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ABSTRACT

The photocatalytic degradation technique is considered to be one of the most promising approaches
for solving the problem of environmental pollution. In this study, novel binary Bi,Ti,O,/g-C,N,
Z-scheme heterojunctions were prepared using a calcination method. The prepared composite
materials were used to degrade bisphenol A under visible-light irradiation. The degradation exper-
iments proved that the composite material with 50 wt.% Bi,Ti,O, (denoted as BTC-50) showed
excellent photocatalytic performance, which was consistent with the characterization results. The
composite material displayed no significant decrease in photocatalytic activity after five recycles,
and the degradation process was proven to follow pseudo-first-order kinetics. Besides, it was found
that-O,” played the main role in the photocatalytic reaction process. This work significantly deep-
ens the understanding of Z-scheme heterojunction material for organic degradation and provides

ideas for the design of high-performance catalysts.
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1. Introduction

Bisphenol A (BPA) is a kind of organic compound with
two phenol moieties with significant properties such as low
vapor pressure, moderate water solubility, and low volatility.
BPA is widely used in the manufacture of diverse containers
and food packaging [1-3]. BPA is also a kind of endocrine
disruptor, which can damage nerve cells, result in abnormal
or disruptive behavior, and lead to heart disease, diabetes,
and abnormalities in thyroid and liver functions [4,5].

It is reported that BPA at low concentration detected in
surface water, industrial sewage, and domestic sewage has
attracted scientists, the government, and even the common
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people’s close attention [6]. Traditional disposal processes
such as biodegradation, adsorption, coagulation, and mem-
brane methods have been used for the removal of BPA despite
having the drawbacks of no mineralization, low efficiency,
sludge production, long reaction time, and phase transfer [7].

Photocatalysis process, with several advantages such as
being environmentally friendly, highly efficient, and energy
renewable, is widely used in the treatment of organic con-
taminants [8-10]. Photocatalysis mainly uses semicon-
ductors and light irradiation to produce reactive oxygen
species (ROS), such as superoxide (O,”) and hydroxyl radi-
cals (OH). These ROS are powerful in mineralizing organics
[11]. As is known, it is a key for the photocatalytic process
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to find a suitable photocatalytic semiconductor [12-14].
Recently, as a kind of metal semiconductor photocatalytic
material, bismuth titanates have aroused much attention
owing to their excitation response under visible light, com-
paratively high dielectric constant, low dielectric loss, and
small band gap to most ferroelectric perovskite oxides
[15,16]. Bismuth titanates have a photocatalytic performance
under visible light owing to the arrangement of Bi, 6p and O,
2p orbitals in the materials [17,18].

Bismuth titanates have the structure of mixed metal
oxides and consist of a variety of phases such as Bi,Ti,O,,
Bi,Ti,O,, Bi,Ti,0,, Bi,TiO,, and Bi,TiO,, [19,20]. Oxide
materials based on the pyrochlore structure compounds with
general formula A B O, exhibit many physico-chemical and
functional properties such as high dielectric permittivity,
huge magnetoresistance, and photocatalytic activity. As a
pyrochlore-type compound, bismuth titanate (Bi,Ti,O,) was
first synthesized in the 1960s [21,22]. Bi,Ti,O, has aroused
widespread attention in recent years because of its unique
crystal and electronic structure and possessing a low band-
gap energy (approximately 2.6 eV) [14,23-25], whereas the
efficiency of energy conversion is restricted by the fast recom-
bination of photogenerated carriers of Bi,Ti, O, [20,23]. As
reported, building heterojunctions with a suitable semicon-
ductor is an effective strategy to address this issue. Bi,Ti,0O,-
based heterojunction photocatalysts, such as Bi,Ti,0,/TiO,
[26], BiVO/Bi,Ti,O, [27], Bi,Ti,O/Bi,Ti,0,, [28], Bi,Ti,O,/
CaTiO, [29], Bi,Ti,O,/TiO,/RGO [14], and BiOCI/Bi,Ti,O, [30],
have been successfully prepared to enhance the photocata-
lytic performance. Moreover, doping a transition metal, such
as Cr, Mn, Fe, Eu*, Er* and Yb* [31-33], to induce surface
plasmon resonance also can further improve the recom-
bination rate of photogenerated carriers.

