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High photocatalytic performance of ZnGa,0,/
Ga,03 double-shell hollow sphere structures
prepared via a one-step hydrothermal methodf
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In this study, photocatalytic degradation of rhodamine B (RhB) using one-step hydrothermally prepared
ZnGay04/Ga,O3 heterojunctions with double-shell hollow sphere structures was investigated. It was
found that this structure greatly improved the photocatalytic performance through the formation of an
S-scheme heterojunction at the interface between ZnGa,O,4 and Ga,Os. By optimizing the feed ratio, a
maximum RhB degradation rate of 0.1133 min~! was obtained, which was nearly 2 times higher than
that of the Ga,Os monomer photocatalyst, 5 times higher than that of the ZnGa,O, monomer
photocatalyst, and 96 times higher than the RhB self-degradation rate. Capture experiments showed
that h* played a key role in the efficient decomposition of RhB reactive groups. This study provides a
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new idea and a simple preparation method for the novel ZnGa,04/Ga,O3 S-scheme heterojunctions for
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1. Introduction

This study presents a simple hydrothermal method for preparing
ZnGa,0,/Ga,0; heterojunctions for high-efficiency photocataly-
sis. As environmental pollution becomes increasingly severe,
traditional methods such as physical adsorption and biodegrada-
tion can remove some pollutants, but they could also introduce
new impurities. In the absence of an efficient pollutant removal
strategy, environmental pollution will continue to pose signifi-
cant threats to human health.' Traditional methods require
substantial investments in manpower, materials and financial
resources. Traditional decontamination methods are not only
time-consuming,*” in the current environment, the rate of repair
is much lower than the rate of pollution.”® Accordingly, tradi-
tional methods are obviously not suitable for the current context.
Modern society demands environmental technologies that are
more efficient, non-toxic and harmless. This has led to the
emergence of semiconductor photocatalysis technology. Semi-
conductor photocatalysis relies on semiconductors and sunlight,
using semiconductors as catalysts. It consumes only clean solar
energy and relies on the REDOX ability of semiconductors to
oxidize organic pollutants into non-toxic and harmless sub-
stances without producing secondary pollution, making it a
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efficient photocatalytic degradation of organic pollutants.

promising technology.”** Some common semiconductors have

attracted public attention. TiO,,**™** Ga,0;'**® and other third-
and fourth-generation semiconductors have been extensively
studied in the field of photocatalysis because of their strong
photocatalytic degradation rates.

The most important selection criteria for semiconductor
photocatalysts are the conduction band (CB) and valence band
(VB) positions of the semiconductor, which determine the
REDOX capacity of the semiconductor. Among all the semi-
conductors, ZnGa,0, is a good semiconductor material because
of its unique crystal structure and wide band gap.'® Sun’s work
demonstrated that ZnGa,O, can be superior to P25 (TiO,) for
photocatalytic activity in some cases.>* Inoue proved that the
4s4p orbital of Ga and the 4s4p orbital of Zn could increase the
dispersion in the conduction band, which are advantageous for
the decrease in the band gap and increase in the activity of the
photocatalyst.”* The strong interaction between Zn and Ga is
observed in ZnGa,0,. Notably, Zn*' in ZnGa,0, belongs to the
d" structure, so it has good chemical and thermal stability.
Both Zn and Ga have a small effective electron mass in the
compound, which accelerates the migration of ZnGa,0O, photo-
generated carriers to the surface, making them more favorable
for photocatalysis.

