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Heterojunction engineering is an effective strategy to enhance the photodegradation activity via improving
the spatial charge separation. However, the poor interface interactions and stability limit the photocatalytic
activity and stability of traditional heterojunctions. Herein, robust BiOCl/ZnO p-n heterojunctions with
semi-coherent interfaces were prepared by a one-pot hydrothermal method to improve the activity and
stability toward photocatalytic degradation than that of the counterpart, in which the semi-coherent
interfaces exhibited lower phase boundary energy, resulting in highly-stable interfaces between BiOCl
and ZnO as well as the formation of the built-in electric field in this robust p—n heterojunction for
enhanced charge separation. The cycle test results verified that the BiOCl/ZnO heterojunctions with
semi-coherent interfaces can maintain the photocatalytic degradation activity at the initial level even
after 10 cycles, while deactivation of the sample without semi-coherent interfaces occurred after 3
cycles only. Optical and electrical properties revealed that BiOCl/ZnO heterojunctions with semi-
coherent interfaces possessed the highest electron migration and charge separation efficiency, resulting
in the highest photodegradation activity. Density functional theory (DFT) calculations and electron spin-
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1. Introduction

Photocatalysis has been regarded as a green technology that
converts solar energy to chemical energy, which is widely
employed in organic pollutant degradation,' water splitting,**
carbon dioxide reduction,”® and ammonia synthesis.>'® Charge
separation in a semiconductor is one of the crucial factors
affecting energy conversion efficiency. However, the photo-
generated electrons (e€7) and holes (h") recombine easily and
cannot efficiently transfer to the surface reactive sites for redox
reaction in general. In the past few years, many approaches have
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been made to improve the surface charge separation, such as
noble metal deposition,”™* heterojunction*** and defect engi-
neering.'**® In particular, the construction of a heterojunction is
effective to limit the recombination of photogenerated e~ and h*
and thereby enhance the photocatalytic activity. Heterojunction
integration of p-type and n-type semiconductors with suitable
band edge positions has been confirmed to be positive for spatial
charge separation.””® For example, Hou and co-workers have
reported Bi Ti30,,/BiOI p-n junctions, which exhibited a superior
photodegradation activity for rhodamine B (RhB) and phenol to
pure Bi,Ti;O;, and BiOl, respectively.* Similarly, other types of
bismuth oxyhalide (BiOX, X = Cl, Br and I) p-n heterojunction
photocatalysts have also been constructed, such as BiOBr/
La,Ti,0,,> BiOl/g-C3N,,» and BiOI/KTaO3.>* As a result, inte-
grating p-type BiOX and n-type semiconductor into a hetero-
junction is a valid way to increase the migration of
photogenerated e~ and h* to the opposite semiconductors with
a low conductive band (CB) and high valence band (VB), respec-
tively, finally resulting in the improvement of charge separation.

Because the redox potentials play an important role in
spatial charge separation for a heterojunction,?® the
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composition of the n-type semiconductor building block in
a BiOX-based p-n heterojunction is crucial to achieving the
high photocatalytic performance. If an n-type ZnO semi-
conductor with high oxidation potential*>° is incorporated into
the as-mentioned BiOCl with high oxidation potential, the
separation efficiency of photogenerated e~ and h' would be
highly improved due to the formation of a p—n heterojunction.
For instance, Vaizogullar et al. have fabricated BiOCl/ZnO/Bent
materials with an effective degradation of 3-chlorophenol (3-CP)
by a successive synthesis method.** Similarly, Zhang et al. have
demonstrated that BiOCl/ZnO/C;N, photocatalyst exhibited
superior photodegradation performance for RhB and methyl
orange (MO) to BiOCl/ZnO, BiOCl and C;3;N,.** Additionally, Liu
et al. have prepared BiOCl/ZnO heterostructures with oxygen-
rich vacancies using a one-step microwave technique, which
can effectively enhance photocatalytic performance for the
degradation of tetracycline hydrochloride (TC-HCI) than those
of pure BiOClI and ZnO. This study showed that oxygen vacancy
and interfacial electric field derived from heterostructures were
responsible for the improvement of light harvesting and the
separation efficiency of photogenerated charge -carriers.**
However, there are still some drawbacks, such as the poor-
matched interface and poor stability as well as complex fabri-
cation strategy in the current BiOCl/ZnO-based heterojunctions.
Therefore, it is meaningful to explore a new method for
promoting the interface interaction and stability in a BiOCl/ZnO
heterojunction.