In this work, graphitic carbon nitride (g-C,N,) was
selected to combine with Bi,Ti,O, to form heterojunction
due to its remarkable properties, such as suitable bandgap
(2.7 eV), high thermal and chemical stability, visible light
response, and environmental friendly [34,35]. Bi,Ti,O, and
g-C,N, were prepared via calcination and solvothermal
methods, respectively. The two materials were combined
to synthesize Bi,Ti,O,/g-C,N, Z-scheme heterojunctions.
Characterizations such as morphological analysis, crystal
structure analysis, and photoelectric properties analysis
were performed. Moreover, BPA was selected as the target
contaminant to investigate the prepared Bi,Ti,O,/g-C.N,
Z-scheme heterojunctions. The possible degradation mech-
anism of Bi,Ti,O,/g-C,N, was also considered, based on the
energy band theory.

2. Experimental set-up
2.1. Chemicals

Melamine (AR) and BPA (AR) were purchased from
Sinopharm Chemical Reagent Company (Shanghai, China).
Absolute ethyl alcohol (AR), tetrabutyl titanate (AR), abso-
lute ether (AR), p-benzoquinone (AR), isopropanol (AR),
and potassium iodide (AR) were obtained from Shanghai
Chemical Reagent Company (Shanghai, China). Purified
water (Wahaha Group Ltd., Hangzhou, China) was used
throughout the experiments. All chemicals were used
without further purification.

2.2. Apparatus
The morphology and structure of g-C,N,, Bi,Ti,O,, and

Bi,Ti,0,/g-C,N, Z-scheme heterojunctior’is 4were 2stildied
using transmission electron microscopy (TEM, JEM-200CX
microscope, JEOL, Tokyo, Japan) and a scanning electron
microscope (SEM, Hitachi-S4800, Tokyo, Japan). Fourier-
transform infrared spectroscopy (FTIR) was recorded on a
TENSOR 27 spectrometer using a potassium bromide pellet
(Bruker, Saarbrucken, Germany). The phase purity and crys-
tallinity of the as-prepared materials were identified from
X-ray powder diffraction (XRD) patterns on a Rigaku XRD-
6000 diffractometer with Cu Ka radiation (A = 0.15406 nm)
(Shimadzu, Kyoto, Japan). X-ray photoelectron spectros-
copy (XPS) data were obtained on an Escalab 250Xi instru-
ment (Thermo, USA). The ultraviolet-visible diffuse reflec-
tance spectroscopy (UV-Vis DRS) was performed with a
Cary 5000 spectrophotometer in the 200-800 nm range and
BaSO, was chosen as the reference (Varian, USA). A Cary
Eclipse spectrophotometer (Varian, USA) was employed
for photoluminescence (PL) analysis.

2.3. Preparation of the photocatalytic materials
2.3.1. Preparation of g-C.N,

The g-CN, nanosheets were prepared by the calci-
nation method with minor modifications [36]. Melamine
(30 g) was calcined in a tube furnace at 520°C for 4 h under
an air atmosphere. The yellow solid obtained is g-C,N,.

2.3.2. Preparation of Bi,Ti,O,

Bi,Ti,O, particles were synthesized via the solvother-
mal method [37,38]. In brief, 0.8537 g Bi(NO,),-5H,O, 18 mL
absolute ethyl alcohol, and 7 mL glycerol were dispersed in a
Teflon-lined stainless-steel autoclave. Then, 1.5 mL tetrabutyl
titanate was slowly added to the mixed system with ultra-
sound irradiation. Absolute ether (5 mL) was added when
the solid matter was dissolved. The mixture was digested
at 110°C for 12 h. After the reaction, the obtained samples
were centrifugally washed and dried and then calcined in
a tubular furnace at 500°C for 3 h. Bi,Ti,O, was obtained
after cooling to room temperature.

2.3.3. Preparation of Bi,Ti,0,/g-C,N,

Distinguishing from the synthesis process of pure
Bi,Ti,O,, a certain amount of g-C,N, was dispersed in the
mixed solvent with 18 mL absolute ethyl alcohol and 7 mL
glycerol. The rest of the synthesis process was the same as
that of Bi,Ti,O,. Different proportions of Bi,Ti,O, (70%,
50%, and 30%) in Bi,Ti,0,/g-C,N, composite materials were
obtained by changing the dosing of g-C,N,, and they were
labeled BTC-70, BTC-50, and BTC-30, respectively.