For a semiconductor, an extremely wide band gap can make
the semiconductor have a strong REDOX ability, but it can also
make the semiconductor material’s absorption threshold of
light low and can only absorb ultraviolet light. The recombina-
tion of photoelectron hole pairs in semiconductors with direct
band gaps limits the photocatalytic performance.>” To solve the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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problem of rapid photogenerated carrier recombination, semi-
conductors are usually constructed using a heterojunction to
reduce the recombination rate. By preparing SnO,/ZnGa,0,
heterojunction composite samples, Boppana et al. not only
increased the formation rate of *OH but also increased the
photocatalytic degradation rate of cresol.>® Chen et al. prepared
one-dimensional ZnGa,0,/ZnO nanowires by electrospinning
method, and found that the nanowires are a new S-type
heterojunction, which can achieve band bending by contacting
the conduction band with weak reducing ability and the
valence band with weak oxidizing ability, exposing the valence
band with strong oxidizing ability and promoting electron
transfer.>* The ability to degrade TC-HCI was also improved.
Therefore, for semiconductors with wide bandgap widths,
heterojunction construction is often used as a standard method
to accelerate electron-hole pair separation, in addition to
precious metal deposition. When the band positions of the
two semiconductors match each other, the corresponding
bands undergo band bending, effectively separating the photo-
generated electrons. Ga,O; is an ultra-wide band gap semicon-
ductor with a band gap of 4.4 eV, and its conduction position is
even lower than that of ZnGa,0,, and its valence band position
is slightly lower. Therefore, the suitable conduction and valence
band positions of ZnGa,O, are perfectly matched. Therefore, in
this study, Ga,0O; and ZnGa,0, were selected to form an S-type
heterojunction to separate electron hole pairs and improve the
photocatalytic performance.>

In addition, the photocatalytic performance of the two sam-
ples can be improved by constructing heterojunctions that accel-
erate the separation of the photogenerated -carriers. The
preparation of monomers with improved performance is also
an efficient way to improve their performance. It was experimen-
tally proved that the spherical shell structure can increase the
specific surface area. Compared with the block or thin film
structure, the smaller spherical shell structure not only increases
the contact area with the solution but also reflects the incident
light many times, which is another effective way to improve the
photocatalytic performance.”*>® The effective volume of the
spherical shell structure is relatively large, which makes it easier
to separate and deposit from the solution, and easy to recycle.
There are many methods for preparing spherical shell structures,
such as hydrothermal methods, anodic oxidation methods, elec-
trodeposition methods, hard template methods and electrospin-
ning methods.’*** Among them, the hydrothermal method has
many advantages, such as simple operation, low cost, easy
control of experimental conditions, high yield, shape can be
controlled by conditions, etc., and has attracted wide attention
in recent years.**"*

In this study, ZnGa,0, double-shell hollow spheres were
prepared using a simple hydrothermal method. Ga,O; quan-
tum dots were grown on the surface of the shells, and their
photocatalytic properties were investigated. The method used
to prepare bishell ZnGa,0, was based on a patent published by
Zou Zhigang’s team.*® The difference is that the formation of
bivalent ZnGa,0, requires annealing, whereas hydrothermal
GaOOH also requires annealing. Therefore, in this study, the
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precursors of the two materials were prepared using the hydro-
thermal method and then annealed uniformly. The results
show that the Ga,03/ZnGa,0, heterojunction exhibits good
photocatalytic performance, nearly 2 times that of the Ga,O;
monomer and nearly 3 times that of the ZnGa,0, monomer.

2. Experiment
2.1 Materials

Zn(NOj3),-6H,0 from Damao and Ga(NOj3);-xH,O from Aladdin
(99.99%) were used as the Zn and Ga sources in this study. The
capture experiments of EDTA-2Na (99.0%), isopropyl alcohol
(IPA) (99.7%) from Tianjin Damao Chemical Reagent Factory
and ascorbic acid (VC) (99%) from Shanghai Aladdin Reagent
Co., Ltd detected the key active substances in the photocatalytic
process.

2.2 Synthesis

2.2.1 Preparation of the ZnGa,0, template. ZnGa,0,, as an
important part of an S-type heterojunction, has good morphol-
ogy and a simple preparation method, which is particularly
important to improve the performance. 1.19 g Zn(NO3),-6H,0
and 3.07 g Ga(NOj3);-xH,0 were dissolved in 50 mL ultra-pure
water using the method of Zou Zhigang’s team, and then fully
stirred with 4 g citric acid; they were put into the inner tank of a
hydrothermal kettle. The temperature was set at 200 °C and the
reaction time was 10 h. The obtained precursor was HS-Z (hollow
spheres ZnGa,0,). ZnGa,0, double-shell hollow spheres can be
prepared directly by annealing at 600 °C.

