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The development and application of photocatalysts with strong redox ability to degrade refractory pesti-
cides is the key to eliminating pesticide contamination. In this work, we develop a facile, time-saving, and
surfactant-assisted method to fabricate a new Z-scheme heterojunction based on TiO,/BiOCL. This
photocatalyst is rich in oxygen vacancy defects (TiO,-OV-BiOCl), and displays an excellent photocatalytic
degradation performance for imidacloprid (IMD), and a possible degradation pathway of IMD is provided.
The surfactant F127 plays an essential role in regulating the oxygen vacancy defects (OVDs) of TiO,-
OV-BiOCl, where the OVD mainly exists in 5 layer BiOCl ultrathin nanosheets. Free radical trapping experi-
ments demonstrate that the introduction of an OVD in BiOCl as a ‘charge mediator’ changes the charge-
transfer mode from a type-Il mechanism to a Z-scheme mechanism. The formation of a Z-scheme het-
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erojunction leads to an excellent light utilization and higher separation efficiency of photogenerated
charge carriers with a prolonged lifetime compared to those of BiOCl and TiO,/BiOCL. This work high-
lights the critical role of an OVD in the construction of a Z-scheme heterojunction of TiO,/BiOCl, and it
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1. Introduction

Due to the fast growth of the global population, pesticides are
over-applied to increase the yield of crops and meet the
increasing worldwide demand for food supply. Because of
their high stability and difficult decomposition plus indiscri-
minate overuse, pesticides pervade in the environment threa-
tening the health of human beings and animals." Various
methods are being developed to eliminate pesticide contami-
nation, including photocatalysis, electrocatalysis, photoelectric
catalysis, and chemical catalytic oxidation (hydrogen peroxide,
ozone, and persulfate).® Among these strategies, photocataly-
sis is the most promising one for the degradation of pesticides,
because photocatalysis is an efficient, energy-smart, low-cost,
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can be applied to construct efficient photocatalytic systems for pesticide degradation.

and repeatable strategy that also generates fewer or non-pol-
luted catabolites.”" However, some pesticides with stable
structures, such as imidacloprid (IMD), are difficult to degrade
by photocatalysis. Therefore, the development of highly
efficient photocatalyst systems to remove IMD contamination
is still a significant challenge to overcome.

Bismuth oxychloride (BiOCl) is widely used in the degra-
dation of organic pollutants due to its strong oxidation
ability."*'* BiOCI is one of the promising candidates for the
photocatalytic degradation of IMD. However, the low light
absorption and incidental interior recombination caused by
its wide bandgap and blocky structure seriously compromise
its photocatalytic degradation performance."®'® Constructing
a heterojunction for BiOCI ultrathin nanosheets could satisfac-
torily resolve the above shortcomings.'” " Recently, Guerrero
et al. reported that combining TiO, with BiOCI can result in
excellent stability, increase light utilization, and promote the
separation efficiency of photogenerated charges. These charac-
teristics resulting from combining these two oxides ultimately
provide a better photocatalytic degradation performance than
when using BiOCl and TiO, alone.*® In a TiO,/BiOCl hetero-
junction composed of TiO, and BiOCI, the photogenerated
electrons located in the conduction band (CB) of TiO, migrate
to the CB of BiOCl. At the same time, the photogenerated
holes located in the valence band (VB) of BiOCI migrate to the
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VB of TiO,. This is known as the type-Il mechanism.**">® This
charge-transfer pathway reduces the redox potentials, thus
compromising the process of rapid degradation and mineraliz-
ation of refractory pollutants. Unlike the type-II mechanism,
the Z-scheme mechanism not only promotes light absorption
and prolongs the lifetime of the photogenerated charge car-
riers but also maintains strong redox potentials, which is an
effective strategy to achieve a high photocatalytic degradation
performance.?”*® The formation of a Z-scheme heterojunction
usually requires the assistance of ‘charge mediators’ that can
provide electron and hole transfer centers. Many materials can
be wused as charge mediators, for example, metal
nanoparticles,> ' semiconductors,** carbon materials,***
etc. Compared with these charge mediators for constructing a
Z-scheme heterojunction, oxygen vacancy defects (OVDs) as
charge mediators have unique advantages without introducing
other extraneous materials.>*” When an OVD is introduced
into TiO,/BiOCl, it may serve as a charge mediator, changing
the charge-transfer mode from a type-Il to a Z-scheme
mechanism.

