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A highly efficient and new ternary TCPP/rGO/Bi,WOg Z-scheme heterojunction was designed and fabri-
cated via a facile hydrothermal approach and a liquid ultrasonic route in sequence. The crystal structures,
morphologies, microstructures, chemical compositions, elemental states, optical and photo-
electrochemical properties of the heterojunction were characterized. This Z-scheme TCPP/rGO/Bi,WOg
photocatalyst has significantly enhanced photocatalytic activity for the tetracycline (TC) degradation
under the irradiation of visible light (A >420 nm) within 60 min, as compared to pure Bi;WOg, rGO/
Bi,WOg and TCPP/Bi,WOg composites. The effects of the photocatalyst dosages, pollutant concentrations,
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coexisting ions and illumination conditions on the photodegradation were investigated. According to the
trapping experiments and electron spin resonance analyses, the hole (h*) and superoxide radical (-03)
mainly contribute to the TC decomposition in the TCPP/rGO/Bi,WOg photocatalytic system. The pho-
todegradation process in the TCPP/rGO/Bi;WOg ternary composites can be well described by the pro-
posed Z-scheme mechanism. The results indicate that more efficient charge separation, better light
absorption, and larger surface area from the developed photocatalyst collectively contribute to the excel-
lent photocatalytic performances. Besides, the photocatalyst has great stability and recyclability with a
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removal efficiency of 79.27% even after five times of repeated treatment. This work reports a new strategy
for the preparation of Z-scheme heterojunction photocatalyst with high photocatalytic activity and pro-
vides an alternative for the effective removal of antibiotic wastewater through photocatalysis.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Due to large scale industrialization and urbanization, environ-
mental issues have become a very severe problem that threatens
the safety of human life and hinders the sustainable development
of society [1-5]. Photocatalytic oxidation is a new technology that
uses photocatalysts to convert light energy into chemical energy,
which subsequently lead to the generation of the hole (h*), hydro-
xyl radical (*OH) and superoxide radical (-O3 ) for the degradation of
pollutants [6]. It has attracted increasing interest, since it, is recog-
nized as one of the most effective approaches due to its superior
properties of sustainable energy source, avoidance of secondary
pollution, economical cost, and easy operation [7,8]. Since TiO,
was discovered as the earliest photocatalyst, it has been widely
used in the field of photocatalysis because of its strong oxidizing
ability, non-toxicity, low cost and good photochemical stability
[9,10]. However, TiO, can only absorb the ultraviolet light from
approximate 4% of the solar spectral range, which results in the
inefficient utilization of solar energy and greatly limits the photo-
catalytic performance and further application [11,12]. Therefore, it
is necessary to explore new visible-respond photocatalysts.

Bismuth tungsten oxide (Bi,WOg) (BWO) is a typical Aurivillius
oxide with perovskite layered structure constructed from alternat-
ing (Bi,0,)** and WOZ~ layers, which has been extensively investi-
gated as effective photocatalysts over the years [13-15]. Firstly, the
narrow energy gap of BWO (2.80 eV) means it has strong visible-
light harvesting ability, which greatly improves the utilization effi-
ciency of light energy as compared to TiO, [16,17]. In addition,
BWO possesses a large surface area, and the interlayer space of
the sandwich structure can provide sufficient active sites for pho-
tocatalytic reaction. The stable physicochemical properties of BWO
also give it the ability to resist the photo-corrosion and to be recy-
cled for many times. Although BWO exhibits excellent photocat-
alytic performances toward organic pollutant degradation, its
photocatalytic activity is still limited by some factors. The maxi-
mum light absorption wavelength of BWO is only at around
460 nm, which means it still cannot fully utilize the solar energy
[18]. Besides, most e -h" pairs recombine immediately after the
photoexcitation, resulting in relatively low separation efficiency
[19]. Among many proposed approaches, constructing heterojunc-
tion structure has been regarded as an effective approach and
widely used to overcome the drawbacks of BWO in order to
achieve better photocatalytic performance [20-24]. Therefore,
choosing an appropriate material that matches well with BWO
has become a key step in designing a highly efficient heterojunc-
tion photocatalyst.

Porphyrin is the main component of chlorophyll, which plays a
central role in the photosynthesis of green plants. Inspired by the
nature, porphyrin has been widely used as both appealing photo-
sensitizers and effective electron donors in the photocatalytic
hydrogen generation and contaminant degradation processes
[25-28]. Among the various porphyrin molecules, meso-tetra (4-
carboxyphenyl) porphyrin (TCPP) was chosen to couple with
BWO to construct heterojunction photocatalyst in this work,
mainly due to the following reasons: (1) benefiting from its conju-
gated macrocyclic mt-electrons structure, TCPP possesses a narrow
band gap and a wide photoabsorption range in visible-light spec-
tral; (2) the lowest unoccupied molecular orbital (LUMO,

—0.60eV) and the highest occupied molecular orbital (HOMO,
+1.10 eV) of TCPP is well-matched with the CB (+0.46 eV) and VB
(+3.26 eV) of BWO to design a Z-scheme heterostructure, which
will dramatically contribute to the separation of photoinduced
e -h" pairs [29]; (3) TCPP has a high chemical stability and the car-
boxylic groups in TCPP make it combines with the BWO tightly
[26]. However, no relevant information have been reported before.