Herein, we present a novel one-pot hydrothermal strategy for
the synthesis of robust BiOCl/ZnO heterojunctions with semi-
coherent interfaces and compare the stability of catalysts
fabricated by the above strategy with the successive process
method. As expected, the well-matched BiOCl/ZnO hetero-
junctions exhibit significantly higher photocatalytic activities
toward the degradation of RhB and tetracycline (TC) as well as
ciprofloxacin (CIP) solution than the sample prepared by the
successive synthesis method, which can be attributed to the
formation of the built-in electric field in the robust p-n heter-
ojunction for improved charge separation. Significantly, the
cycle test results confirm that the BiOCl/ZnO heterojunctions
with semi-coherent interfaces synthesized by the one-step
hydrothermal method maintain the photocatalytic degrada-
tion activity at the initial level even after the 10™ cycle, while
deactivation of the sample without semi-coherent interfaces
prepared by a successive process occurred after the 3™ cycle
only. The enhanced photocatalytic mechanism was proposed in
detail based on the systematic characterizations and density
functional theory (DFT) calculations, which belonged to the
type-1I pathway. This work might provide a theoretical reference
for the one-pot construction of new heterogeneous photo-
catalysts with well-matched interfaces.

2. Experimental
2.1. Sample preparation

BiOCl/ZnO heterojunctions were produced by a one-pot hydro-
thermal method. Typically, 1 mmol ZnCl, (Sinopharm Chemical
Reagent Co, Ltd, China), 0.6 mmol Na,SnO;-3H,0 (Aldrich
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Chemistry Technology Co, Ltd, Germany), and different
amounts (1 mmol, 2 mmol, 4 mmol) Bi(NOs);-5H,0 (Shanghai
Aladdin Bio-Chem Technology Co, Ltd, China) were dissolved in
deionized water, respectively. Subsequently, the above solutions
were put in a 100 mL Teflon-lined stainless-steel autoclave
under constant stirring at room temperature. After stirring for
30 min, the autoclave was treated at 200 °C for 12 h in an oven
and then cooled down to ambient temperature. The products
were obtained by centrifugation and washed with water and
absolute ethanol three times and once, followed by drying at
60 °C for 12 h in an oven. The resultant catalysts were denoted
as ZTO, BZ-0.5, BZ-0.67, BZ-0.8, and BiOCl, according to the
mole ratios of the added Bi/(Bi + Zn), 0, 0.5, 0.67, 0.8 and 1,
respectively.

2.2. Characterizations

The powder X-ray diffraction (XRD) patterns were acquired on
the Bruker-AXS D8 ADVANCE X-ray diffractometer equipped
with Cu Ko, radiation source (A = 1.54 A). Scanning electron
microscope (SEM) images were observed on the JEOL (JSM-
7000F) instrument operated at 15 kV and equipped with an
energy dispersive spectrometer (EDS) microanalysis system.
Transmission electron microscopy (TEM) images were investi-
gated using the JEOL (JEM-2100) instrument operated at 200 kV.
Electron spin-resonance (ESR) experiments were conducted on
a Bruker-EMX nano with 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO). UV-vis diffuse reflectance spectra (DRS) were acquired
on a Hitachi U-4100 apparatus furnished with an integrated
sphere attachment with BaSO, as the reference. Room
temperature fluorescence emission spectra (PL) were obtained
on FluoroLog-3, HORIBA, Jobin Yvon fluorescence spectropho-
tometer. The photocurrent was obtained on Shanghai Chenhua
electrochemical system (CHI660E). The Xe lamp (300 W) was
used to provide full spectrum irradiation. The reference elec-
trode and the counter electrode were saturated calomel elec-
trode and Pt wire, respectively. The working electrode was
prepared as follows: initially, 0.01 g catalyst and 1 mL ultrapure
water were mixed. Then, 20 uL Nafion was added into the above
mixture and ultrasound dissolved for 15 min. Finally, the
mixture was dropped on a 10 mm X 20 mm indium tin oxide
(ITO) glass, which was sealed with scotch tape, dried at 60 °C for
12 h, and calcined at 100 °C for 1 h. The electrolyte solution was
150 mL 0.2 M Na,SO, aqueous solution.