2.2.2 Preparation of Ga,0; quantum dots. GaCl; and
Ci1gH15N were mixed at a molar ratio of 1:1, dissolved in 40
mL DMF, and annealed after hydrothermal reaction to obtain
Ga,0; quantum dots.

2.2.3 Preparation of the ZnGa,0,/Ga,0; heterojunction.
Since both ZnGa,0, and Ga,0O; need to be annealed, the
precursor of Ga,O; quantum dots can be obtained by hydro-
thermal growth on HS-Z after preparation. The specific steps
are as follows:

(1) The precursor HS-Z obtained in 2.2.1, GaCl; and triphe-
nylamine (C;gH;5N) were dissolved in 40 mL DMF in different
proportions, as shown in Table 1, and stirred evenly. Since HS-Z
was already obtained, it was only necessary to generate the
precursor of Ga,O; on its surface. Therefore, the hydrothermal
temperature was set to 240 °C, and the hydrothermal time was
set to 8 h. Note that the ratio given in the table is the ratio of
GaCl; and HS-Z, and ZGO is a ZnGa,0, double-shell hollow

Table 1 Amounts of reagents used to prepare the samples

Sample name Ratio GaCls/mol Cy3H;5N/mol HS-Z/mol
ZG0 0:1 0 0 0.003
ZG1 1:1 0.003 0.003

7G2 2:1 0.006 0.006

ZG3 3:1 0.009 0.009

7G4 4:1 0.012 0.012

GO 1:0 0.003 0.003 —
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sphere obtained by direct annealing of HS-Z. There was no HS-Z
in the GO sample; only Ga,O; was prepared by GaCl; and
C,5H;5N feeding.

(2) After the hydrothermal reaction, the precipitate is cen-
trifuged and dried. The product was heated at 2 °C min™", held
for 2 h at 600 °C, and allowed to cool naturally. ZnGa,0,/Ga,0;
heterojunctions with different composite proportions were
obtained.

2.3 Characterization

The samples were characterized by X-ray diffraction (XRD, DX-
2700, Hao Yuan, China). The crystal phase of the sample was
obtained using a Cu Ka radiation source with a radiation
wavelength of 1.5406 A. The X-ray tube voltage was 40 kV,
and the current was 30 mA. The morphology of the samples
was measured by SEM (FEl Apreo S). TEM (FEI Tecnai G> F20)
was used to observe the microstructure of the samples. The
chemical states of each element in the sample were measured
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific,
EscaLab Xi+), with Al Ko X-ray as the excitation source. Using
Avantage software, the Powell algorithm and the Gauss-Lorentz
fitting process (maximum iteration 100, convergence 0.0001)
were used to obtain the experimental data. The UV-vis diffuse
reflectance spectrum (UV-vis DRS) of the sample was obtained
using BaSO, as the reference material. The measurement and
analysis were performed by integrating a sphere (Hitachi,
Japan) F-7000 ultraviolet-visible spectrophotometer.

2.4 Photocatalytic degradation test

To study the photocatalytic degradation of RhB dyes in the
prepared samples. The photocatalytic experiment was carried
out in a 50 mL RhB solution (10 mg L™ ') containing 10 mg of
the photocatalyst. The light source used was a 500 W xenon
lamp to simulate sunlight. First, the RhB solution containing
the photocatalyst was stirred in the dark for 30 minutes to
exclude the influence of the adsorption capacity of the photo-
catalyst on the experimental results. The RhB solution is then
placed directly under the Xe lamp while keeping the distance
between the light source and the solution constant. We placed
4 mL of each sample into a centrifuge tube every 10 minutes
and centrifuged at 8000 RPM for 5 minutes to remove excess
photocatalyst. To confirm each concentration of RhB, a UV-
visible spectrophotometer (UV-vis abs, TU-1901) was used to
analyze the absorption spectra of all solutions, with the wave-
length range set to 400-700 nm.>®