Graphene is a two-dimensional material consisting of sp2-
hybridized single-layer carbon atoms with excellent electrical con-
ductivity, mechanical properties and large specific surface area
[30-32]. To further enhance the photocatalytic activity of Z-
scheme TCPP-BWO heterojunction, reduced graphene oxide (rGO)
was incorporated into the system to produce ternary composites
as excellent photocatalyst. The introduction of rGO not only
enables the photocatalyst to better adsorb organic contaminants
due to its m-m structure, but can also expand the visible-light
response range by its great photo-response property [33]. More-
over, the high electron mobility of rGO can effectively restrain
the e -h" recombination and promote their separation, thereby
improving the photocatalytic performance of photocatalyst.

As a typical antibiotic, tetracycline (TC) has been widely used to
treat diseases of human and many animals. Since only 30% TC can
be absorbed by the organism, the remaining part enters the envi-
ronment via urine and feces and extensively distributed in all kinds
of water bodies [34]. On another hand, the residues of TC result in
the generation of antibiotic-resistant pathogens and cause the
transfer of antibiotic resistance genes, which pose serious threats
to the human health and ecological safety [35]. Removing TC from
the environment has become an urgent issue to be solved. More-
over, photocatalytic degradation of organic dye rhodamine B
(RhB) has been extensively studied by a series of photocatalysts
based on graphene/Bi,WOg system (Table S1) [36-44], but few
studies have been reported by using this system for the photocat-
alytic degradation of TC. Therefore, in this work, TC was selected as
the targeted contaminant to evaluate the photocatalytic activity of
the prepared catalyst under the illumination of visible light
(>420 nm).

To the best of our knowledge, it was the first time to combine
BWO, TCPP and rGO together to construct a Z-scheme TCPP/rGO/
BWO heterojunction photocatalyst. In this work, the superior pho-
tocatalytic performance of TCPP/rGO/BWO was studied, and the
effects of the photocatalyst dosages, pollutant concentrations,
coexisting ions and illumination conditions on the photodegrada-
tion were carefully investigated. Moreover, the mechanism of the
enhanced visible-light photocatalytic activity acquired by TCPP/
rGO/BWO was explored in depth. We hope this work may provide
a novel and efficient Z-scheme heterojunction photocatalyst for
effective removal of antibiotic wastewater.

2. Materials and methods
2.1. Materials

Bismuth nitrate (Bi(NO3)3-5H,0), sodium tungstate (Na,WO,-
-2H,0), acetic acid (CH3COOH), absolute ethanol (C;HgO) and tetra-
cycline (TC) were purchased from Sinopharm (Shanghai, China).
Meso-tetra (4-carboxyphenyl) porphyrin (TCPP) was obtained
from Macklin (Shanghai, China). Graphene oxide dispersion (GO,
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2 mg/mL) was acquired from Hengqiu (Suzhou, China). All chemi-
cal reagents were used without further purification. Mili-Q water
was used throughout the study with a resistivity of 18 MQ at room
temperature.

2.2. Fabrication of photocatalysts

2.2.1. Fabrication of rGO/BWO

In a typical procedure, Bi(NOs);-5H,0 (0.97 g) was dissolved in
acetic acid (10 mL), followed by adding ultrapure water (30 mL)
and graphene oxide dispersion (10 mL). The mixture was magnetic
stirred for 30 min to prepare solution A. Meanwhile, Na,WO4-2H,0
(0.33 g) was added to ultrapure water (20 mL) to obtain solution B.
Then, A was added into B dropwise before magnetic stirring for 1 h.
The mixed solution was sealed in a 100 mL Teflon-lined stainless-
steel autoclave and kept at 180 °C for 12 h, followed by cooling to
room temperature naturally. Finally, the resultant solids were
washed by absolute ethanol and ultrapure water for three times
each, and then dried at 60 °C for 4 h in a vacuum oven and named
as rGO/BWO (1.72 wt%). The pure BWO was also synthesized by
hydrothermal method under the same conditions except the
absence of GO.

2.2.2. Fabrication of TCPP/rGO/BWO

The TCPP/rGO/BWO composites were fabricated via a liquid
ultrasonic route. Firstly, rGO/BWO (0.5 g) was added to absolute
ethanol (40 mL) and ultrasonicated for 30 min to make it evenly
dispersed. Next, a given amount of TCPP was added to this suspen-
sion and the mixture was ultrasonicated for 1 h. The mixture was
then continuously stirred at room temperature until the solvent
was completely volatilized. Finally, the solids were dried at 60 °C
for 4 h in a vacuum oven. The as-prepared TCPP/rGO/BWO com-
posites with 0.05, 0.10, 0.25, 0.50 and 0.75 wt% TCPP concentra-
tions were recorded as TCPPggs/rGO/BWO, TCPPg 10/rTGO/BWO,
TCPPy »5/TGO/BWO, TCPPy50/rGO/BWO, and TCPPg;5/rGO/BWO,
respectively.

2.3. Characterization

The crystalline properties of the fabricated powders were mea-
sured by X-ray diffraction (XRD, D8 Advance, Bruker, Germany).
The morphology and structure were observed by scanning electron
microscopy (SEM, Supra55, Zeiss, Germany) and transmission elec-
tron microscopy (TEM, JEM-2100, JEOL, Japan), and the element
constitution was detected by energy-disperse X-ray spectroscopy
(EDS). The functional group of the samples was characterized by
Fourier transform infrared spectroscopy (FT-IR, Nicolet 6700,
Thermo Fisher, America). The surface chemical compositions and
elemental states were analyzed by X-ray photoelectron spec-
troscopy (XPS, Escalab 250Xi, Thermo Fisher, America). The
Brunauer-Emmett-Teller (BET) surface areas of as-prepared mate-
rials were measured using a surface area and porosity analyzer
(Quadrasorb EVO, Quantachrome, America) by nitrogen adsorp-
tion-desorption. The optical properties of various photocatalysts
were examined by UV-Vis diffuse reflectance spectra (UV-Vis
DRS, UH4150, Hitachi, Japan). The existence of free radical during
the photocatalytic reaction was confirmed by electron spin
response (ESR, JES-FA200, JEOL, Japan) using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as spin-trapped reagent.

