efficiency for the
degradation of TC.

4. Conclusion

Netlike 3D Z-scheme g-C3N4/TNBTs photoelectrodes was suc-
cessfully designed by anodization and coating technology. The
as-prepared g-C3N4/TNBTs photoelectrodes exhibited well 3D nan-
otube and 1D belt-like structure, and the wrinkled 2D g-C3N4

nanosheets were distributed over the netlike TNBTs. At the opti-
mum g-C3N4 coating times, the g-C3N4/TNBTs-3 netlike photoelec-
trodes exhibited an outstanding photocatalytic performance for TC
degradation. The improved photocatalytic performance was
because of that the network 3D Z-scheme g-C3N4/TNBTs
heterostructure improved utilization efficiency for sunlight, pro-
moted the separation and interfacial transfer of photogenerated
carrier, and could increase the attachment sites of TC molecules.
Under irradiation, A large number of electrons could transfer easily
from the CB of TiO2 to the VB of g-C3N4 and recombine with the h+.
The photocatalytic decomposition of TC was turned out to be
mainly oxidation process by the dominant active species of �O2

�

and h+ based on radical trapping experiment. The network 3D Z-
scheme g-C3N4/TNBTs photoelectrodes could provide the design
strategies for degradation of TC in the environment and a new
viewpoint for photocatalytic mechanism of g-C3N4/TNBTs
photoelectrodes.
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摘 

 

要 

生物炭（Biochar, BC）在环境、农业和能源等方面具有良好应用前景。BC 在生产应用中

可形成不同粒径颗粒，其物化特性差异尚不明确，在水体中的环境行为也尚未可知。项目通

过机械/超声破损-静置/离心分离不同粒径 BC 颗粒，研究其特性差异及在水环境中悬浮/沉降

行为和稳定性。此外，由于较大的比表面积和丰富的官能团，BC 对抗生素（Antibiotics，ATs）

具有良好的吸附倾向。然而，不同粒径 BC 对 ATs 吸附/解吸、迁移转化等行为的影响还少有

报道。项目主要关注不同粒径 BC 对 ATs 的吸附特性，重点探究其对 ATs 在水体中迁移转化

的影响，评估 ATs 生物有效性的变化。项目的开展将为评价 BC 环境风险和建立水体 ATs 污

染的 BC 控制技术提供理论和数据支撑。 

关键词（用分号分开，最多 5 个） 生物炭；粒径；抗生素；吸附；水体 
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申请书正文 
一、项目的立项依据、目的和意义（1000-2000 字） 