2.5 Experiment on the recovery cycle of the photocatalyst

Cyclic experiment is an important method to study the stability of
photocatalysts. The detailed operations are described below.
First, the rhodamine B solution after the first degradation is left
to stand for a while so that the supernatant is separated from the
lower catalyst, and the supernatant is slowly sucked out with a
rubber head dropper, leaving the photocatalyst and a small part
of the solution. Anhydrous ethanol was added to the solution
containing the photocatalyst to promote the volatilization of the
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solution, and the photocatalyst involved in the reaction was
obtained for subsequent cyclic experiments.

2.6 Electrochemical test

The samples were analyzed at an electrochemical workstation with
three electrodes. After weighing the 8 mg sample, 250 pL of
ethanol and 750 pL of isopropyl alcohol were added, and ultra-
sonic dispersion was performed for 30 minutes, and 50 pL of
Nafion perfluorinated resin solution was added, and ultrasound
was continued for 30 minutes. The resulting suspension was
slowly coated onto the surface of the glass carbon electrode using
a pipette gun and allowed to naturally act as the working electrode.
At the same time, 0.1 M L™" Na,SO, electrolyte solution 50 mL was
prepared, and an Ag/AgCl electrode was used as the reference
electrode. The electrolyte was analyzed by Mott-Schottky and
electrochemical impedance spectroscopy (EIS). The Mott-Schottky
test uses a platinum sheet as the counter electrode, and the EIS
test uses a platinum wire as the counterelectrode.

3. Results and discussion
3.1 Morphology, phase, and composition characterization

The crystal structure of the prepared sample was determined by
X-ray diffraction (XRD) experiment, and the results are shown
in Fig. 1. Each sample has obvious diffraction peaks, which
proves that the sample prepared by the hydrothermal experi-
ment has high crystallinity. ZG0 conforms to the characteristic
diffraction peaks in ZnGa,O, (JCPDS#86-0412). GO conforms to
the characteristic diffraction peak of «-Ga,O; (JCPDS#006-
0503). Interestingly, the characteristic peak of f-Ga,05; appears
in the standard diffraction peak of GO because GaOOH grows
into a-Ga,0; at low temperatures, and some of the a-Ga,O; is
converted to B-Ga,O; at temperatures up to 600 °C. This result
is consistent with those reported in other literature.>”*® 1t is
proved that sample ZGO is ZnGa,0O, with lattice constants a =
b=c=8.3352A,0=f=7y=90° anda=b=4.979 A, c = 13.429 A,
o= f=90° v =120°. With the increase in GaCl; content during

a-Ga,0; JCPDS#006-0503 ZnGa,0, JCPDS#86-0412
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Fig. 1 XRD patterns of GO and ZGX samples (X = 0, 1, 2, 3, and 4).
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the hydrothermal process, the characteristic diffraction peak of
Ga,0; was detected in the composite sample, i.e., ZnGa,0,/
Ga,0; was formed. In addition, the characteristic peak response
intensity of ZnGa,0,4, which is mainly located at 26 = 35.697°,
gradually decreased, indicating that the content of ZnGa,O,
decreased. In addition to the characteristic peaks corresponding
to the standard cards, no other diffraction peaks were detected,
which shows that pure ZnGa,0,, Ga,0; and ZnGa,0,/Ga,0;
were successfully prepared using the ratios shown in Table 1.
The scanning electron micrographs of the prepared samples
are shown in Fig. 2. The GO sample presents an irregular
agglomeration shape, and it was found that the sample pre-
sents a basic quantum dot shape with a size of about 10 nm
after observation by transmission electron microscopy. In the
HRTEM image, lattice streaks with lattice spacing of 2.55 A can
be observed, corresponding to the (111) crystal face of -Ga,Os.
Combined with XRD results, it is further demonstrated that the
composite sample contains two crystal structures of a-Ga,O3
and B-Ga,0;, and the content of -Ga,0Oj; is a little more. In
Fig. 2(d)-(f), it can be seen that ZG0 presents a bishell spherical
structure, and there is a certain gap between the inner sphere
and the outer sphere, which is conducive to the extension and
capture of the photon path in the photocatalytic reaction. It can
be seen from TEM that the inner sphere of ZGO and the outer
sphere are different in light and dark, indicating that the inner
sphere is not a hollow sphere, but a solid structure, and the
outer sphere presents a hollow structure, and the overall
structure is similar to the egg model. In Fig. 2(g)-(j), it can be
seen that the composite sample as a whole presents a bivalve
spherical structure similar to that of ZG0. After composite, the
surface of the sample becomes rough, and the agglomeration
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phenomenon occurs as GO quantum dots, indicating the
successful preparation of the composite sample. In addition,
the sizes of the composite samples did not show a particularly
significant difference.