2.4. Photocatalytic experiments

The photocatalytic performance of the as-prepared catalysts
was investigated by the photodegradation of TC by using a
300 W Xe lamp equipped with a cutoff filter (A > 420 nm) as the
light source. Typically, a photocatalyst (30 mg) was dispersed into

a TC aqueous solution (15 mg/L, 100 mL) and constantly magnetic
stirred for 30 min in the dark conditions to get the adsorption-des-
orption equilibrium and subsequently exposed to the illumination
of visible light. Then, the solution (3 mL) was withdrawn from the
system at predetermined interval time and centrifuged to remove
the catalyst particles, and the TC concentrations were measured by
detecting the maximum absorbance at 357 nm through an UV-vis
spectrophotometer (UV-2700, Shimadzu).

The photodegradation efficiency of TC was assessed by the fol-
lowing formula:

_ G -G

0,
n=="c—"x100% (M

where C, represents the initial TC concentration and C; represents
the TC concentration at time t, respectively.

2.5. Photo-electrochemical measurements

The photo-electrochemical measurements were conducted on
electrochemical workstation through a standard three-electrode
model with saturated calomel electrode as reference electrode,
platinum filament as counter electrode and conductive glass
coated with photocatalyst as working electrode, respectively. The
three-electrode system was performed in 0.2 M Na,SO4 electrolyte
solution and exposed to the illumination of visible light (>420 nm)
provided by a 300 W Xe lamp. The detailed fabrication steps of the
working electrode were as follows: 0.5% Nafion solution (1 mL)
was prepared firstly and the material (10 mg) was dispersed into
the liquid by half an hour of ultrasonication. Then 1 cm? area of
1.0 cm x 2.0 cm conductive glass was coated by the slurry and
dried in an oven at 110 °C for 1 h.

3. Results and discussions
3.1. Characterization

3.1.1. XRD

The crystal structure of the as-synthesized BWO, rGO/BWO,
TCPP/BWO and TCPP/rGO/BWO composites was characterized by
XRD (Fig. S1). All the samples show eight diffraction peaks situated
at 26 =28.33°, 32.80°, 47.19°, 55.83°, 58.61°, 68.82°, 76.08° and
78.50°, corresponding to the (113), (200), (220), (313),
(226),(400), (333) and (24 0) crystal planes of orthorhombic
phase Bi;WOg (JCPDS card, No. 73-1126), which indicates the
introduction of rGO and TCPP do not change the crystalline struc-
ture of BWO [45]. In addition, diffraction peaks belonging to GO are
not found in the rGO/BWO and TCPP/rGO/BWO composites, prob-
ably due to the low amount and the reduction of GO, while similar
observation was also found in the previous study [46]. Likewise,
the XRD patterns of TCPP/BWO and TCPP/rGO/BWO composites
do not show any characteristic diffraction peak of TCPP, which is
attributed to the trace loading of TCCP on the supports. However,
the intensity of diffraction peaks decreases slightly with the
increasing TCPP content in the TCPP/rGO/BWO composites, indi-
cating that the TCPP may have an adverse effect on the crystallinity
of BWO crystal to some extent.

3.1.2. SEM, EDS and TEM

SEM, EDS and TEM were applied to investigate the morpholo-
gies, elementary compositions and microstructures of the as-
prepared rGO/BWO and TCPP;,5/rGO/BWO composites. It is
observed that the rGO/BWO has a spherical morphology and a
flower-like nanostructure with particle diameter of approximately
5.0 pm, which is composed of numerous crisscross nanoplates of
BWO (Fig. 1a). The rough exterior texture of the BWO nanoplates
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Fig. 1. SEM of (a) rGO/BWO, (b) TCPP,5/rGO/BWO, and (c-f) EDS mapping of TCPPg,5/rGO/BWO.

is associated with the coverage of the stratiform rGO nanosheets.
In addition, the numerous interstice and holes existing among
the nanoplates are in favor of the penetration and absorption of
light and the transport of reactive substrates [47]. After introduc-
ing TCPP, the TCPPg,5/rTGO/BWO remains the flower-like micro-
sphere as well, whereas the BWO nanoplate substrates is partly
coated with the smaller TCPP nanosheets (Fig. 1b). And some
microspheres of rGO/BWO and TCPPy,5/rGO/BWO composites
were clearly observed in the low-magnification SEM images
(Fig. S2). The EDS mapping analyses (Fig. 1c-f) demonstrate the
co-existence and uniformly distribution of Bi, W, C and N elements
in TCPPy,5/rGO/BWO composites, which is highly consistent with
the following XPS results (see below). Furthermore, the TEM image
(Fig. 2a) clearly shows that TCPPg,5/rGO/BWO is an individual
microsphere, which agrees well with above SEM result. In the
HRTEM image of TCPPy,5/rGO/BWO (Fig. 2b), highly transparent
graphene nanosheets can be observed at the edge of composite,
indicating the successfully deposition of rGO onto the BWO nano-
plates in the microsphere. The crystal lattice of BWO nanoplates
with interplanar distances of 0.315 nm is assigned to the (11 3)
lattice planes of BWO in TCPPg,5/rGO/BWO [48]. The diffraction
ring in the selective area electron diffraction (SAED) pattern of
TCPPy,5/rGO/BWO (inset of Fig. 2a) corresponds to the (11 3),
(220), and (3 1 3) crystal planes of orthorhombic phase Bi,WOg,
which is consistent with the XRD and HRTEM results. Therefore,
the SEM, EDS and TEM characterization results confirm the suc-
cessful preparation of the Z-scheme TCPP/rGO/BWO heterojunc-
tion photocatalyst.