3. Results and discussion
3.1. Characterization of the prepared materials

3.1.1. Morphology analysis

The morphology and structure of Bi,Ti,0,/g-C,N, were
observed via TEM and SEM. Fig. la shows that single
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g-C,N, had a lamellar structure, which is consistent [39,40].
As shown in Fig. 1b Bi,Ti, O, had a spherical-like structure.
Fig. 1c—f show that g-C,N, was successfully loaded on the
surface of Bi,Ti,O,. Fig. 1d displays the lattice fringes of
BTC-50 had a spacing of 0.298 and 0.235 nm, which are in
accord with the spacing of the (444) and (662) planes of
Bi,Ti,0,. The heterojunctions of BTC-30, BTC-50 and BTC-70
can be clearly observed in high-resolution transmission elec-
tron microscopy (HRTEM) images (Fig. 1c~e). Compared
with HRTEM images of BTC-30 and BTC-70 (Fig. 1c and
e), more heterojunctions can be observed in that of BTC-
50, which is more beneficial to decrease the recombination
probability of electron and hole and provide more photo-
catalytic active sites.

3.1.2. FTIR analysis

Fig. 2a shows peaks at 1,253 and 1,644 cm™ that result
from the stretching vibrations of C-N and C=N [41], respec-
tively. The wide peaks at 3,100-3,400 cm™ were ascribed to
the -NH, group [42,43]. The peak at 803 cm™ corresponded

10 nm

to the breathing of the triazine units of g-C.N, [41-43]. The
two characteristic peaks at 563 and 758 cm™ were assigned
to the stretching vibrations of Ti-O and Bi—-O bonds, respec-
tively [14]. The absorption band that appeared at 920 cm™
represented the Ti-O stretching of the octahedral TiO,
group [15]. All the typical characteristic peaks such as 1,644
and 803 cm™ of g-C.N, and 563 and 920 cm™ of Bi,Ti,O,
were contained in the binary BTC composites (Fig. 2c—e),
which confirmed the successful synthesis of the composite
materials.

3.1.3. XRD analysis

The XRD analysis is shown in Fig. 3. The intense peaks
at 13.15° and 27.50° correspond to the (100) and (002) planes
of g-C,)N,, respectively [44]. The two peaks resulted from the
characteristic interplanar stacking of the aromatic systems
[45,46]. Fig. 3b shows the characteristic diffraction peaks of
Bi,Ti,O, were at 11.83°, 14.80°, 27.06°, 28.86°, 29.85°, 32.37°,
34.59°, 37.83°, 45.49°, 48.08°, 49.77°, 52.19°, 56.86°, 59.15°,
62.11°, 73.21°, 80.96°, and 81.54°, which were indexed as

Fig. 1. Scanning electron microscopy images of g-C,N, (a) and BTC-50 (f), transmission electron microscopy image of Bi,Ti,O, (b),
high-resolution transmission electron microscopy images BTC-30 (c), BTC-50 (d) and BTC-70 (e).
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Fig. 2. Fourier-transform infrared spectra of g-C,N, (a), Bi,Ti,O,
(b), BTC-30 (c), BTC-50 (d) and BTC-70 (e).

the (220), (222), (620), (622), (444), (642), (800), (662), (1022),
(1042), (880), (1062), (1153), (1244), (888), (1600), (14102),
and (12124) crystal planes of Bi,Ti,O,. These intense peaks
can be observed in JCPDS Card No. 32-0118 [28,29]. All
the diffraction peaks of g-C,N, and Bi,Ti,O, can be seen in
Fig. 3c—e, which confirmed the BTC composites were suc-
cessfully prepared.

3.1.4. XPS analysis

XPS was used to characterize the inner structure of
BTC-50 composite material. According to the full scan
spectrum in Fig. 4a, the elements C, N, O, Ti, and Bi can be
observed in the BTC-50 composite material. In C 1s (Fig. 4b),
the double peaks at 288.0 eV and 287.2 eV resulted from
the C-(N), in g-C,N,. The peak at 284.7 eV corresponded to
the C-C bonding in graphitic or amorphous carbon in the
nanocomposite [47,48]. The two N 1s peaks at 397.6 and
398.4 eV were ascribed to the bonds of N-C-N and C=N-C
(Fig. 4c) [49], which demonstrated the presence of g-C,N,
in BTC-50. According to Fig. 4d, the binding energy of O 1s
corresponded to the two characteristic peaks at 530.3 and
531.6 eV, indicating the existence of Bi-O and Ti-O [50].
In Fig. 4e, the intense double peaks at 159.4 and 164.6 eV
were connected with the binding energies of Bi 4f,, and
Bi 4f,, respectively, which showed the existence of Bi’
[50-52]. The two peaks at 466.3 and 464.5 eV were relevant
to the binding energy of Ti 2p, ,. The peak at 458.7 eV was
ascribed to Ti 2p, , (Fig. 4f) [50,53-54].