The surface chemical properties of the ZnGa,0,, Ga,0; and
ZnGa,0,/Ga,0; composites were determined by X-ray photo-
electron spectroscopy (Fig. 3). Fig. 3(a) shows the full spectrum
of all samples in the binding energy range of 0-1350 eV. Peaks
such as Ga 2p, Zn 2p, Ga LM2 and O 1s can be observed,*® and
characteristic signals of Zn can be observed in all samples
except for Ga,0;. As can be seen from the diagram in Fig. 3(b),
O 1s is divided into two different small peaks, where Oy
corresponds to 532.4 eV, representing oxygen-containing com-
pounds such as H,O0, O,, or CO, adsorbed on the surface of the
lattice and can be observed in all samples.*® In GO, the Oy at
530.9 eV should be the result of the Ga-O bond,** which, along
with XRD, can further determine that GO is pure Ga,O;.
Compared with pure ZnGa,O, (ZG0), the binding energy of
the two peaks of lattice oxygen (Oy, Op) in the composite sample
is changed. The Oy position of ZG1 is lower than that of ZGO0,
and with an increase in the GO content, O; and Oy move in a
higher direction, indicating a change in the effect of metal ions
on O atoms after heterojunction formation. Among the compo-
site structures, ZG3 exhibited the highest Oy, indicating that
ZG3 forms a relatively complete crystal structure with more Zn-
O bonds. At the same time, the Oy area of the composite
structure is increasing, indicating that the adsorption of
oxygen-containing compounds on the surface of the sample is
increasing, and more O, and CO, may be adsorbed on the
surface. As shown in Fig. 3(c), Zn 2p*? and Zn 2p** are divided
into two peaks, respectively. The characteristic peaks of binding

Fig. 2 SEM images of GO (a), ZGO (d), ZG1 (g), ZG2 (h), ZG3 (i), ZG4 (j). TEM images and HRTEM images of GO (b) and (c) and ZGO (e) and (f).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XPS full spectrum, (b) O 1s fine spectrum, (c) Zn 2p fine spectrum and (d) Ga 3d fine spectrum of all the samples.

energy at 1044.3 eV and 1021.4 eV indicate the presence of UVC band (200-280 nm) is significantly lower than that of GO
ZnGa,0, in all samples, indicating the formation of the Zn-O and ZG3. For GO and ZG3, the sample has almost no light
bond. This confirms the successful preparation of ZnGa,0,/ absorption in the visible band, and the light absorption of ZG3
Ga,0; heterojunctions. In addition, Fig. 3(d) shows the Ga 3d in the UVC band is slightly higher than that of GO, which
fine spectrum of all samples. With the increase in the GO indicates that the composite sample can improve the light
content, the binding energy of the composite sample gradually absorption of the sample in the deep ultraviolet band. Compared
approaches 20.1 eV, which further proves the existence of with ZGO, the light absorption of the composite sample in the
ZnGa,0,/Ga,0; in the composite sample. visible band is reduced, which indicates that after the formation