3.1.3. FT-IR

FT-IR tests were performed to analyze the functional groups of
samples and to confirm the presence of rGO and TCPP in the
TCPPg25/rGO/BWO composites. Shown in Fig. S3 is the FT-IR spec-
tra of pure TCPP, BWO, as well as rGO/BWO, TCPP/BWO and
TCPPy»5/rGO/BWO composites. In the spectrum of BWO, the typi-
cal peaks at 568.2 cm™!, 727.9 cm ! and 1386.8 cm ™! are ascribed
to the Bi—0, W—O stretching vibration modes and W—0O—W bridg-
ing stretching modes, respectively. These peaks are still present in

the rGO/BWO, TCPP/BWO and TCPPg »5/rGO/BWO composites, indi-
cating that no structural change of BWO occurred. The characteris-
tic peaks at 1627.1 cm™! and 1558.9 cm™! appeared in the rGO/
BWO composites are assigned to the C=0 and C=C stretching
mode of graphene, indicating the successful incorporation between
BWO and rGO. The enhanced peaks at 727.9 cm~! and 1386.8 cm™!
in the rGO/BWO composites are attributed to the interface interac-
tion between BWO and rGO [49]. In the spectrum of the TCPP, the
typical absorption bands in 600-1500 cm™" are originated from the
symmetrical and asymmetric stretching vibration of the pyrrole
ring (i.e. v (N—N), v (C—N), v (C(=C) and v (C=N)) [50]. Besides,
the characteristic peaks at 1682.8cm™!, 1417.8cm™! and
1275.9 cm™! are ascribed to the C=0, COO~ and —OH stretching
vibrations, respectively, which indicate the existence of carboxyl
group in the TCPP [51]. In the spectrum of TCPP/BWO composites,
the new appeared peaks compared to the BWO at 1627.1 cm™’,
1226.4 cm ' and the enhanced peak at 1386.8 cm ! are attributed
to the red-shift of (=0, —OH and COO~ stretching vibrations,
respectively, indicating that the BWO and TCPP have combined
with each other successfully. In addition, the broad band at
3430.2 cm~! appeared in all samples is related to the stretching
vibrations of —OH. Furthermore, the FT-IR spectrum of TCPPg s/
rGO/BWO composite inherit the features of both rGO/BWO and
TCPP/BWO binary complexes, implying that the BWO, rGO and
TCPP are coupled together perfectly to form the TCPPg,s5/rGO/
BWO ternary composites. These results confirm the successful con-
struction of the different rGO/BWO, TCPP/BWO and TCPP,5/rGO/
BWO composites.

3.1.4. XPS

XPS analyses were carried out to reveal the chemical composi-
tions and elemental states on the surface of pure BWO and
TCPPg,5/rGO/BWO composites. The full survey spectra (0-
1100 eV) of both samples are shown in Fig. S4a, and Bi, W, O, C
and N are indeed found in the TCPPg,5/rGO/BWO composites.
The high-resolution XPS spectra of Bi 4f, W 4f and O 1s for both
BWO and TCPPg,5/rGO/BWO, as well as C 1s and N 1s for only
TCPPg,5/rGO/BWO are employed. From the high-resolution Bi 4f
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Fig. 2. (a) TEM, SAED and (b) HRTEM of TCPP,.5/rGO/BWO.

spectrum in Fig. S4b, the binging energy situated at 158.7 eV and
164.0 eV are attributed to the Bi 4f;, and Bi 4fs,, suggesting that
the bismuth species exist as Bi>* oxidation state in the BWO.
Two peaks of W 4f located at 35.0 eV and 37.0 eV are correspond-
ing to the W 4f;, and W 4fs5,, which are the characteristics of wo*
oxidation state in BWO phase (Fig. S4c). In the high-resolution O 1s
spectrum, three individual peaks situated at 529.7, 531.8 and
533.2 eV belong to the lattice oxygen (Bi—O—W), the external
hydroxyl groups (O—H), and the adsorbed oxygen species at the
surface of BWO respectively (Fig. S4d) [52,53]. Compared to the
pristine BWO, the peaks of Bi 4f, W 4f and O 1s over the TCPPg s/
rGO/BWO composite all display an evident shift toward a high
binding energy, suggesting the formation of strong chemical inter-
actions among the BWO, rGO and TCPP. In the high-resolution C 1s
spectrum, three fitting peaks situated at 284.6, 286.4 and 288.7 eV
are attributed to the C—C, C—0 and O—C=0 bonds respectively
(Fig. S4e) [46,54]. The weak peaks of C—0 and C=0 indicate that
GO was well reduced to rGO after combining with BWO [55]. In
addition, one main peak situated at 399.7 eV in the N 1s spectrum
over the TCPPy,5/rGO/BWO is assigned to the N element in the
TCPP (Fig. S4f). The XPS result is in good accord with the FT-IR
result, which further verifies that the TCPPg ,5/rGO/BWO composite
has been successfully prepared.