2.3. Photocatalytic performance

The detailed process of the photocatalytic degradation of RhB,
TC, and CIP solution is shown below. For degradation of the
RhB solution, 10 mg photocatalyst was put into RhB aqueous
solution (5 mg L™, 50 mL) and stirred under 600 rpm for 1 h in
darkness. Then, the mixture was continuously stirred in the full
spectrum from a 300 W Xe lamp at room temperature. The RhB
solution was centrifugated every 4 min and analyzed by UV-vis
spectra. For the degradation of TC or CIP solution, 10 mg
BiOCl/ZnO photocatalyst was put into TC or CIP aqueous
solution (20 mg L', 50 mL), and the subsequent procedures

© 2021 The Author(s). Published by the Royal Society of Chemistry
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were similar to the above process. The degradation efficiency
was obtained using the following equations:

G -C

Degradation efficiency = x 100%

0

Cy: the initial absorbance, C: the absorbance at a specific time.

3. Results and discussion

The BiOCl/ZnO heterojunctions were prepared by mixing ZnCl,,
Na,Sn0;, and Bi(NO;); aqueous solution followed by hydro-
thermal treatment (Fig. 1). In an aqueous environment, ZnCl,
existed in the form of zinc and chloride ions. The zinc ions can
react with the hydroxyl ions originating from the hydrolysis of
Na,SnO;, leading to the formation of Zn(OH),, which can be
decomposed into ZnO species under hydrothermal conditions.
Meanwhile, the chloride ions would react with BiO" ions
generated from the hydrolysis of Bi(NO;);, resulting in the
formation of BiOCI. The detailed reaction equations are given in
the inset of Fig. 1. Thus the one-pot construction of robust
BiOCl/ZnO p-n heterojunctions was achieved under hydro-
thermal conditions. The interfaces between BiOCl and ZnO
might be well-matched because of the simultaneous copreci-
pitation and ripening. In this work, the resultant catalysts had
a Bi/(Bi + Zn) mole ratio of 0, 0.5, 0.67, 0.8, and 1, and they were
denoted ZTO, BZ-0.5, BZ-0.67, BZ-0.8, and BiOCI, respectively.

In order to confirm the crystal phases of these photo-
catalysts, XRD was performed. As shown in Fig. 2, the XRD
spectrum of the BZ-0.67 sample displayed the diffraction peaks
located at (002), (101), (102), (112), (200), (113), (211), (104),
(212), (114), and (214) crystal planes, respectively, correspond-
ing to the tetragonal BiOCI crystal phase (JCPDS No. 06-0249).
The diffraction peaks of the ZnO crystal (JCPDS No. 75-1526)
were also detected, which were indexed to (100), (002), (101),
(102), (103), (112), (201), and (202) crystal planes. The results
demonstrated that BiOCl and ZnO were synthesized success-
fully by this one-pot hydrothermal method. Moreover, when the
Bi/(Bi + Zn) mole ratio is 1, the XRD pattern was in good
accordance with BiOCI (JCPDS No. 06-0249) (Fig. S1(a)f). When
the Bi/(Bi + Zn) mole ratio is 0, the XRD pattern could be
indexed to the composite phase of Zn,SnO, (JCPDS No. 24-1470)
and ZnSn(OH), (JCPDS No. 73-2384) (Fig. S1(b)7).
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Fig.1 Schematic illustration of the preparation pathway of BiOCl/ZnO
heterojunctions.
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Fig. 2 XRD pattern of the as-prepared BZ-0.67 sample.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were employed to characterize the
morphology and microstructure of BZ-0.67. As shown in the
SEM images in Fig. 3, the BiOCl was composed of square-
shaped nanosheets, while the abundant ZnO was well-
dispersed on the surface of BiOCl as uniform nanoparticles.
The results suggested the formation of BiOCl/ZnO hetero-
junctions. Notably, the pure BiOCl consisted of nanosheets, and
the ZTO consisted of nanocubes, as given in Fig. S2.7 The TEM
of the top view (Fig. 4(a) and (b)) and the side view (Fig. 4(d))
images of BZ-0.67 further confirmed the ZnO nanoparticles
were attached on the surface of the BiOCI nanosheet, indicating
the BiOCl/ZnO heterojunction was constructed successfully,
which was in good agreement with their SEM images. The
selected area electron diffraction (SEAD) pattern displayed
periodic diffraction spots with identified crystal planes of (200),
(110), and (110) of tetragonal BiOCl as well as diffraction rings
with crystal planes of (002) and (110) of hexagonal ZnO
(Fig. 4(c)), indicating the formation of single-crystalline BiOCl
and poly-crystalline ZnO, respectively. The results were in good
agreement with the XRD pattern. High-resolution TEM
(HRTEM) was also conducted to further clearly investigate the
microstructure between BiOCl and ZnO interface of BZ-0.67.
Fig. 4(e) showed the lattice fringe with spacings of 0.19 nm
and 0.26 nm, corresponding to the (200) and (002) facets of
BiOCl and ZnO, respectively. Particularly, the corresponding
Inverse Fast Fourier Transform (IFFT) image exhibited
a profound interfacial connection between BiOCIl and ZnO in
BZ-0.67 (Fig. 4(f)). The intimate interfacial connection between