生物炭（biochar，BC）是废弃生物质在无氧或限氧条件下热解得到的多孔性、富碳的

固态材料[1]。近年来，BC 引起了国内外环境、农业、气候等领域科研工作者广泛的关注[2-4]。

BC 可实现碳封存，减少土壤中 N2O 等温室气体的排放，缓解温室效应[2, 5]；改善土壤质地

和肥力，提高生产力[6]；吸附固持重金属和有机污染物，降低污染物环境风险[7-9]。BC 已成

为具有固碳减排、土壤改良和污染物控制等多重功效的环境友好型材料。 

BC 生产时，一般需要经破碎工艺使颗粒粒径适宜[10]。作土壤改良剂时，多选择粒径小

于 2 mm 的 BC[6, 11]；作污染物吸附剂时，BC 粒径多小于 125 μm[7-9]。BC 破碎时，可产生

不同粒径的颗粒，一般包括大颗粒（Bulk BC，mm）和小颗粒（Dust-sized BC，μm），甚

至纳米颗粒（Nano BC，nm）[12]。不同破碎强度、时间决定了 BC 粒径分布。另外，土壤

中 BC 可经风化、磨损、湿润与干燥循环及微生物作用发生物理分解，粒径减小，也可形

成纳米级 BC[13, 14]。那么，生产、应用中形成的不同粒径 BC 的物化特性是否存在差异？其

在水体中的环境行为又有何不同？此研究对于深入开发 BC 的应用潜力及评价 BC 的环境

风险至关重要。 

目前，我国环境污染问题日益突出。环境中抗生素（Antibiotics，ATs）污染日渐受到

关注[15, 16]。水体是 ATs 最重要的归宿地之一，污水、地表水甚至地下水中均检测到了 ATs，

浓度范围为 ng L-1 至 μg L-1[16]。ATs 及其经水解、光解、生物降解等转化的代谢产物[17]，可

影响水环境中微生物，水生植物、动物的种群结构，破坏生态平衡。ATs 还会诱导病原细菌

产生耐药性，对植物和动物产生生态毒性效应，最终威胁人类健康。ATs 污染日趋显著，

水环境中 ATs 控制已刻不容缓。BC 对有机污染物有着良好的吸附性能[18]，可以降低其在

水体或土壤的生物有效性。不同粒径 BC 可通过地表径流、土壤淋失及在风的作用下进入

水环境[10, 19, 20]。BC 粒径的不同可能导致悬浮/沉降行为的差异，对 ATs 产生不同的吸附/解

吸行为，进而影响 ATs 在水相、悬浮物和沉积物中的分配迁移，最终改变 ATs 的生物有效

性。因此，研究不同粒径 BC 存在下，水体中 ATs 的吸附、解吸、迁移、转化等环境行为，

将为 BC 在污染物控制中的成功应用提供重要的理论和技术支撑。 
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二、项目的研究内容、研究目标、拟解决的关键问题及特色创新之处（1000-1500 字） 

 

1、研究内容： 

(1) 不同粒径 BC 的制备和表征 

① 农业废弃物和动物粪便在不同热解温度（300~700 °C）下慢速热解制备 BC； 

② 不同破损条件对 BC 粒径分布的影响，物理破损机制； 

③ 不同粒径生物基本炭物化性质（比表面积、pH、含氧官能团等）的表征； 

④ 不同粒径 BC 的化学稳定性； 

⑤ 不同粒径 BC 在水环境中的悬浮沉降行为。 

通过不同原料于不同热解温度下制备 BC，通过控制粉碎时间筛分不同粒径的 BC 颗粒，

并表征其物理化学性质，研究不同生物质原料和不同热解温度对不同粒径 BC 产生的影响，

揭示不同粒径 BC 基本物化性质的差异，探究其在水体中的悬浮沉降行为及化学稳定性，建

立不同粒径的不同原料、不同热解温度 BC 的制备和表征体系。 

(2) 不同粒径 BC 对水体中 ATs 环境行为的影响及内在机制 

① 不同粒径 BC 对 ATs 的吸附、解吸； 

② 不同粒径 BC 对 ATs 在水体环境介质分配的影响； 

③ 不同粒径 BC 对 ATs 在水体中的水解、光降解和生物降解的影响； 

④ 不同粒径 BC 对水体中 ATs 生物有效性的影响。 

通过研究不同粒径的不同原料、不同热解温度 BC 对水体中对 ATs 的吸附、解吸特性，

阐明不同类型 BC 物化性质与其对 ATs 吸附机制间的内在关系，为 BC 对水环境中 ATs 的迁

移转化行为的影响提供理论基础；探究不同粒径的不同原料、不同热解温度 BC 对 ATs 在水、

悬浮物和沉积物中的分配以及 ATs 的水解、光解和生物降解行为的影响，通过研究水生植物

对 ATs 吸收、转运和转化的变化，为 BC 输入下水体环境中 ATs 生物有效性评估提供理论和

数据支持。 

2、研究目标 

拟通过不同类型生物质原料于不同热解温度下制备 BC，并破碎分离不同粒径的 BC 颗

粒，研究不同粒径 BC 物化特性差异及其在水环境中的悬浮沉降行为和稳定性；同时研究不

同粒径 BC 对典型 ATs（如四环素类（TCs）和磺胺类抗生素（SAs））的吸附、解吸行为并

揭示其内在机制，重点研究 BC 对水体中 ATs 水解、光降解及生物降解行为的影响，评估

ATs 生物有效性的变化，为最终建立适用于水体环境 ATs 污染的 BC 控制技术提供支撑，为



BC 环境风险评价提供数据支持。 

3、拟解决的关键问题 

(1) 生物质原料和热解温度对 BC 颗粒物理破损的影响？ 

(2) 不同粒径 BC 的表面化学特性及在水体环境中的悬浮沉降行为及碳质稳定性如何？ 

(3) 不同粒径 BC 对水体中典型 ATs 的吸附、解吸如何？对 ATs 在水、悬浮物和沉积物

中分配的影响如何？ATs 的转化、降解是促进还是抑制？ATs 的生物有效性是增强还是减

弱？ 

4、特色创新之处 

(1) 研究物理破损对 BC 颗粒粒径和物化特性的影响； 

(2) 研究不同粒径 BC 碳质稳定性和在水环境中的悬浮/沉降、归趋； 

(3) 研究不同粒径 BC 对 ATs 在水环境中的吸附/解吸、迁移、转化等环境行为及生物有

效性的影响。 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



三、项目的主要研究方法、技术路线及达到的技术经济指标（1500-2000 字） 

 