3.1.5. BET

The nitrogen sorption isotherms of BWO, rGO/BWO and
TCPPy,5/TGO/BWO were carried out by BET analysis (Fig. S5a).
According to the classification of IUPAC organization, all the iso-
therms can be categorized as type IV with a Hz hysteresis loop,
implying the presence of mesopores [56]. The corresponding
Barrett-Joyner-Halenda (BJH) analyses (Fig. S5b) illustrate that
most of the pores in the BWO, rGO/BWO and TCPPg55/rGO/BWO
are mainly in the size range of 2-20 nm (especially at 4 nm). As
shown in Table S2, the BET specific surface area is calculated to
be 9.24, 13.08 and 16.15 m?/g for BWO, rGO/BWO and TCPPg s/
rGO/BWO respectively, while their corresponding pore volumes
are measured to be 0.027, 0.033, and 0.043 cm?/g. The results indi-
cate that the introduction of rGO and TCPP can significantly
enhance the surface area and pore volume of BWO. The large sur-
face area and good porous structure of TCPPg »5/rGO/BWO can pro-
vide more surface active sites and improve the transportation of
the contaminant molecules and active radicals, which may result
in the enhanced photodegradation ability of the TCPPg,5/rGO/
BWO composite [57].

3.1.6. Optical property
Optical properties of the pristine BWO, rGO/BWO, TCPP/BWO
and TCPP/rGO/BWO composites with different contents of TCPP

were measured by UV-Vis DRS (Fig. S6). The absorption edge of
pristine BWO is approximately at 460 nm, while the incorporation
of rGO successfully extends the light absorption to the visible light
region. In addition, the traditional peaks of S-band at 420 nm and
the four Q-bands at around 520, 560, 595 and 650 nm of TCPP
are observed in all the TCPP modified composites, which confirms
the successful introduction of TCPP again. Importantly, the TCPP/
rGO/BWO composites show an even larger range of light absorp-
tion to the entire visible spectrum compared with the rGO/BWO,
and the visible light absorption intensity of TCPP/rGO/BWO
enhances with the increasing of TCPP. This result reveals that the
construction of Z-scheme TCPP/rGO/BWO heterojunction can
greatly improve the optical absorption, which provide a possibility
to promote the generation of photo-induced electron-hole pairs
and give rise to an enhanced photocatalytic activity.

Moreover, the band gap energy (E,) of the pure BWO can be
acquired from UV-vis DRS results according to the following for-
mula [58]:

ahv = A(hv — Ep)"? 2)

where o represents the absorption coefficient, h is Planck constant,
v stands for the light frequency, hv represents the energy of the inci-
dent photon, A is the proportionality constant, E; represents the
energy gap. Additionally, n is equal to 1 and 4 for a direct and indi-
rect optical transition type of semiconductors, respectively. The n
value of BWO is 1 [59,60], and the E; of BWO is estimated to be
2.80 eV. Furthermore, the VB and CB of BWO can be determined
by the following formula [61]:

1
E =X~ E —3E, 3)

Evg = Eg +Ex (4)

where X represents the electronegativity of the semiconductor,
which is calculated from the geometric average value of the elec-
tronegativity of constituent atoms in the semiconductor (6.36 eV
for BWO) [62]. E® stands for the energy of free electrons on the
hydrogen scale (4.50 eV). E; is the energy gap. Herein, applying
the relevant data to the Egs. (3) and (4), the CB and VB of BWO is
calculated to be +0.46 eV and +3.26 eV.

3.2. Photocatalytic performance

3.2.1. Photocatalytic behavior of different materials

As depicted in Fig. 3a, the photocatalytic activities of different
materials developed in this study were investigated by the pho-
todegradation of TC. The TC was hardly removed in the blank test
without the addition of photocatalyst and hence the effect of TC
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Fig. 3. (a) Photodegradation of TC by pure BWO, rGO/BWO, TCPP/BWO and TCPP/rGO/BWO with different TCPP contents under visible-light illumination; (b) the absorbance
variation curves during the photodegradation of TC by the TCPPg»5/rGO/BWO composite under visible-light illumination.

photolysis on the photocatalytic degradation reaction can be
neglected. As shown in Fig. S7, the adsorption capacity of TC on
BWO, rGO/BWO and TCPPy,s/rGO/BWO was enhanced in turn
because of the increased surface area and pore volume, and the
adsorption equilibrium was achieved within 30 min in the dark-
ness. After the start of illumination, the TC concentration in all
the photocatalysis experiments gradually decreased with time. In
particular, the photocatalytic performances of rGO/BWO (66.93%)
and TCPP/BWO (70.53%) binary composites were significantly
higher than BWO counterpart (48.61%) within 1 h of visible-light
irradiation. More importantly, all the TCPP/rGO/BWO ternary com-
posites with different TCPP contents had an even better photocat-
alytic efficiency under the same conditions. The catalytic
performance was enhanced when the TCPP content was increased
from 0.05% to 0.25% and the TCPPy,5/rGO/BWO had the highest
photodegradation efficiency of 83.60%. Furthermore, the variation
of absorbance curve during the photodegradation of TC over
TCPPg»5/TGO/BWO composite was also recorded. As shown in
Fig. 3b, the absorbance of TC significantly decreased with the
increased illumination time. This can be attributed to the enhanced
adsorption capacity for TC and the better utilization of light energy,
as well as the higher separation efficiency of the photoexcited
charge carriers. However, the photocatalytic performance started
to decrease with the further increasing of TCPP content. It can be
due to the covering of active sites on the surface of BWO by the
redundant TCPP, resulting in the decrease of the photocatalytic
activity of TCPP/rGO/BWO composites. The complete decomposi-
tion of TC was investigated by TCPPg5/rGO/BWO under visible-
light illumination. As shown in Fig. S8, the degradation rate of TC
gradually decreased with the prolongation of time and the com-
plete removal of TC was ultimately achieved in 360 min, which is
mainly due to the competition effect between the accumulated
intermediates and TC molecules during the photocatalysis process.
In addition, another typical antibiotic ciprofloxacin (CIP) was cho-
sen to further test the catalytic activity of BWO, rGO/BWO and
TCPPy,5/rGO/BWO, and the result suggests that TCPPg5/rGO/
BWO also had an excellent photocatalytic performance for CIP
degradation compared to the BWO and rGO/BWO. (Fig. S9).