In this work, Z-scheme TiO,-OV-BiOCIl with an OVD was
prepared according to the following reaction of hydrolysis
codeposition at room temperature:

2TiCl; + NaBiO; + 2H,0
=== BiOCI(]) + 2TiO,(|) + NaCl + 4HCI

(1)

The successful preparation of TiO,-OV-BiOCl composed of
BiOCl (001) and TiO, (anatase) was demonstrated by SEM,
HRTEM, XPS, and XRD. The surfactant F127 is of utmost
importance for regulating the OVD in the synthesis of TiO,/
BiOCl, while the OVD mainly exists in 5 layer BiOCI ultrathin
nanosheets, as demonstrated by our HRTEM, AFM and XPS
analyses. Compared with TiO,/BiOCl and BiOCl, TiO,-
OV-BiOClI with a rich OVD shows a stronger light utilization,
faster photocurrent response, and longer lifetime of the photo-
generated charge carriers. These superior characteristics result
in a significantly better photocatalytic degradation ability for
IMD. The enhancement of photocatalytic activity is attributed
to the formation of the Z-scheme heterojunction using the
OVD as the charge mediator, which was proved by free radical
capture results.

2. Experimental
2.1. Materials

All reagents were of analytical grade and used without further
purification. Titanium dioxide (anatase) as control was pur-
chased from Adamas-beta. Imidacloprid (IMD) with 98%
purity was provided by the Institute of Plant Protection,
Chinese Academy of Agricultural Sciences.

2.2. Synthesis of photocatalysts

1 mmol of sodium bismuthate (NaBiO;-2H,0) was added to a
50 mL methanol solution under stirring for 30 minutes at
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room temperature to fully disperse it. Titanium trichloride
solution (700 pL) was added until NaBiO; was completely dis-
solved in the solution which turned from a clear to a pale-
yellow solution after 30 min of stirring. This sample was
recorded as A solution. The B-labeled solution was composed
of an aqueous solution (50 mL) in which 1 g F127 was dis-
solved completely. The B-labeled solution was added drop by
drop to solution A with a peristaltic pump under a slow flow
rate of 0.002 mL min~" and stirred for 3 hours to complete the
reaction. The resulting precipitation was washed several times
with ethanol and water, and dried in a vacuum at 50 °C for
6 hours. The sample obtained is labeled herein as TiO,-
OV-BiOCl. TiO,/BiOCl as the control was prepared without the
addition of F127. In addition, different preparation conditions
were also studied since these affect the photocatalytic perform-
ance, including different surfactants and solvents, and addi-
tive amounts of titanium trichloride solution and the surfac-
tant F127. The BiOCI control samples were prepared the same
way as above, except that titanium trichloride solution was
replaced by 700 pL of 37% hydrochloric acid.

The type II TiO,/BiOCI as a control sample was prepared
according to a reported procedure in the literature.>

2.3. Sample characterization

Powder X-ray diffraction (XRD) measurements were recorded
on a Rigaku D/MAX-RB diffractometer with monochromatic
Cu Ka radiation (4 = 0.15418 nm). X-ray photoelectron spectra
(XPS) were recorded on a VG EscaLab 220i spectrometer, using
a standard Al Ka X-ray source (300 W) and an analyzer pass
energy of 20 eV. The morphology of the samples was reflected
by using a scanning electron microscope (SEM, Hitachi
SU8010 Japan) and transmission electron microscope (TEM,
Hitachi HT7700 Japan). The morphology of the samples and
mapping results were gained from the high resolution TEM
(FEI TECNAI G2 F20 200KV American), which was operated at
an accelerating voltage of 100 kV. The atomic force microscopy
(AFM) measurement was recorded on Digital D3000. The
photoluminescence (PL) spectra and time-resolved PL (TRPL)
spectra were obtained by using an Edinburgh FLS980 spectro-
photometer. 0.2 g of catalyst was used for the specific surface
area analysis which was recorded using an N2 adsorption-de-
sorption instrument (BET, ASAP2020, USA). Both the infor-
mation on oxygen vacancy defects and active species involved
in the reaction were determined by using an electron paramag-
netic resonance spectrometer (EPR, EMX-8/2.7, Bruker,
Germany). The contents of Bi and Ti elements in the catalyst
were measured by an inductively coupled plasma optical emis-
sion spectrometer (ICP-OES) from PerkinElmer.

2.4. Photocatalytic degradation of IMD in aqueous solution

The photocatalytic degradation of IMD in aqueous solution
was studied as follows: 30 mg of photocatalyst was added to
10 ppm of a 50 mL IMD solution. The photocatalyst was fully
dispersed in the solution by ultrasonication for 10 minutes
and stirring for 30 minutes. These ultrasonication and stirring
steps are critical to achieving adsorption-desorption equili-
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brium between the photocatalyst and IMD molecules. The
photocatalytic degradation of IMD was carried out under a 500
W Xenon lamp (PLS-SXE300, Beijing Changtuo Co. Ltd,
Beijing, China), which had a wavelength range from 300 nm to
800 nm with 800 mW cm > power density. In this experiment,
a 3 mL solution was taken out for analysis every 20 minutes.
The investigation of photocatalyst stability for IMD degra-
dation was carried out as follows. The photocatalyst used in
one degradation cycle was collected by centrifugation, and
then it was used again for IMD degradation. This process was
repeated five times. The absorbance and concentration of IMD
at different degradation times were measured by UV-Vis DRS
and UV-HPLC (Agilent semi preparative HPLC, G1322A, C-18
column), with the maximum absorption wavelength of IMD
set at 269 nm.