3.1.5. DRS analysis

The light absorption performance of catalytic materi-
als plays a crucial role in photocatalytic performance. The
UV-Vis DRS was utilized to study the light absorption per-
formance of g-C.N,, Bi,Ti,O,, and BTC-50 composite mate-
rial (Fig. 5). As shown in Fig. 5a, the basic absorption edge of
g-C,N, was at about 460 nm [55,56], whereas the Bi,Ti,O, had
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Fig. 3. X-ray powder diffraction spectra of g-C,N, (a), Bi,Ti,O,
(b), BTC-30 (c), BTC-50 (d) and BTC-70 (e).

obvious light absorption at nearly 450 nm [50]. Compared
with the two single materials, the light absorption inten-
sity of BTC-50 composite material was slightly improved.
Fig. 5b shows that the band gaps (E) of g-C,N, and Bi,Ti,O,
were 2.70 and 2.60 eV, respectively.

3.1.6. PL analysis

To compare the generation and separation of photoge-
nic carriers of pure g-C,N,, Bi,Ti,O,, and BTC-50, fluores-
cence intensity was utilized with an excitation wavelength
of 260 nm. Fig. 6 shows g-C,N, had the highest fluores-
cence intensity, which was followed by Bi,Ti,0, and BTC-
50. The result confirmed the heterojunction in the prepared
composite material promotes the separation of photoin-
duced carriers.

3.2. Photocatalytic degradation of BPA

3.2.1. Effect of the component ratio of Bi,Ti,0,/g-C.N, on the
degradation of BPA

Different photocatalytic materials (15 mg) were added
to 50 mL 10 mg/L BPA solutions (Fig. 7). Compared with
composite catalysts (BTC), both single g-C,N, and Bi,Ti,0,
had lower degradation efficiency of BPA after 300 min vis-
ible-light irradiation. BTC composite catalysts exhibited
obviously improved photocatalytic performance. Moreover,
it was worth noting that BTC-50 showed the optimal pho-
tocatalytic performance, which resulted from the effec-
tive electron migration from BTC-50 composite material.
Hence, BTC-50 nanomaterial was used in the following
experiments.

3.2.2. Effect of salinity on the degradation of BPA

Fig. 8 shows that the degradation efficiency of BPA
was negatively correlated with NaCl concentration. BPA
degradation efficiency only reached 70% when the dosage
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Fig. 4. X-ray photoelectron spectra of C, N, O, Bi and Ti elements in BTC-50.
of NaCl was 0.9%. It may probably be due to the occupa- adsorbing onto the composite surface [57]. Besides, com-

tion of Na* on the reactive sites in the BTC-50 compos- petitive adsorption among CI;, OH-, and electrons would
ite material, which prohibited the BPA molecules from occur on the surface of BTC-50. Fig. 9 shows that the
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degradation process obeys pseudo-first-order kinetics
because of the linear relationship between In(C/C) and
reaction time (Eq. (1)).

CO —
h{C] =kt 1)

where C, is the initial concentration of BPA (units: mg/L)
and C is the concentration of BPA after the photocatalytic
reaction (units: mg/L), t is the irradiation time (min), k is
the reaction rate constant (min™).

Fig. 10a shows Rhodamine B (RhB) degradation effi-
ciency of this material with ABC-50 [55] and APC-25 [36].
The degradation efficiency of RhB was a little less than that
ABC-50 and APC-25, which may due to the difference of
pore size of materials and the size of molecular. As shown in
Fig. 10b, the photocatalytic degradation was studied under
actual water sample including Yangtze River, Xuanwu Lake,

a. g-C;N,
b. Bi,Ti,0,
¢. BTC-50

Intensity / a.u.

300 400 500 600 700 800

Wavelength / nm

Fig. 6. Photoluminescence spectra of g-C,N, (a), Bi,Ti,O, (b) and
BTC-50 (c).
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Fig. 7. Effect of the component ratio of BTC nanocomposites on
the degradation efficiency (BPA = 10 mg/L, catalysis = 10 mg,
pH=7).

tap water in Nanjing, and the East China Sea, which were
all spiked with 10 mg/L BPA. The degradation efficiency
differs from 74.32% to 84.11%, which were a little less than
that in pure water (93.32%). It may be related to the salinity
and solution pH in the real water.