3.2.2. Effect of photocatalyst dosages

The amount of photocatalyst used in an application is an impor-
tant factor related to both the photocatalytic performance and the
economic cost. As shown in Fig. 4a, a series of photocatalyst
dosages (from 0.10 g/L to 1.00 g/L) were chosen to investigate their
influence on the photocatalytic performance. The photodegrada-
tion efficiency of TC rapidly increased from 61.89% to 83.60% when

the dosages of TCPPg »5/rGO/BWO increases from 0.10 g/L to 0.30 g/
L. When the catalyst dosage continued to increase to 0.50 g/L, the
degradation efficiency was only slightly increased to 85.36%. Nev-
ertheless, the photocatalytic degradation efficiency decreases
when the catalyst dosage went beyond 1.00 g/L, which can be
due to the higher turbidity and the resultant worse transmissivity
of the TC solution [63]. Therefore, a modest catalyst dosage is
essential to achieve the maximum TC degradation efficiency, and
here the photocatalyst dosage located at 0.30 g/L was chosen as
the optimal dosage for the following investigations.

3.2.3. Effect of initial TC concentrations

The effect of initial TC concentrations (ranging from 20 to
100 mg/L) on the photodegradation of TC by TCPPg,5/rGO/BWO
composite is depicted in Fig. 4b. The results clearly show that the
higher initial TC concentration leads to a lower TC removal effi-
ciency, where 83.60%, 73.55%, 64.79%, 51.89% and 44.88% of TC
were removed at the initial TC concentration of 15, 25, 35, 45
and 55 mg/L, respectively. This phenomenon is mainly attributed
to two reasons: (1) the increase of TC concentration reduces the
light penetration and prevents the photons from reaching the sur-
face of contaminant molecules [64]; (2) more intermediates are
generated and accumulated in the higher TC concentration, which
compete with TC molecules for the reactive oxidizing species in the
system and inhibit the degradation of TC [65]. Therefore, the
appropriate initial concentration is necessary for the photodegra-
dation of TC solution in the practical applications. Herein,
15 mg/L of TC was chosen as the optimal initial concentration
throughout the following investigations.

3.2.4. Effect of inorganic anions

It is well-known that various anions exist in wastewater and
may affect the photodegradation performance of catalyst [66,67].
Therefore, the effect of inorganic anions on the TC decomposition
over TCPPg,5/rGO/BWO photocatalyst was investigated by the
addition of three model sodium salts (NaNOs, NaCl and Na,COs)
with a concentration of 0.05M into the TC solution, mainly due
to the fact that the photocatalytic degradation process is slightly
influenced by the presence of Na* [68]. As shown in Fig. 4c, NO3
and CI~ had minor effects on the photodegradation of TC, which
is probably due to the competition between the anions and the
TC molecule for the active sites of TCPPgy,5/rGO/BWO during the
photocatalytic process [69]. In addition, NO3 exhibited a weaker
suppression effect than CI~ because the photolysis of NO3 can gen-
erate a small quantity of *OH, which to some extent can facilitate
the decomposition of TC [70]. However, the addition of CO35™ can
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Fig. 4. Effects of (a) photocatalyst dosages, (b) initial TC concentrations, (c¢) inorganic anions, and (d) light irradiation conditions on the TC photocatalytic performance by

TCPPq.25/rGO/BWO.

significantly decrease the photodegradation efficiency of TC com-
pared to those of NO3 and Cl~ as CO3~ can act as an effective scav-
enger of h*, leading to the reduction of photocatalytic performance
towards TC degradation [71].

3.2.5. Effect of light irradiation conditions

The energy of photocatalytic reaction comes from the conver-
sion of light energy, so the light irradiation conditions have a sig-
nificant influence on the photocatalytic performance [72]. Fig. 4d
shows the decomposition efficiency of TC over TCPPg55/rGO/BWO
photocatalyst within different irradiation conditions by using a
300 W xenon lamp equipped with or without the optical filter. In
the dark condition, no obvious decrease of TC concentration was
observed after the system reached the adsorption equilibrium
within 30 min. More efficient photodegradation reaction of TC
(88.97%) was achieved in full spectrum light irradiation without
the filter (A >350nm) as opposed to the degradation process
(83.60%) with the filter (A >420nm). Enhanced TC degradation
resulted from the full spectrum light irradiation was also observed
without the catalyst. This phenomenon can be attributed to the
greater photon energy provided by the light of shorter wavelength.
Thus, the experimental data show that TCPPg,5/rGO/BWO with
excellent absorbency in the entire visible-spectrum exhibits a
promising application potential in the disposal of actual water
bodies.

3.2.6. The stability of catalyst

Another major concern of the photocatalytic system is the sta-
bility and recyclability of the catalyst [73-75]. To investigate the
reusability of the TCPPg,5/rGO/BWO photocatalyst, recycling

experiments were conducted by the photodegradation of TC. As
displayed in Fig. 5a, the TC removal efficiency of TCPPg,5/rGO/
BWO remained 79.27% with only 4.33% decrease after five times
of repeated treatment. Moreover, the XRD patterns (Fig. 5b) of
TCPPg55/TGO/BWO photocatalyst before and after five cycles of
TC photodegradation were characterized, and no obvious changes
of the diffraction peaks could be observed, indicating the steady
crystal structure. As shown in the SEM image of the post-test sam-
ple (Fig. S10), TCPPg,5/rGO/BWO still maintained a spherical mor-
phology and a flower-like nanostructure and essentially no obvious
changes were observed. In this case, TCPPg,5/rGO/BWO exhibits a
strong stability in the photocatalytic process and shows a great
potential in the real wastewater application.