Fig. 4 shows the UV-vis DRS and Tauc of GO, ZG0, and ZG3. of the heterojunction, the oxygen vacancy of the composite
The absorption of ZGO0 in the visible band (400-760 nm) is slightly ~ sample is reduced, resulting in the reduction of defects and the
higher than that of GO and ZG3, whereas the absorption in the increase of crystallinity, which is consistent with the XRD results.
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Fig. 4 UV-vis DRS (a) and corresponding Tauc plots (b) of GO, ZGO and ZG3.
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The experimental results show that the S-type heterojunction
enhances the overall light absorption of the Ga,O; and ZnGa,O,
monomers, thus improving their photocatalytic performance. Based
on the UV-vis diffuse reflection absorption diagram (Fig. 4(b)), a Tauc
diagram of the sample can be drawn. According to eqn (1), we obtain,

(ehv)'" = C(hv — Ey) (1)

In this formula, o is the absorption coefficient of the
semiconductor, Av is the energy of the incident light, and C is
a constant. The type of semiconductor material determines the
exponent n, where n = 1/2 when the semiconductor has a direct
bandgap and n = 2 when the semiconductor has an indirect
bandgap. ZnGa,0, is a direct band gap semiconductor, so n is
1/2. According to the fitting calculation, it can be determined
that the band gap width of ZGO is 4.32 eV = 0.01 eV and that of
GO is 4.47 eV £ 0.01 eV, which is consistent with the literature
report and further indicates that ZnGa,0, is a wide band gap
semiconductor material.****

3.2 Photocatalytic performance

To analyze the photocatalytic degradation efficiency of the pre-
pared samples, a photocatalytic degradation experiment was
conducted. Fig. 5(a) and (b) obtained by using the experimental
method described in Section 2.4, are the photodegradation
curves and the fitting graphs of the degradation efficiency of all
samples. Where Dark is used to test the dark reaction adsorption

(a) — : :
Dark ] simulated solar light
1.0 P L
= N
] Ny
1 NN\
= | W N ) B
O 0.6 —=—RnB | A\ e
&} ——7ZG0 ! =~ g
—&—ZG1 : N
041 v 262 I N N
+—ZG3 ! ¢
024 7G4 :
»—GO .
I o
0.0 T T T y r
-30 0 5 10 15 20
Time (min)
(€)=
80 4
o3
g 60 4
i S1.13 4831
-]
£ 40-
o0
&
(=]
204 19.9
0 T T T T
No scavenger IPA EDTA-2Na vC

View Article Online

Materials Advances

capacity of the sample under dark conditions to achieve adsorp-
tion saturation of the sample without affecting the photoreaction
degradation. After the dark reaction is complete, the organic
solution is directly exposed to simulated sunlight. The horizontal
axis represents the reaction time, and 0 indicates the end of the
dark reaction and the beginning of the light reaction. C is the
solution concentration after irradiation, and C, is the initial
solution concentration.

Compared with the dark reaction, the degradation efficiency
of RhB dyes by all heterojunction samples and monomers was
significantly improved. It was also confirmed that the ZnGa,0,/
Ga,0; photocatalyst has certain photocatalytic potential for
RhB dye reduction. The photocatalytic degradation efficiencies
of ZGO and GO for RhB dyes were 41.26% and 64.49%,
respectively. Among the composite samples, ZG3 exhibited
the best photocatalytic rate. After 20 min of irradiation with a
500 W xenon lamp, the photocatalytic degradation efficiency of
ZG3 reached 95.21%. This result is due to the successful
formation of the S-scheme heterojunction between ZGO and
GO, which reduces the recombination of electrons and holes
and increases the number of active groups involved in the
photocatalytic reaction. The Langmuir-Hinshelwood pseudo-
first-order kinetic model (formula 2) was used to obtain the
photocatalytic degradation rates of different samples, and the
results are shown in Fig. 5(b). In formula (2), k is the first-order
kinetic rate constant, and ¢ is the illumination time. It is worth
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Fig. 5 Photocatalytic degradation diagram of all the samples (a), photocatalytic rate fitting diagram (b), capture experiment diagram of active substances

during degradation process (c) and cycle experiment diagram of ZG3 (d).
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mentioning that the self-degradation rate of RhB dye is 0.001 min~ ",
which was almost negligible. In contrast, the photocatalytic degra-
dation effects of ZGO and GO on RhB dyes were significantly
improved, which were 0.0297 min ™" and 0.0516 min ™, respectively.
The rate of composite samples was higher than the catalytic
performance of each monomer. The fastest degradation rate of all
samples was ZG3 (0.1133 min '), which was nearly 113 times faster
than RhB dye. The results show that ZnGa,0,/Ga,O; exhibits
excellent recombination properties after forming a heterojunction.