2.5. Photocurrents and electrochemical impedance
spectroscopy (EIS)

The photocurrent and EIS data were obtained through an
electrochemical workstation (660D, Shanghai Chenhua,
China) with a standard three-electrode system (reference elec-
trode (Ag/AgCl (saturated KCl), working electrode and counter
electrode (Pt foil)) (1 x 2 em?). ITO glass sheets coated with
1 mg of photocatalyst were used as the working electrode. The
detailed preparation process of the working electrode is as
follows: 5 mg of catalyst was accurately weighed and placed in
a 1.5 mL centrifuge tube, and 1 mL of ethanol solution (50%)
was added and ultrasonicated for 30 minutes. 1 mg of photo-
catalyst of 1 x 1 cm” was evenly spread on the ITO glass sheets
(1 x 2 em®) and then vacuum dried for 4 hours at 80 °C. The
electrochemical impedance spectra (EIS) were measured over a
frequency range of 10 mHz-1000 kHz with open-circuit
voltage. The photocurrent was recorded at —0.64 mV while the
simulated sunlight was turned on every 20 seconds.

3. Results and discussion

3.1. Characterization of samples

3.1.1. XRD analysis. The XRD pattern is used to reflect the
crystal structure information of samples. As shown in Fig. 1,
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Fig. 1 XRD patterns of TiO,-OV-BiOCI, TiO,/BiOCl, and BiOCL
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the prepared BiOCl exhibits the typical BiOCl (001) peak
pattern (jade: 06-0249). TiO,-OV-BiOCl shows characteristic
peaks of BiOCl (001) and TiO, (anatase), which are consistent
with literature reports,®® indicating the successful integration
of a TiO,/BiOCl heterojunction. TiO,/BiOCl shows a similar
XRD pattern to TiO,-OV-BiOCl, which implies that the addition
of the surfactant F127 does not introduce changes to the
crystal structure. To prove the efficiency of “doping” between
TiO, and BiOCl, the ICP analysis was carried out on Bi and Ti
elements in BiOCl/TiO, and TiO,-OV-BiOCl, respectively. The
mass fractions of the Bi and Ti elements were 89.29 and
3.55 wt% in TiO,-OV-BiOCl, and 89.16 and 5.10 wt% in BiOCI/
TiO,, respectively. It can be seen that F127 can slightly regulate
the content of TiO, in BiOCI/TiO,, which may be beneficial for
the improvement of photocatalytic performance. Moreover, the
peak intensity of BiOCIl was the highest when TiO,-OV-BiOCl
was prepared by using F127 as the surfactant in other solvents
or using other surfactants in methanol. In those cases, only a
weak signal from TiO, was detected (Fig. S1la and b¥). TiO,/
BiOCl, with an optimum ratio of TiO, to BiOCl, can be pro-
duced when methanol is used as the solvent and F127 or PVP
as a surfactant. When Pluronic F127 was used as the template
and TCl; as the precursor, the Ti** produced by TiCl; using
BiNaO; as an oxidant can effectively match the cooperative
assembly with Pluronic F127.%° As a result, uniform spherical
F127/TiO, oligomer composite micelles could be formed,
which would be assembled on the surface of BiOCl. The con-
finement effect of Pluronic F127 may lead to the generation of
less content of TiO, in TiO,-OV-BiOCl compared with BiOCl/
TiO, without F127 as the template. In addition, the diffraction
peak at 25.8° of the BiOCI (101) plane is used to estimate the
nanoparticle size by the Debye-Scherrer formula shown in

eqn (2):
D =kA/(B cos 6) (2)

where D is the average particle size (nm), k is a constant of
0.943, the wavelength (1) of X-ray is equal to 0.154056 nm, B is
the peak width at half height and g is the angle of the BiOCI
(101) diffraction peak. The calculated average particle sizes of
the BiOCI nanoparticles on TiO,-OV-BiOCl and BiOCl/TiO, are
21.3 and 20.9 nm, respectively. Due to the low content of TiO,
in TiO,/BiOCl and TiO,-OV-BiOCl, the particle size of TiO,
cannot be obtained through XRD analysis. Moreover, it can be
clearly seen from HRTEM (Fig. 2a) that the average particle
size of TiO, is 10.36 nm.