3.3. Photo-electrochemical properties

Devising photocatalysts with higher separation efficiency of
photogenerated charge carriers has always been an important
direction in the field of photocatalysis research, because the charge
separation efficiency plays a key role in determining the photocat-
alytic property of the catalyst. The photocurrent response is often
used to evaluate the photocatalyst’s capability of generating and
separating the photoinduced charge carriers. Herein, the photocur-
rent responses of pristine BWO, rGO/BWO, TCPP/BWO and
TCPPg25/rGO/BWO composites are displayed in Fig. S11a. All the
BWO composites exhibited higher photocurrent intensity com-
pared with the pristine BWO. Specifically, the TCPPg5/rTGO/BWO
composites possessed the highest photocurrent density
(0.65 pA/cm?), which is 3.6 times higher than that of pure BWO
(0.18 pA/cm?), 1.9 times of rGO/BWO (0.35 pA/cm?) and 1.5 times
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photodegradation reation.

of TCPP/BWO (0.43 pA/cm?). The result indicates that the incorpo-
ration of BWO with rGO and TCPP greatly suppress the recombina-
tion of photo-excited charges and highly promote their separation,
and the TCPPg,5/rGO/BWO heterostructure is successfully con-
structed by the internal interactions rather than the simple physi-
cal mixture of the components.

Electrochemical impedance spectra (EIS) was also carried out to
investigate the photo-electrochemical properties of the as-
prepared catalysts. Generally, a smaller arc radius represents a
higher charge migration and separation rate of sample. As shown
in Fig. S11b, the arc radius is in the order of BWO >rGO/
BWO > TCPP/BWO > TCPPg »5/rGO/BWO, which indicates that the
TCPPy,5/rGO/BWO has the highest migration and separation effi-
ciency of photoinduced charges. In addition, the EIS result of vari-
ous photocatalysts has a great consistency with the above
photocurrent test and their photocatalytic activity. Therefore, the
superior photo-electrochemical properties of TCPPg55/rGO/BWO
ternary composite compared to pristine BWO and its binary com-
posites can be categorically proved.

3.4. Mechanisms of enhanced photocatalytic activity

Previous studies show that the h*, ‘OH and O3 radical species
are the primary contributors to the photocatalytic decomposition
of organic pollutants and play a key role in the process [76,77].
To reveal the photodegradation mechanisms and the predominant
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radical species in TCPPg,5/rGO/BWO system, the trapping experi-
ments were conducted by using 1.0 mmol of ethylenediaminete-
traacetic acid disodium (EDTA-2Na), benzoquinone (BQ) and
isopropanol (IPA) as the scavengers of h*, 03 and ‘OH, respectively.
As illustrated in Fig. 6, the photocatalytic degradation efficiency of
TC did not significantly decrease (from 83.60% to 69.69%) after the
addition of IPA, which implies that ‘OH is involved but does not
play a dominant role in the photodegradation process. However,
the presence of EDTA-2Na and BQ greatly suppressed the TC
decomposition (from 83.60% to 33.08% and 45.40% for EDTA-2Na
and BQ, respectively), suggesting that h* and '‘O; mainly con-
tributed to the TC photodegradation in the TCPPg,5/rGO/BWO
system.

ESR analysis was carried out to directly prove the generation of
‘03 and ‘OH in the photocatalytic reaction. As displayed in
Fig. S12a, four typical signals of DMPO—0; for TCPPgy,5/rGO/
BWO are observed when expose to the illumination of visible light,
and the signals intensity increases with the prolong of time, while
no signals are found in the darkness. Besides, the similar phe-
nomenon is also observed in Fig. S12b, which represents the ESR
signals of DMPO—"OH. These results demonstrate the presence of
‘O3 and "OH in the TCPPg;5/rGO/BWO system [12,78,79], which
are consistent with the trapping experiments.

The enhanced photocatalytic activity over TCPPg,5/rGO/BWO
composites is closely related to the interfacial charge transfer
between BWO and TCPP. Based on the energy band structures of
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Fig. 6. (a) Trapping experiments of free radicals and (b) comparison results of influences of different tapping agents on TC photodegradation performance by TCPPg,5/rGO/