C
—In oo kt )

The free radical trapping experiment is part of the research
into photocatalytic degradation mechanisms. Isopropyl alcohol
(IPA), EDTA-2Na and ascorbic acid (VC) can trap hydroxyl
radical (*OH), hole (h*) and superoxide radical (*0,"), respec-
tively. As shown in Fig. 5(c), in the RhB dye degradation
experiment with 10 mg ZG3 photocatalyst, the degradation rate
reached 95.2% within 20 min before adding the collector and
decreased to 51.13%, 19.9% and 48.31% after adding the
collector, respectively. The photocatalytic degradation rate of
ZG3 was inhibited to some extent by adding different types of
trapping agents. In contrast, after adding EDTA-2Na, the photo-
catalytic degradation efficiency of ZG3 was significantly
reduced, indicating that holes (h") played the largest role in
the photocatalysis reaction.

To evaluate the chemical stability of ZG3, we conducted a
cyclic experiment; the results are shown in Fig. 5(d). After 5
cycles, ZG3 can guarantee a degradation efficiency of close to
86% because ZnGa,0, is a metal oxide of d*° configuration,
belonging to the spinel type, which determines the excellent
thermal and chemical stability of ZnGa,0,. The experimental
results show that the catalyst exhibits good chemical stability
and high recycling value.

3.3 Mechanism analysis

Fig. 6(a) shows the Mott-Schottky results for ZG0 and GO
obtained from an electrochemical workstation. Using the
Mott-Schottky equation (formula (3)), the relationship between
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the interface capacitance and the flat-band potential in the
sample can be obtained.
KgT
V — Veg — %) (3)

Here, C is the interface capacitance, Vg is the flat band
potential, and V is the electrode potential. The Mott-Schottky
curve can be obtained by plotting 1/C* and V on the Y-axis and X-
axis, respectively. The slope of the two curves in the figure is
positive, indicating that ZG0 and GO are N-type semiconductors,
and the formed heterojunction is an n-n type heterojunction.
According to the image, the Vg of ZGO and GO are —0.89 V and
—1.25 V, respectively. For N-type semiconductors, Vgg typically
has a positive conduction potential (Egg) of 0.1-0.3 V, and for P-
type semiconductors, Vgg has a negative valence band potential
(Ecp) of 0.1-0.3 V.*™* Based on the experimental results, it can
be inferred that the Eg of ZG0 and GO are —0.99 Vand —1.35V
(vs. Ag/AgCl); thus, the Ecg for ZG0 and GO are —0.79 and
—1.15 €V, respectively. The XPS band spectra can be used to
approximate the top positions of ZnGa,0, and Ga,Oj;. Fig. 6(b)
shows the XPS band spectra. According to the images, the highest
position of the ZnGa,0, band was 2.95 eV, while the highest
position of the Ga,O; band top was 3.07 eV. Combining the
results of the Mott-Schottky test with the results of the Tauc
diagram in Fig. 4(b), two semiconductor valence band positions
can be deduced according to the formula (eqn (4)), the ZnGa,O,
valence band is 3.53 eV, and the Ga,O; valence band is 3.32 eV.