3.1.2. Morphological observations of the prepared
samples. SEM was used to analyze the surface morphology of
our samples. TiO,-OV-BiOCl are assembled as ordered and
uniform 3D nanosheets of BiOCI and TiO, nanoparticles are
attached to the BiOCI surface, as evidenced in Fig. S2a and b.7}
In contrast, the SEM analysis of TiO,/BiOCI (Fig. S2¢ and df)
shows blocky and randomly distributed lamellar structures.
The morphology difference between TiO,-OV-BiOCl and TiO,/
BiOCI is caused by the surfactant F127, which plays a role in
regulating the morphology during the synthesis of TiO,-

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 HRTEM images (a and b), AFM height scans (c) and their corres-
ponding height profiles (d) and the elemental mapping (e) of TiO,-
OV-BiOCL.

OV-BiOCl. The microscopy analysis provides further proof of
the successful preparation of TiO,-OV-BiOCl. As seen in the
mapping obtained from HERTEM, the images of Bi and Cl
show the same shape, whereas Ti remains localized and all
these elements are evenly distributed (Fig. 2e). As can be seen
from the HRTEM (Fig. 2a, b and Fig. S2ff) imaging results, the
BiOCI nanosheets in TiO,-OV-BiOCl are composed of five ultra-
thin layers, each with a thickness of about 0.75 nm.
Interestingly, the AFM imaging results also show ultrathin
nanosheets with 3.75 nm from TiO,-OV-BiOCl, which are
made up of five ultrathin layers (Fig. 2c and d). Due to their
extended and ultrathin 2D nature, these nanosheets are
expected to promote the photogenerated charge carrier trans-
fer to the catalyst’s surface. Two different d-space patterns in
HRTEM are shown in Fig. 2a and Fig. S2e,t corresponding to
the (112) plane of anatase TiO, of 0.326 nm and the (110)
plane of tetragonal BiOCl of 0.275 nm, respectively, which are
in agreement with the XRD results. Lattice distortion is
present due to the oxygen vacancy defects (OVDs), which may
mainly exist in BiOCl, as shown in Fig. 2a, Fig. S2e and f.{ All
in all, the ultrathin layered structure of BiOCl and the intimate
contact between TiO, and BiOCl are advantageous for the
transfer of the photogenerated charges and enhancing the
photocatalytic activity.

3.1.3. XPS analysis. XPS characterization was performed to
analyze the surface chemical state and elementary compo-
sition of the photocatalysts. The survey spectra are shown in
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Fig. S3a.T The carbon element is detected, which may be intro-
duced by the surfactant F127 remaining in TiO,-OV-BiOCl. As
a semi-quantitative analysis, we deduce from XPS the TiO,-
OV-BiOCl atomic ratios using the peaks Bi 4f, Cl 2p, Ti 2p, and
O 1s (12:14:30: 25). These values are similar to those of TiO,/
BiOCl (11:13:31:28), indicating that the addition of F127
does not have a considerable effect on the relative atomic com-
position of TiO, and BiOCI. This observation is consistent with
the XRD results. Moreover, due to the introduction of an OVD,
the O 1s ratio in TiO,-OV-BiOCIl becomes lower than that in
TiO,/BiOCl. Fig. 3a shows the Ti 2p XPS spectrum. The
binding energies of TiO,-OV-BiOCl at 466.1 eV (Ti 2p,/,) and
458.7 eV (Ti 2p;,) belong to Ti*", and the binding energy of
TiO,-OV-BiOCl at 466.1 eV (Ti 2p,,,) is almost the same as that
of TiO,/BiOCl, implying that the OVD may not be present in
TiO,. The binding energies of TiO,-OV-BiOCl at 463.4 eV (Ti
2p1s,) and 457.9 eV (Ti 2py,) belong to Ti**. Fig. 3b shows the
XPS spectrum for the Bi 4f region. Two characteristic peaks
located at 159.15 eV (Bi 4f;),) and 164.48 eV (Bi 4f;,,) in TiO,-
OV-BiOCl belong to Bi*". No peaks from Bi’>* were found, indi-
cating that NaBiOj; is completely reduced to Bi**. The binding
energy of TiO,-OV-BiOCl at 164.48 eV (Bi 4fs),) is 0.28 eV lower
than that of TiO,/BiOCl. This difference may be caused by the
introduction of an OVD in BiOCI. Fig. 3¢ shows the XPS spec-
trum for O 1s. The binding energies at 530 eV, 531.6 eV, and
532.5 eV belong to those of lattice oxygen, oxygen vacancies,
and water molecules adsorbed on the surface of TiO,-
OV-BiOCl, respectively. The binding energy of the oxygen
vacancies in TiO,-OV-BiOCl is 0.7 eV higher than that in TiO,/
BiOCl, which can be attributed to the higher OVD concen-
tration in TiO,-OV-BiOCl than in TiO,/BiOCl. The Cl 2p XPS
spectrum is shown in Fig. 3d. The binding energies at 197.8 eV
and 199.5 eV correspond to Cl 2p3/, and Cl 2py,, which are the
same as those in BiOCI. All these results demonstrate the suc-
cessful preparation of the Z-scheme TiO,-OV-BiOCl, and that
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Fig. 3 High-resolution Ti 4f (a), Bi 2p (b) and O 1s (c) XPS spectra of
TiO,-OV-BiOCl and TiO,/BiOCl and Cl 2p (d) XPS spectra of TiO,-
OV-BiOCL.