1、主要研究方法 

(1) 不同粒径 BC 的制备与表征 

① 不同粒径 BC 的制备：拟采用常见且来源广泛的农业废弃物（花生壳、棉花秸秆）和

动物粪便（鸡粪、牛粪）作为热解制备 BC 的生物质原料。称取一定量的生物质原料于刚玉

管中，置于 300~700 °C 的管式炉中，在氮气保护环境下炭化 2 h。经自然冷却至室温后取出，

称重计算产率。BC 经不同粉碎时间破碎后，一部分于旋振筛中分离出不同粒径的 BC 大颗粒，

一部分通过超声离心分离法获得微米、纳米 BC 颗粒。微米和纳米 BC 样品经冷冻干燥后，

储存于干燥皿备用。 

② BC 的特性表征：利用 pH 计测定 BC 悬浊液的 pH 值；以高温灼烧法测定 BC 的灰分

含量；利用元素分析仪分析 BC 的 C、H、N、O 元素含量；利用 X 射线光电子能谱（XPS）

分析 BC 表面元素含量；利用物理化学吸附仪（Autosorb-IQ）分析 BC 比表面积和孔径分布；

利用傅里叶转换红外光谱仪（FTIR）、固体核磁共振（13C-NMR）测定 BC 表面官能团；利

用 X 射线衍射仪（XRD）测定 BC 矿物组分的晶相；电子扫描显微镜（SEM）和电子透射显

微镜（TEM）观察 BC 表面和内部结构特征；采用 Zeta 电位分析仪测定 BC 表面电荷；以 H2O2

和 K2Cr2O7 氧化法测定不同粒径 BC 的化学稳定性，通过 FTIR 测定 BC 氧化前后表面官能团

的变化，利用 XPS 分析氧化对 BC 表面元素的影响，以 SEM 和 TEM 观察观察氧化对 BC 表

面和内部结构的影响；利用静置沉降法表征不同粒径 BC 在水体中的沉降过程，在不同阳离

子种类、不同离子强度和不同 DOM 种类、浓度下，利用激光粒度分析仪分析胶体颗粒 BC

在溶液中粒径变化及悬浮稳定性。 

(2) 不同粒径 BC 对水体中 ATs 环境行为及生物有效性的影响 

供试 ATs 选择 TCs 和 SAs 为典型代表，分别为四环素（TC）、土霉素（OTC）、金霉素（CTC）

和磺胺甲恶唑（SMX）、磺胺甲嘧啶（SMZ）、磺胺嘧啶（SPY）。 

模拟水体环境条件（pH、离子强度），利用平衡吸附/解吸法测定不同粒径的不同原料、

不同热解温度 BC 对 TCs 和 SAs 的吸附系数 KOC值；根据所选择的 ATs 在水相中的平衡浓度

（CW）和 BC 有机质固相上的含量（CS）及有机碳含量（foc），计算其 KOC值（KOC=CS/(CWfOC)），

并与理论的 KOW、溶解度和经验估计的 KOC值比较，评估不同粒径 BC 对所选 ATs 的吸附潜

力，筛选出具有高效吸附能力的 BC。统计分析 KOC与不同粒径 BC 的比表面积、含氧官能团

种类、数量及芳香性等特性间的相互关系，并采用 Autosorb-IQ、XPS、FTIR、NMR 等测定

吸附前后 BC 比表面积、空隙结构和表面含氧官能团的变化，确定不同粒径 BC 对 ATs 吸附

的内在机制。 

于模拟水体环境（pH、离子强度、DOM）中加入不同量的 BC 颗粒（0~100 mg L-1），通

过静置沉降和离心（依据斯托克斯定律）测定 ATs 在水相、胶体 BC 颗粒和沉降 BC 颗粒中

的浓度，并计算 ATs 在这些环境介质中分配比例；不同比例的不同粒径 BC 输入下，测定溶

液中 ATs 及其水解产物含量，分析环境因子（pH、离子强度、DOM）变化对 ATs 水解的影响；



室内控温模拟光照环境，测定溶液中 ATs 残留和降解产物种类、含量，分析不同粒径 BC 对

水体中 ATs 光降解的影响；控温暗室环境，设置抑菌和未抑菌处理，测定不同粒径 BC 存在

下水溶液中 ATs 和降解产物含量，探讨不同粒径 BC 对水体中 ATs 生物降解的影响；建立“水

体-植物-BC”系统，选取浮萍、金鱼藻等典型水生植物，通过水培实验测定 ATs 在水体、BC

固相和植物根系、茎、叶等部位的含量，分析植物对 ATs 的吸收、转运和转化，评估 ATs 生

物有效性的变化。 

2、技术路线 

 

不同粒径生物炭 

的稳定性 

不同粒径生物炭 

物化性质差异 

农业废弃物 
花生壳、棉花秸秆 

不同粒径生物炭的制备与表征 

不同粒径生物炭对水体中 ATs 环境行为的影响 

不同粒径生物炭 

对水体中 ATs 

的吸附、解吸 

不同粒径生物炭 

对水体中 ATs 

迁移的影响 

不同粒径生物炭 

对水体中 ATs 

降解的影响 

不同粒径生物炭 

对水体中 ATs 

生物有效性的影响 

水体中 ATs 污染控制的生物炭技术建立 

不同粒径生物炭 

的悬浮沉降行为 

动物粪便 
鸡粪、牛粪 

 