12
c? - SEQEND

Eyp = Ecp *+ Eg (4)

To further explain the reason for the improvement of the
photocatalytic performance after heterojunction formation, the
charge transfer characteristics of the GO, ZG0 and ZG3 samples
were studied by electrochemical impedance tests, as shown in
Fig. 7. The EIS Nyquist arc of ZG3 is smaller than that of GO
and ZGO, indicating that electron transfer is easier at the ZG3
interface than at the GO and ZGO interfaces. At the same time,
ZG3 exhibits low charge transfer resistance, further indicating
that the formation of S-type heterojunctions can reduce the

(b)

GO
—ZG0

LIEnsILy (4.u.)

295V

10 8 6 4 2 0
Binding Energy (eV)

Fig. 6 Mott—Schottky plot (a) and XPS valence band spectra (b) of ZGO and GO at an excitation wavelength of 263 nm.
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Fig. 7 EIS images of GO, ZG0, and ZG3.

diffusion resistance and effectively inhibit the photogenerated
carrier recombination, thus enhancing the charge transfer
ability and improving the photocatalytic performance of the
composite.

In summary, the band structure diagram shown in Fig. 8 can
be obtained. Before the contact between the two semiconduc-
tors, the Ef of ZnGa,0, was 2.95 eV higher than that of VB, and
the E; of Ga,0; was 3.07 eV higher than that of VB. The specific
values in Fig. 8 can be obtained from the previous experiments.
The results obtained before and after the two semiconductor
contacts are shown in Fig. 8. Due to the different positions of
the Fermi levels in ZnGa,0, and Ga,0;, an internal electric
field is formed at the contact interface. The electrons in the CB
of ZnGa,0, spontaneously recombine with the holes in the VB
of Ga,0; to balance the energy level difference caused by the
Fermi level; band bending occurs, and an S-type heterojunction
is formed, thus accelerating the separation of electrons and
holes. At the same time, h" in the VB containing ZnGa,0, and
e~ in the CB containing Ga,O; participate in the photocatalytic

I g

L9 RhBdye

@ Quantum dots Ga,0;

Q ZnGa,0,

3.53 eV
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reaction to form the reaction groups *OH, *0,” and h'. The
main reaction modes of the different reaction groups are shown
in eqn (5)-(10). In addition, the reactive group that affects the
photocatalytic reaction is h'.

O, +e - *0,” (5)
*0,” +2H' + e~ - H,0, (6)
e~ + H,0, > "OH + OH™ )

H,0, + h" — *OH + H* (8)
*OH + dye — CO, + H,0 9)

h* + dye —» CO, + H,0

4. Conclusion

In summary, we successfully prepared bishell hollow spherical
ZnGa,0,, Gay0O3; quantum dots and S-type heterojunction
ZnGa,0,/Ga,0; hollow spherical photocatalysts by a one-step
hydrothermal method, all of which exhibited good photocata-
Iytic properties for RhB dye. The degradation efficiency of
ZnGa,0, and Ga,0; reached 41.26% and 64.49%, respectively,
after 20 min of irradiation by a 500 W xenon lamp. In addition,
the ZnGa,0,/Ga,0; heterojunctions exhibited better photoca-
talytic performance than the conventional ones. Under the
same conditions, the degradation efficiency of the ZnGa,0O,/
Ga,0; heterojunction prepared at a feed ratio of 1:3 was
95.21%. In addition, the capture experiment it is proven that
the active substance that plays a key role in catalysis is h*. The
S-type heterojunction can recombine electrons and holes with
weak reducing and oxidizing ability and expose electrons holes
with strong REDOX ability, thus significantly improving the
photocatalytic performance. This study provides a new and
convenient method for the simple and efficient preparation of
bishell hollow spheres ZnGa,0,/Ga,0; and a new idea for the

CB |-115eV CB
T B ¢| ©O©
CB
x 5 +*
| [447ev +
3 =
f 3.07 eV |+
295V i +
; Y. CCCNcrem
Y VB |33 evm\ VB
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Before Contact After Contact

Fig. 8 Schematic of the ZnGa,04/Ga,O3 before contact and illustration of the photocatalytic mechanism in the S-scheme heterojunction.
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degradation of organic pollutants such as RhB. The synthesized
ZnGa,0,/Ga,0; has potential application prospects in other
environmental treatment fields.
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