Dalton Trans., 2020, 49, 11010-11018 | 11013


https://doi.org/10.1039/d0dt02128h

Published on 20 7 2020. Downloaded by Technische Universitat Chemnitz on 2021-01-17 2:30:01.

Paper

the addition of F127 can introduce a higher concentration of
OVDs in BiOCl in the synthesis of TiO,/BiOCl.

3.1.4. UV/Vis DRS and EPR analyses. UV/Vis DRS and EPR
(electron paramagnetic resonance) analyses were used to
characterize light absorption and surface defects of samples.
The light absorption is critical to photocatalytic performance.
In general, a wide absorption spectrum corresponds to excel-
lent photocatalytic degradation properties. According to UV/
Vis DRS results (Fig. 4a), at the absorption edge, TiO,-
OV-BiOCl shows a more pronounced redshift and higher light
absorption than BiOCl and TiO,/BiOCl, which is mainly attrib-
uted to the formation of a Z-scheme heterojunction of TiO,-
OV-BiOCL. As shown in the EPR spectrum (Fig. 4b), the oxygen
vacancies’ signal is detected at g = 2.004 in TiO,/BiOCIl and
Ti0,-OV-BiOCl. TiO,-OV-BiOCl shows a stronger signal inten-
sity than TiO,/BiOCl, which implies that the addition of F127
can introduce a higher concentration of OVDs in the synthesis
of TiO,/BiOCl, which is consistent with the XPS results. The
successful introduction of OVDs may result in increased light
absorption. The possible reasons why surfactants can intro-
duce oxygen vacancy defects are as follows:'>*! during the
nucleation process, the “-C=0" in the F127 unit may prefer to
interact with the unsaturated and positively charged Bi atoms
on the BiOCl surface in order to reduce the surface energy,
leading to the generation of abundant oxygen vacancies.

3.1.5. Photocurrent response, EIS, and the steady-state PL,
TRPL spectra and surface photovoltage (SPV) spectroscopy.
Photocurrent response and electrochemical impedance spec-
troscopy (EIS) experiments were performed to study the effect of
OVDs in Z-scheme TiO,/BiOCI regulated by F127 for the separ-
ation and transfer of the photogenerated charge carriers. The
TiO,-OV-BiOCl photocatalyst shows a remarkably higher photo-
current density than TiO,/BiOCl and BiOCl, as shown in Fig. 5a.
This result can be understood by considering that TiO,-
OV-BiOCI has a higher separation and migration efficiency of
the photogenerated charges than TiO,/BiOCl and BiOCI. The
EIS in Fig. 5b shows TiO,-OV-BiOCl with a smaller semicircle in
the Nyquist plots than TiO,/BiOCI and BiOCl under both dark
and light conditions. This observation implies that TiO,-
OV-BiOCl has a faster proton migration rate than TiO,/BiOCl
and BiOCL. The steady-state PL spectra are used to indicate the
effect of OVDs on the lifetime of the photogenerated electrons
(Fig. 5c), where the peak intensity of TiO,-OV-BiOCl appears
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Fig. 4 (a) UV/Vis DRS for TiO,-OV-BiOCl, TiO,/BiOCl and BiOCl and (b)
an enlarged inset ranging from a 300 to 500 nm wavelength; (c) The
EPR analysis for TiO,-OV-BiOCl, TiO,/BiOCL.
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Fig. 5 The photocurrent response (a) and the electrochemical impe-
dance spectroscopy (EIS) (b) for TiO,-OV-BiOCl, TiO,/BiOCl and BiOCl;
The steady-state PL spectra (c) and TRPL spectra (d) for TiO,-OV-BiOCl,
TiO,/BiOCl and BiOCLl; Surface photovoltage (SPV) spectroscopy on
TiO,-OV-BiOCl, TiO,/BiOCl and BiOCL.