3、达到的技术经济指标 

项目实施后，将形成一套不同粒径的不同原料、热解温度 BC 的制备与表征体系，开发

可高效吸附 ATs 的 BC 产品 2 个以上，评价不同粒径 BC 对水体环境中 ATs 迁移、转化等环

境行为及生物有效性的影响，建立水体 ATs 污染控制的 BC 技术，发表 SCI 论文 5 篇及以上。 

 

 

 



四、现有的工作基础（500-1000 字） 

 

本研究以不同的生物质原料于不同热解温度下制备 BC，通过破碎分离不同粒径的 BC 颗

粒，研究不同粒径 BC 特性差异及其在水体环境中的悬浮沉降行为和稳定性，探究不同粒径

BC 对水体中 ATs 的吸附、解吸和迁移转化等环境行为及生物有效性的影响，思路可行。从

2010 年开始，申请人在 BC 制备与表征及 BC 对污染物控制等方面开展了大量探索性工作，

积累了丰富的经验，于《Environmental Science and Technology》、《Journal of Cleaner Production》

等国内外环境领域权威期刊上发表文章 15 篇。其中，以第一作者或通讯作者身份发表 SCI

收录论文 6 篇，6 篇 SCI 论文影响因子均大于 4.0，2 篇一区 SCI 论文的影响因子大于 5.5，总

影响因子大于 25；共计 10 余次参加国际、国内会议，发表多篇 EI 收录会议论文。申请人博

士导师王震宇（江南大学环境与土木工程学院教授，环境污染过程与控制研究所所长，2006

年教育部“新世纪优秀人才”，2013 年国家自然科学基金委员会杰出青年基金获得者，2014

年山东省有突出贡献中青年专家）和博士后合作导师邢宝山（美国麻省大学终身教授，中国

海洋大学教授，环境科学与工程、土壤化学领域专家，国家自然科学基金“海外杰青”，教育

部“长江学者”奖励计划讲座教授，教育部“海外名师”，全球“环境与生态”领域 TOP 0.1%

科学家）将为项目提供有力的指导，确保本项目的研究方向紧扣国际前沿。另外，申请人所

在资源与环境学院拥有研究所需的高效液相色谱、TOC 分析仪、离子色谱仪和物理化学吸附

分析仪等大型仪器，透射/扫描电镜（TEM/SEM）、ICP-MS、液相色谱-质谱联用（HPLC-MS）

等相关大型仪器可利用学校大型仪器共享平台；博士、博士后期间，申请人与中国科学院青

岛生物能源与过程研究所分析测试中心杨春鹏、燕晓飞等老师已建立了良好的科研合作关系，

可以利用其大型仪器共享平台开展原子力显微镜（AFM）、X 射线衍射仪（XRD）、固体核磁

共振（13C-NMR）、X 射线光电子能谱（XPS）和傅里叶转换红外光谱等测试。基于对国际前

沿研究工作良好的把握、严谨通畅的研究思路以及申请人所在单位和合作单位可搭建的高水

平科研工作平台，本项研究工作具有良好的可行性。 

 

五、项目计划进度： 

 

本项目研究计划从 2019 年 6 月起至 2022 年 6 月止。研究计划如下： 

（1）2019 年 6 月—2019 年 12 月：研究不同原料和不同热解温度对不同粒径 BC 产生的影响，并表征

不同粒径 BC 物化特性差异，建立不同粒径 BC 的制备与表征方法，探究不同粒径 BC 颗粒在水体环境中

的悬浮沉降行为和稳定性，并初步建立 BC 吸附 ATs 的方法和体系。 

（2）2020 年 1 月—2020 年 6 月：利用吸附/解吸平衡模拟实验，研究不同粒径 BC 对本研究选定的典

型 ATs 的吸附和解吸，筛选对 ATs 具有强吸附能力的 BC，揭示吸附机制与不同粒径 BC 特性间的内在关

系。 

（3）2020 年 7 月—2020 年 12 月：模拟水体环境条件，研究不同粒径 BC 颗粒对水体中 ATs 在水、

悬浮物和沉积物中的分配，重点探讨不同粒径 BC 对 ATs 在水体环境中水解、光降解和生物降解的影响并

揭示其内在机制。 

（4）2021 年 1 月—2022 年 6 月：模拟水体环境条件，研究 BC 存在下 ATs 在“水体-植物-BC”系统中

的生物有效性。 
