BWO.
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BWO and TCPP, there are two possible mechanisms to elucidate
the charge transfer and TC degradation process in the TCPP s/
rGO/BWO composites. Upon exposing to the visible light, both
BWO and TCPP can be excited by the incident photon owing to
their narrow band gaps and the electrons on the VB (HOMO) simul-
taneously jump into the CB (LUMO) and leave the same number of
holes in the VB (HOMO), leading to the generation of photoinduced
e~ -h" pairs. In accordance with the common double-transfer mech-
anism, the photogenerated electrons on the LUMO of TCPP will
transfer to the CB of BWO and the resultant photoinduced holes
on the VB of BWO will migrate to the HOMO of TCPP. Nevertheless,
the CB level of BWO (+0.46 eV) is below the energy level of the
0,/'03 redox couple (—0.33eV), which is thermodynamically
unable to reduce O, to produce ‘O3 [80]. Similarly, *OH can’t be pro-
duced either in the photocatalytic process because the HOMO level
of TCPP (+1.10 eV) is beyond the energy level of the OH™/‘OH redox
couple (+2.29 eV) [81]. However, this assumption contradicts with
the above-mentioned conclusion that ‘O5 and ‘OH do exist in the
TCPPg,5/rGO/BWO system, which has been proved by the trapping
experiments and ESR analyses. So the common double-transfer
mechanism cannot explain the reaction process in the TCPPg s/
rGO/BWO system. Herein, we propose another more reasonable
Z-scheme mechanism to elucidate the photocatalytic degradation
process, and the schematic description is given in Scheme 1. The
electrons on the CB of BWO can spontaneously transfer to the
HOMO of TCPP because of the formed electric field between them,
making BWO and TCPP served as hole-rich and electron-rich reser-
voir, respectively. For instance, in the previously reported material
BiFe409/Bi;,WOg, electrons in the CB of Bi,WOg transfer to the VB
of BiyFe,09, which has been elucidated by the Z-scheme mecha-
nism in that work [24]. Similar example is also found in Z-
scheme BiOI/Ag@Agl heterojunction photocatalysts [82]. In such
a way, the photoexcited e -h* pairs can be efficiently separated
by the interfacial transfer process between the two components
in the Z-scheme TCPPg,5/rGO/BWO heterojunction. Besides, the
presence of rGO in this Z-scheme system can further promote
the separation of charges and suppress their recombination by col-
lecting and shuttling electrons through its unique m-m structure
[83]. Thus, the superior photo-electrochemical properties over
TCPPg,5/rGO/BWO, which has been confirmed by the photocurrent
and EIS results, can be rationally explained by the above discus-
sion. The holes accumulated in the VB of BWO then can immedi-
ately decompose the TC molecules or oxidize H,O to produce ‘OH
for TC degradation subsequently because the VB level of BWO
(+3.26 eV) is below the energy level of the OH™/"OH redox couple
(+2.29 eV). At the same time, the electrons accumulated in the
LUMO of TCPP can reduce O, to generate "O; to degrade TC because
the LUMO level of TCPP (—0.60 eV) is higher than the energy level
of the 0,/:03 redox couple (—0.33 eV). In summary, this photoex-
cited charge transfer process perfectly match the result of
photocurrent, EIS, ESR and trapping experiments, which confirms
the successful construction of Z-scheme TCPPg;5/rGO/BWO
heterojunction.

In addition to the highly efficient charge separation, the consid-
erable improvement of photocatalytic activity over the TCPPg s/
rGO/BWO is also the result of the higher photoenergy utilization
efficiency and larger surface area. According to the above DRS
results, the introduction of rGO and TCPP to BWO greatly broadens
the range of light absorption to the entire visible spectrum and
increases the absorption intensity, which can further generate
more photoinduced e -h* pairs and consequently more free radi-
cals, resulting in the enhanced photocatalytic activity. Moreover,
the presence of rGO and TCPP in the TCPPq,5/rGO/BWO can highly
increase the surface area and pore volume for holding more con-
taminants and creating bigger reaction interspace, which has been
confirmed by the results of BET. Overall, the more efficient charge
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Scheme 1. Schematic diagram of Z-scheme mechanism toward charge transfer and
photocatalytic reaction of TCPP,5/rGO/BWO heterojunction photocatalyst.

separation, the better light absorption, and the larger surface area
all in together contribute to the remarkably enhanced photocat-
alytic activity of Z-scheme TCPPg,5/rGO/BWO heterojunction
towards the degradation of TC.

4. Conclusions

In conclusion, TCPP/rGO/BWO was designed and successfully
fabricated as a novel Z-scheme heterojunction photocatalyst for
TC removal. The resulting TCPPy,5/TGO/BWO photocatalyst has
the best photocatalytic performance (removal of 83.60% TC) com-
pared with BWO, rGO/BWO, TCPP/BWO and other TCPP/rGO/
BWO composites with different TCPP contents. The hole (h*) and
superoxide radical ("O3) are the major contributors for the TC
decomposition in the TCPPy,5/rGO/BWO system according to the
results of trapping experiments and ESR analysis. Additionally,
the TCPPy,5/rGO/BWO photocatalyst has a great recyclability and
stability, as it still had high removal efficiency for TC (79.27%) even
after being used for five times. A Z-scheme mechanism is proposed
to elucidate the charge transfer process in the TCPPg,5/rGO/BWO
ternary composite, in which BWO and TCPP serve as the
hole-rich and electron-rich reservoir respectively and hence the
photoexcited e -h* pairs can be efficiently separated. The key
improvements of this work are: (1) a facile method combining
hydrothermal approach with liquid ultrasonic route was developed
to synthesize ternary TCPP/rGO/BWO composites; (2) compared to
the widely studied graphene/BWO composites, the ternary
Z-scheme TCPP/rGO/BWO composites with low TCPP content can
significantly enhance the photocatalytic activity of the material
(from 66.93% to 83.60% for TC removal efficiency); (3) while the
previous works mainly focused on the investigation of photocat-
alytic degradation of organic dyes (e.g., RhB) by using graphene/
BWO-based composites, a more recalcitrant antibiotic (e.g., TC)
was degraded by a novel TCPP/rGO/BWO material; and (4) the
enhanced photocatalytic performance of TCPPg,5/rGO/BWO is sys-
tematically elaborated from three aspects (i.e. more efficient
charge separation, better light absorption, and larger surface area),
which are confirmed by characterizations such as photocurrent,
EIS, DRS and BET. This work provides a new insight for novel pho-
tocatalysts preparation by combining porphyrin and semiconduc-
tor that have matching energy band structure and promote their
application in antibiotic wastewater treatment.
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