lower than those of TiO,/BiOCl and BiOCIl. Thus we can infer
that the photogenerated charges in TiO,-OV-BiOClI are driven to
separate and thus show a lower fluorescence due to a lower
recombination, supporting a prolonged lifetime of the photo-
generated electrons. Moreover, the TRPL spectra are used to
investigate the effects of OVDs on the lifetime of the photogene-
rated electrons (Fig. 5d). The intensity-averaged lifetime (z,,, =
5.83 ns) of TiO,-OV-BiOCl is prominently longer than the corres-
ponding values for TiO,/BiOCl (z,, = 4.76 ns) and BiOCl (zy, =
4.33 ns). The calculation process of the intensity-average life-
time of samples is presented in detail in the ESI.T The average
lifetime of electrons in TiO,-OV-BiOCI deduced from PL spectra
is lengthened, which may be attributed to the formation of the
Z-scheme heterojunction of TiO,-OV-BiOCI where the OVD acts
as a charge mediator. To further understand the role of the
OVD, we measured the surface photovoltage (SPV) of the
samples. Fig. 5e exhibits that the intensity of SPV on TiO,-
OV-BiOCl is obviously stronger than those of TiO,/BiOCl and
BiOCI. Therefore, all these results confirm that OVDs as charge
mediators can promote the transport, separation, and lifetime
of photogenerated charge carriers, characteristics that are
responsible for ensuring an excellent degradation performance.

3.2. Photocatalytic degradation for IMD performance

The photocatalytic performance was evaluated by the photo-
catalytic degradation of IMD under simulated sunlight. Fig. 6a

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0dt02128h

Published on 20 7 2020. Downloaded by Technische Universitat Chemnitz on 2021-01-17 2:30:01.

Dalton Transactions

b s
aw ——— = TiO,-OV-BiOCI
20 « TioyBiOCI
0s ] + BioCI
: il v simulated sunlight
- Tio,
08+ Che Visible light
Q h g
B e
0.4 Jmo=m Ti0,-OV-BIOCI )
o= TiO,/BIOCI e
{—o—BioCI
02 4o simulated sunlight 05
Tio,
00 J—o— Visible light b
40 20 0 20 4 60 8 100 120 140 160 T ® @ e s w0 0 10 10
Time (min) Time (min)
C1.o->f’ d

-

0 min

M 20 min
M ~ 40 min
M \__ 80 min
120 min
160 min

Electric tension
Electric tension

2 14 6 8 10 12 14

é 8 10 1
Retention time (min) Retention time (min)

Fig. 6 Photocatalytic degradation courses of IMD over TiO,-OV-BiOCl,
TiO,/BiOCl, BiOCl and TiO, and photo-degradation by simulated sun-
light and visible light (a) and the corresponding pseudo-first order kine-
tics plots (b); photocatalytic degradation courses of IMD over TiO,-
OV-BiOCl under different additive amounts of F127 (0-2 g) (c); photo-
catalytic degradation of IMD courses in the repeated tests over TiO2-
QOV-BiOCl (d); HPLC graphs of by-products within the same retention
times undergoing photocatalytic degradation over TiO,-OV-BiOCl (e)
and photo-degradation by simulated sunlight (f).

and b show that IMD is not adsorbed by the photocatalyst and
exhibits only a minor degradation without any photocatalyst
under illumination. Therefore, the adsorption of IMD can be
ignored and the decreased concentration of IMD is mainly
attributed to photocatalysis and photo-degradation. Compared
with BiOCl, TiO,/BiOCl, and TiO,, the TiO,-OV-BiOCl photo-
catalyst displays the best photocatalytic degradation perform-
ance. We attribute this superior performance to the introduc-
tion of an OVD in BiOCIl, which constructs the Z-scheme het-
erojunction as a charge mediator in TiO,-OV-BiOCl, promoting
the separation, transport, and lifetime of the photogenerated
charges and enhancing light absorptivity. The photocatalyst
BET is one of the important factors affecting photocatalytic
degradation activity, and thus it is closely related to photo-
catalytic degradation performance. As can be seen from
Fig. S3b,T the prepared TiO,-OV-BiOCl exhibits a large BET
(93.9816 m* g™') that promotes the photocatalytic degradation
of IMD. However, the BET of TiO,/BiOCl (138.8673 m” g™") is
larger than that of TiO,-OV-BiOCl. Thus, in this case, the
superior photocatalytic performance of TiO,-OV-BiOCl should
be mainly attributed to the formation of the Z-scheme hetero-
junction using the OVD as a charge mediator rather than the
photocatalyst’s BET. To investigate this further, different