3.2.3. Reusability of the composite catalyst

Catalyst stability is very important for practical appli-
cations. The cycle experiment results are in Fig. 11, the
degradation efficiency can still reached 90% after five recy-
cles. The photocatalytic activity had only a slight decrease,
which showed the prepared composite catalyst had sat-
isfactory stability of the heterojunction structure and
photocatalytic activity.
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3.3. Possible photocatalytic mechanism

Active free radicals play a significant role during the
photocatalytic degradation process. To determine the main
active substances in BPA degradation by BTC-50, 10 mmol/L
isopropanol, potassium iodide, and p-benzoquinone were
employed as scavengers for “OH, h*, and *O,, respectively.
The experimental results are shown in Fig. 12. The rate con-
stants (k) of three photocatalytic degradation processes with
the corresponding scavengers are 0.00582 min™ (potassium
iodide), 0.00574 min™ (isopropanol), and 0.00194 min™
(p-benzoquinone). The k of the degradation system with
p-benzoquinone was the lowest, which verified that ‘O,
makes a prominent contribution to BPA degradation
by BTC-50.
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Fig. 10. (a) Rhodamine B degradation efficiency of this mate-
rial with ABC-50 and APC-25 (pH = 7, catalyst = 10 mg,
RhB = 10 mg/L) and (b) photocatalytic degradation under
actual water sample including Yangtze River, Xuanwu
Lake, tap water in Nanjing, and the East China Sea (pH =7,
catalyst = 10 mg, BPA =10 mg/L).

In our previous work, the E_, values and E,, values
of g-C.N, were measured as —1.13 and 1.57 eV, respec-
tively [36,55,58]. The E_, values and E,, values of Bi,Ti,O,
were calculated using Mulliken electronegativity theory
[Egs. (2) and (3)].

Ey,=X~E +05E, @)

E.=FE, —E 3)

CB VB g

where X is the absolute electronegativity of a semiconduc-
tor (X-Bi,Ti,O, = 5.95 eV); E_ is the energy of free electrons
vs hydrogen (4.5 eV) [59]. According to Egs. (1) and (2),
the values of E_, and E ; for Bi,Ti,O, are predicted to be
0.15 and 2.75 eV, respectively.
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Based on the E_. and E,, positions of g-C,N, and
Bi,Ti,O, and the energy band theory, a possible photocata-
lytic mechanism for BTC-50 binary composite material can
be proposed. The photogenerated e of g-C,N, and Bi,Ti,O,
could migrate from the valence band (VB) to the corre-
sponding conduction band (CB) under visible-light irradi-
ation and h* are generated and remain in the VB. Because
the gap between the VB of g-C|N, and CB of Bi,Ti,O, is rel-
atively small, e~ in the CB of Bi,Ti,0, is easier to recombine
with h* in the VB of g-C,N,. Hence, e are stored in the CB
of g-C,N,, while h* are stored in the VB of Bi,Ti,O, for the
whole BTC-50 binary composite material. Because the CB
potential of g-C,N, is more negative than that of O,/*O,
(0,/°0, =-0.33 eV) [60], the e” in the CB of g-C,N, can react
with dissolved O, in water to generate *O;. Then, *O; can
directly oxidize the target organic pollutant. Furthermore,
*O; can combine with H* in water to produce H,O, (O,/
H,0, = +0.68 eV) [61], which can further turn into *OH.
Because the VB potential of Bi, Ti,O, (+2.75 eV) is more pos-
itive than that of *OH/H,O ("OH/H,O = +2.27 eV) [62], h* in
the VB of Bi,Ti,O, could directly react with H,O to gener-
ate *OH, which also can degrade organic matter. Moreover,
the oxidation abilities of holes can be used to mineralize
and decompose the organic contaminant.

Combined with the above analysis, the possible pho-
tocatalytic process mechanism and analogue diagram are
proposed as shown in Egs. (4)—(8) and Fig. 13.

BTC-50+hv —>e +h' (4)
0,+e -0, )
2°0; +2H" - 2'OH+0, 6)

H,0+h" —*OH+H' @)
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"0,/ OH/h* + BPA — CO, + H,0 ®)

4. Conclusions

Herein, Bi,Ti,O,/g-C,N, composite catalysts were suc-
cessfully synthesized. TEM/SEM, XRD, FTIR, XPS, DRS, and
PL were used to characterize the structure. The degradation
experiment of bisphenol A showed the 50 wt.% Bi,Ti,O,/g-
C,N, exhibited the highest efficiency of 93.32% for the pho-
to-degradation of bisphenol A after 300 min visible-light
irradiation. The prepared composite catalyst had satisfac-
tory stability and photocatalytic activity after five recycles.
The photocatalytic process kinetics and a possible reaction
mechanism were also suggested. The degradation process
was shown to follow pseudo-first-order kinetics. The order
of the oxidation efficiency toward BPA is *O,” > *OH > h*.
This study provides a novel solution strategy to the phe-
nolic pollutant’s degradation in actual wastewater by the
construction of bismuth-based Z-scheme heterojunction.
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