Fig. 3 (a) Low-magnification SEM image of BZ-0.67, (b) high-
magnification of the rectangular section (red color) as shown in (a).

Nanoscale Adv., 2021, 3, 4851-4857 | 4853
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(a)

Fig. 4 (a and b) Bright-field and dark-field TEM images of the top
views of BZ-0.67, respectively; (c) SAED pattern, (d) TEM image of
a side view, (e) HRTEM image and (f) IFFT image. The inset of (d) is the
corresponding schematic diagram.

BiOCl and ZnO leads to the establishment of the hetero-
junction. The HRTEM result clearly demonstrated an obvious
semi-coherent interface between the BiOCl and ZnO hetero-
junction, rather than the simple physical mixture, which further
confirmed the formation of the well-matched BiOCl/ZnO
heterojunction.

To investigate the special photocatalytic activity and stability
of BiOCl/ZnO heterojunctions with semi-coherent interfaces
obtained from the one-pot preparation method, the BZ-0.67, BZ-
0.67-S, ZTO, and BiOCl were selected to evaluate the photo-
catalytic degradation performance of RhB solution under a full
spectrum illumination condition. Notably, the BZ-0.67-S was
prepared by the successive synthesis method for comparison.**
The XRD spectrum of BZ-0.67-S in Fig. S37 had similar charac-
teristic peaks to the BZ-0.67, indicating that BiOCl and ZnO
were constructed. SEM and TEM were employed to characterize
the morphology and microstructure of BZ-0.67-S. The SEM
images of BZ-0.67-S in Fig. S4f indicated the morphology of
BiOCI was also the square-shaped nanosheets, and the ZnO
nanoparticles were randomly dispersed on the surface of BiOCl
nanosheets. However, the size of ZnO particles in BZ-0.67-S was
larger than that in BZ-0.67, suggesting ZnO aggregates to larger
particles by a successive synthesis process, which might
decrease the active sites. From the TEM images of BZ-0.67-S in
Fig. S5,1 it can be seen that the interfaces between BiOCl and
ZnO were physical contacts and incoherent, which indicated
that an unmatchable BiOCl/ZnO heterojunction without semi-
coherent interfaces was formed in BZ-0.67-S. The photo-
catalytic results are shown in Fig. 5(a) and (b), respectively. It
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Fig. 5 (a and b) Photocatalytic degradation of RhB solution by BZ-
0.67, BZ-0.67-S, ZTO, and BiOCl samples; (c and d) photocatalytic
degradation of TC and CIP solution by BZ-0.67 sample.