This journal is © The Royal Society of Chemistry 2020
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amounts of F127 were studied to reveal the effect of this sur-
factant in the synthesis of TiO,-OV-BiOCl and the photo-
catalytic degradation performance. The photocatalytic degra-
dation of IMD accelerates with the increase in F127 content,
which is mainly attributed to the regulation of the OVD in
TiO,/BiOCl, as evidenced by the results in Fig. 6¢c. However,
the photocatalytic degradation is suppressed when the additive
amount of F127 is more than one gram. This photocatalysis
suppression is due to excessive F127 in TiO,/BiOCI that inhi-
bits the photocatalytic activity. A large number of experimental
conditions were considered for screening out the best photo-
catalyst for the degradation of IMD. It is important to carefully
account for experimental conditions since they affect the
photocatalytic properties, including different solvent systems,
types of surfactant and the addition of titanium trichloride
solution (Fig. S4a-ct). When F127 or PVP is used as a surfac-
tant in a methanol solvent, TiO,-OV-BiOCl will be formed,
showing an excellent photocatalytic activity. However, the
photocatalytic degradation activity becomes weaker when
TiO,-OV-BiOCl is prepared by using F127 as the surfactant in
other solvents or using other surfactants in methanol. This
result is due to the formation of only a small amount of TiO,
in the composition of TiO,/BiOCl according to the XRD results
(see Fig. S1a and b¥). Photocatalyst stability is a very important
parameter for evaluating the photocatalyst performance and
service life. Fig. 6d shows that TiO,-OV-BiOCI still has good
degradation activity after five degradation cycles. This stability
may be attributed to the formation of the Z-scheme hetero-
junction of TiO,-OV-BiOCI and the minimized photocorrosion
of BiOCIL. However, the photocorrosion of BiOCl occurs after
one cycle of degradation and the color of BiOCI changes from
white to black (Fig. S4df), where bismuth ions (Bi**) are easily
reduced to metallic bismuth.**"** In short, the Z-scheme het-
erojunction of TiO,-OV-BiOCl using the OVD as a charge
mediator not only promotes photocatalytic degradation
activity, but also increases the stability of TiO,-OV-BiOCI.
HPLC was used to reflect the degradation processes of IMD
and evaluate degradation performance. The photocatalytic
degradation of IMD (10 ppm) could reach 97% in 160 min
under light, and four intermediates were detected at about
9.45, 9.7, 10.92 and 19 min. These by-products accumulate
gradually with the increase of the reaction time, reaching the
highest level at 40 min under illumination. After this time, the
reaction begins to decrease. These results are presented in
Fig. 6e and Fig. S5a.f When the photocatalytic degradation
time reached 160 min, IMD and its four intermediates were
basically degraded, showing that TiO,-OV-BiOCI has an excel-
lent degradation ability for IMD. The four intermediates
formed during the photocatalytic degradation of IMD over
TiO,-OV-BiOCl were analyzed by LC/MS. The iron spectra at
different retention times of photocatalytic degradation for IMD
under irradiation at 40 min are recorded in the ESI Scan
(Fig. S67). Based on the LC-MS/TOF results, we identify the
molecular structures of four intermediates and propose a most
likely photocatalytic degradation pathway of IMD (Scheme 1).
However, it can be seen from Fig. 6f and Fig. S5b—-df that IMD
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cannot be degraded in visible light and can be only partially
degraded after 360 min in simulated sunlight without any
photocatalyst. Yet, the by-products follow the opposite trend,
showing that the photo-degradation is only the conversion of
IMD into the intermediate products that are more difficult to
degrade.

3.2.1. Free radical trapping experiments. Free radical
capture experiments and EPR characterization were carried out
to study the main active species involved in the degradation of
IMD under simulated sunlight. Fig. 7a shows results from
these experiments. Sodium oxalate (SO), as an effective hole
scavenger, inhibits the photocatalytic degradation of IMD,
indicating that holes (h") are directly involved in the reaction.
Nitrogen bubbling is used to illustrate the effect of superoxide
radicals ("O,”) preformed by removing dissolved oxygen
initially present in solution. This oxygen removal significantly
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Fig. 7 The effects of various scavengers on the photocatalytic degra-
dation of IMD using TiO,-OV-BiOCl (a); the ESR spectra of (b)
DMPO-"0,~ and (c) DMPO-"OH by TiO,-OV-BiOCl; the effects of the
hydroxyl radicals on the photocatalytic degradation of IMD using type-II
TiO,/BiOCl (d), Z-scheme TiO,-OV-BiOCl (e), TiO(anatase) and BiOCl
(001) (f) of illumination for 80 minutes.
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suppresses IMD degradation, suggesting that superoxide rad-
icals ("O,7) are the active species driving IMD degradation.
This conclusion is supported by EPR results where the signal
of the superoxide radicals ("O,”) increases with the extended
illumination time in simulated sunlight (Fig. 7b). In contrast,
isopropanol (IPA), as a scavenger of the hydroxyl radicals
('OH), has no significant effect on IMD photocatalytic degra-
dation, implying that hydroxyl radicals ("OH) are not the main
species involved in the reaction. However, a signal of the
hydroxyl radicals ("fOH) can also be detected in EPR (Fig. 7c),
which may be due to the presence of type II heterojunctions in
Ti0,-OV-BiOCl. In summary, we found that the main active
species involved in IMD degradation are holes (h") and super-
oxide radicals ("O,7).