was found that BZ-0.67 exhibited a much higher photocatalytic
activity than those of the BZ-0.67-S, pure ZTO, and pure BiOCI.
After 16 min, the RhB solution can be degraded to 99.7% of the
initial concentration over BZ-0.67, while 22.1%, 18.6%, and
33.9% of the initial concentration over BZ-0.67-S, pure ZTO, and
pure BiOCl, respectively. The apparent rate constants (k) of the
photocatalytic reaction are 0.190, 0.014, 0.013, and 0.024 min ™"
for BZ-0.67, BZ-0.67-S, pure ZTO, and pure BiOCl], respectively.
The catalysts prepared by the one-pot hydrothermal method
with various Bi/(Bi + Zn) mole ratios were also employed for the
photocatalytic degradation of RhB. The results demonstrated
that BZ-0.67 displayed superior photocatalytic activity in
comparison to other samples (Fig. S6T). Besides, we have
compared the photocatalytic performance of BZ-0.67 with other
BiOCl/ZnO catalysts reported in the literatures (Table S17). One
can see that the BZ-0.67 in our work exhibits a relatively high
activity among BiOCl/ZnO catalysts reported in the literature.
Furthermore, to eliminate the sensitization effect of RhB on
photocatalysis, photocatalytic degradation of TC and CIP were
evaluated over BZ-0.67. It was found that BZ-0.67 possessed
excellent photocatalytic degradation activities for both TC and
CIP (Fig. 5(c) and (d)), suggesting it is photocatalysis rather than
photosensitization for dye degradation over BZ-0.67. These
results indicate that the construction of robust BiOCl/ZnO
heterojunction can accelerate the charge separation and trans-
fer than pure BiOCl and ZnO. Moreover, the preparation
methods have an obvious influence on photocatalytic activity.
The heterojunction prepared by the one-pot method (BZ-0.67) is
much better matched and preferable to the charge separation
and transfer than that prepared by the successive synthesis
method (BZ-0.67-S).

In order to further investigate the photocatalytic stabilities of
BZ-0.67 and BZ-0.67-S, cycle tests were performed. As shown in
Fig. 6, the BZ-0.67 almost maintained its photocatalytic degra-
dation activity of RhB at the initial level even after 10 cycles. In
contrast, the BZ-0.67-S nearly lost two-thirds photocatalytic
degradation activity of RhB at the initial level after 3 recycles.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The cycling degradation activity of BZ-0.67 and BZ-0.67-S.

Notably, a series of characterizations of BZ-0.67 after the recy-
cling test was carried out. Both the SEM image and XRD pattern
demonstrated that the structure of BZ-0.67 did not change
before and after the recycling test (Fig. S77). The ICP results of
the solution after the cycle test in Table S21 demonstrated that
no metal was leached after catalytic reaction, further demon-
strating the stability of BZ-0.67. These results proved excellent
photocatalytic stability of BZ-0.67 with the well-matched semi-
coherent interfaces between BiOCl and ZnO in heterojunction.

The optical and electrical properties were conducted to
examine the separation of intrinsic photoinduced charge
carriers in BiOCl/ZnO heterojunction. As displayed in Fig. 7(a),
the BZ-0.67 presented a distinctly higher photocurrent density
than BZ-0.67-S, pure ZTO, and pure BiOCL. The results indicated
that the BZ-0.67 heterojunctions possessed the highest elec-
tron-hole separation efficiency, which was consistent with the
trend of photocatalytic activities. In addition, the intrinsic
band-edge PL was conducted to detect the recombination of
photogenerated electrons and holes. The weakest photo-
luminescence (PL) quenching of BZ-0.67 suggested that it had
the least photogenerated charge recombination among the as-
prepared catalysts, which was also in accordance with the
trend of photocatalytic activities (Fig. 7(b)). Based on the above
results, the BZ-0.67 heterojunction has the highest electron
migration and charge separation efficiency for enhanced pho-
tocatalytic activity.

To understand the photocatalytic mechanism of the excel-
lent performance over the BZ-0.67 heterojunction, the photo-
catalytic degradation activities were evaluated with different
sacrificial reagents including ethanol (EA), tertiary butyl alcohol
(TBA), and ascorbic acid (AA) for capturing h*, 'OH, and O,
respectively, in order to determine the active species
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Fig. 7 (a) Photocurrent responses and (b) PL spectra of BZ-0.67, BZ-
0.67-S, ZTO, and BiOCl samples.
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Fig. 8 (a and b) Inhibition effect of radical scavengers on RhB
degradation in the BZ-0.67 sample; ESR spectra of ‘O, (c) and ‘OH
species (d) obtained from the BZ-0.67 and BZ-0.67-S in the presence
of DMPO.