3.2.2. Photocatalytic degradation mechanism. The photo-
catalytic oxidative degradation of TiO, is mainly attributed to
hydroxyl radicals that stem from the oxidation of H,O by
holes,* ™ as shown in Fig. 6f, while that of BiOCl is mainly
caused by the direct oxidation of holes.”>' When the TiO,/
BiOCl heterojunction is formed, the charge-transfer mode is
known as the type-Il mechanism.?*"*® The main free radicals for
photocatalytic degradation are superoxide radicals ("O,”) pro-
duced at the CB of BiOCl and hydroxyl radicals ("OH) produced
at the VB of TiO,. The photocatalytic degradation activity of IMD
by type II TiO,/BiOCl was inhibited when 5 mmol of isopro-
panol (IPA) as a hydroxyl radical ("OH) scavenger was added to
an IMD solution, as shown in Fig. 7d. This result proves that
hydroxyl radicals ("OH) produced at the VB of TiO, are the main
free radicals in the oxidation of type II TiO,/BiOCl. The IPA as a
hydroxyl radical ("OH) scavenger has little effect on the photo-
catalytic degradation of IMD when TiO,-OV-BiOCl is used as the
photocatalyst, see Fig. 7e. However, the SO can inhibit the
photocatalytic degradation of IMD (Fig. 7a), indicating that the
hole (h") produced at the VB of BiOCl is the main active species
rather than the hydroxyl radical ("OH) produced at the VB of
TiO, for IMD photocatalytic degradation. Our results are in
agreement with the work of Zhou et al., who reported that the
photocatalytic degradation of TiO,/BiOCl with a rich OVD was
caused by holes (h") rather than superoxide radicals ("OH).”*
Similar results have been reported in other TiO,/BiOCI>***?
possibly due to the introduction of oxygen vacancy defects in
TiO,/BiOCl. The above analysis shows that, when the OVD is
introduced into the TiO,-OV-BiOCl heterojunction, the OVD as a
‘charge mediator’ may lead to the construction of a Z-scheme
heterojunction where the charge-transfer mode may change
from type-II to Z-type mechanism. The photocatalytic degra-
dation mechanism of type-II and Z-scheme TiO,/BiOCl is shown
in Scheme 1. The VB and CB of TiO, and BiOCI are illustrated
according to reported literature values.”"***>® Unlike the type-
II mechanism, the Z-scheme mechanism not only possesses the
advantages of the type-II mechanism but also maintains strong
redox potentials. This gives rise to an effective strategy to
promote photocatalytic degradation performance. The charge-
transfer mode of TiO,/BiOCl without the addition of F127 is
mainly based on the type-Il mechanism. As illustrated in
Fig. 4a, 5 and 6a, although the photocatalyst TiO,/BiOCl shows
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higher light absorption and separation efficiency of photogene-
rated charge carriers with a longer lifetime than BiOCI, it does
not show better IMD degradation activity than BiOCI. This
difference is attributed to a weaker redox potential of TiO,/
BiOCl. TiO,-OV-BiOCl with a rich OVD as a charge mediator
may be mainly based on the Z-scheme mechanism, which
remarkably exhibits excellent light absorption, in addition to a
better separation, migration, and lifetime of the photogenerated
charge carriers. These characteristics, in addition to its stronger
redox ability, give the rich-OVD-based TiO,-OV-BiOCl a better
degradation activity than TiO,/BiOCl and BiOCI (Scheme 2).

4. Conclusion

In summary, a novel Z-scheme TiO,/BiOCl with a rich OVD is
successfully developed. The XPS, HRTEM, EPR, and UV/Vis
DRS results show the introduction of a rich OVD in TiO,-
OV-BiOCI. This addition extends the light absorption range of
the photocatalyst. Photoelectrochemical analysis and PL/TRPL
spectra prove that the formation of a Z-scheme heterojunction
in TiO,/BiOCl with a rich OVD promotes the separation
efficiency and prolonged lifetime of the photogenerated
charges, supporting an excellent degradation ability for IMD.
The OVD as a charge mediator may lead to a charge-transfer
mode change from type II to a Z-scheme mechanism. This
interpretation is confirmed by free radical capture experi-
ments. The prepared TiO,-OV-BiOCl photocatalyst shows an
excellent degradation ability for IMD and a possible degra-
dation pathway of IMD was proposed in combination with
HPLC and LC-MS. In short, a Z-scheme heterojunction with
TiO,/BiOCl was developed by using the OVD as a charge
mediator. This heterostructure can be applied to efficient
photocatalytic degradation of pesticides.
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