participating in the photodegradation reaction. As shown in
Fig. 8(a) and (b), all three sacrificial agents have a certain
inhibitory effect on the photocatalytic degradation activity of
RhB in the BZ-0.67 catalyst system. However, in the presence of
TBA and AA, the degradation activity decreased dramatically to
56.0% and 4.9% after 16 min, respectively. It proved that ‘OH
and "O,  were generated and active for the degradation process.
Besides, ESR measurement was conducted to confirm the exis-
tence of ‘OH and 'O, . The 5,5-dimethyl-1-pyrroline (DMPO)
was employed as the spin-trapping reagent for the capturing of
'OH and ‘O, . As shown in Fig. 8(c) and (d), in the BZ-0.67
catalyst system, ‘O, signal and weak "OH signal were detec-
ted, which proved that 'O,  was the main reactive oxygen
species in BZ-0.67, and "OH played the second important role in
the degradation process. Obviously, it was found that both the
'O, and "OH signals were weaker in BZ-0.67-S than those of BZ-
0.67, which meant that the BZ-0.67 heterojunction was benefi-
cial to producing ‘OH and "O," species than those in BZ-0.67-S.

DFT calculations were applied to further investigate the
enhanced photocatalytic mechanism. The Fermi energy of
BiOCl and ZnO were calculated as 5.30 eV and 4.68 €V, respec-
tively (Fig. 9(a) and (b)). Besides, the CB potentials and the VB
potentials of BiOCl and ZnO can be calculated by the following
equations.**

EVB = X* E;e + OSEg
Ecg = Evp — Eg

X represents the absolute electronegativity of the semi-
conductor (which is the geometric mean of the electronegativity
of the constituent atoms), Xzno = (Xzn X Xo)"? = 5.79 eV, Xgioci
= (Xpi X Xo X X)) = 6.65 eV. E° is on behalf of the energy of
free electrons on the hydrogen scale around 4.5 eV. E, value can
be obtained from the UV-vis diffuse reflectance spectra (DRS) in
Fig. S8.f Thus, the VB potentials of BiOCl and ZnO were
calculated as 3.78 eV and 2.92 eV, and the CB potentials of
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Fig. 9 The calculated Fermi energy of (a) BiOCl and (b) ZnO; (c)
schematic diagram of the proposed mechanism for the photocatalytic
degradation under light irradiation.

BiOCl and ZnO were calculated as 0.51 eV and —0.34 eV,
respectively. Before contact, the Fermi energy level of p-type
BiOCl and n-type ZnO are close to VB. After contact, the Fermi
energy moved toward each other, and the transfer of electrons
and holes would occur at the p—n heterojunction. Thus, a built-
in electric field was formed, which could generate a strong
driving force for facilitating electron transfer and separation.
Therefore, when BiOCl and ZnO were in contact, a staggered
band alignment (type II) structure was formed (Fig. 9(c)). Under
light irradiation, the electrons in BiOCI migrated from VB to CB,
and then transferred to the CB of ZnO because of the conduc-
tion band offset. Meanwhile, the holes on VB of ZnO were
transferred to BiOCl and finally accumulated on the VB of BiOCl
due to the valence band offset. Consequently, the internal
electric field built in the p-n heterojunction of BiOCl/ZnO
promoted the separation efficiency of photogenerated elec-
trons-holes, leading to an extremely enhanced photocatalytic
activity.

4. Conclusions

In summary, a robust BiOC1/ZnO p-n heterojunction with semi-
coherent interfaces was prepared by a one-pot hydrothermal
method, which exhibited remarkable catalytic performance and
excellent stability toward the photodegradation of RhB, TC, and
CIP than the sample prepared by the successive synthesis
method. The distinct photoreactivity of BiOCl/ZnO was attrib-
uted to the built-in electric field in the p-n heterojunction for
enhancing the separation of photogenerated electrons-holes,
and the good photocatalytic stability was assigned to its lower
phase boundary energy in a well-matched semi-coherent inter-
face. This work demonstrates an effective strategy for resolving
the drawbacks of poor interface interaction and stability in

conventional heterojunctions, which would provoke the

4856 | Nanoscale Adv, 2021, 3, 4851-4857
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development of one-step construction of new highly active
BiOX-based heterogeneous photocatalysts.
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