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Abstract: This study aims to explore a preparation method based on a combination of melting and
ultrasound to produce a Ga;O3/ZnO (GZ) spherical composite with a snake raspberry structure for
the degradation of methyl orange at room temperature in dark. The catalyst exists in the form of a (GZ)
composite and an anhydrous ethanol mixture after the ultrasonic treatment of premelted GaZn liquid
metal alloy in anhydrous ethanol. The degradation activity of the catalyst was evaluated according to
the amount of catalyst, alloy extraction temperature, acid-base environment, and inorganic salt ions.
A transmission electron microscope (TEM) was used to confirm that the material was Ga,O3 coated
with ZnO, with a structure similar to that of snakeberry. The electron paramagnetic resonance (EPR)
and a series of free radical inhibition experiments demonstrated that -O?~ is produced during the
ultrasonic preparation of the catalyst and plays an important role in the degradation process after
adding MO. The removal rate of MO reached 99.75% at 3 min. Three possible degradation pathways
were proposed based on the intermediates produced during the degradation process, which were
identified by liquid chromatography-mass spectrometry (LC-MS). The results of this study may
provide a new choice for the degradation of organic pollutants.

Keywords: alloy smelting; ultrasonic dispersion; Ga;O3/ZnO composites; methyl orange;
degradation under natural conditions; superoxide radical

1. Introduction

With rapid economic development, the continuous discharge of industrial dye wastew-
ater has caused ecological and environmental destruction; thus, it is important to degrade or-
ganic pollutants [1-8]. In addition to their excellent degradation effect and high degradation
efficiency with pollutants [9], Zn and ZnO are also nontoxic and inexpensive [10]. Therefore,
approximately 70-80% of the reported studies in the field of catalytic degradation have
used ZnO mixed with other metal oxides as photocatalysts for wastewater treatment [4].

Researchers are very interested in using ZnGa, Oy for the photocatalytic degradation of
dyes. ZnGa; Oy is a kind of spinel ternary metal oxide with a wide bandgap [11]. Therefore,
it has a high conduction band level, which is conducive to the production of hydroxyl
radicals or superoxide anions for photodegradation, which makes it widely studied in
the field of photocatalysis [12-14]. It is found that ZnGa;O, can photodecompose many
kinds of dyes such as methyl blue (MB) and methyl orange (MO). In order to improve the
photocatalytic performance of ZnGa;QOy, the synthesis method is mostly used to change
the morphology. For example, Liu et al. prepared ZnGa,O, powders and thin films by the
sol-gel method and studied their photocatalytic degradation of MB [15]. Liu et al. prepared
ZnGayO4 powder by hydrothermal reaction. The photocatalytic oxidation of RhB on the
material was studied [16]. To improve the photocatalytic activity of ZnGayOy, Liu et al. pre-
pared octahedral single crystals using the chemical vapor transport method [17]. Yuan et al.
prepared uniform nanoparticles using microwave hydrothermal reactions and degraded
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the dye [18]. However, the common methods for the catalysts containing Zn include hy-
drothermal synthesis [19-21] and sintering [22], which have several shortcomings, such as
complicated operation, poor safety, and high energy consumption. However, at present,
there are many studies on the salts of ZnGa; Oy, but there are few studies on the composites
composed of the two elements Ga and Zn. Recently, Oloye et al. used a Ga-based liquid
metal aided by ultrasonic waves to rapidly degrade dyes into nontoxic solid carbon par-
ticles [23], indicating that Ga has considerable potential for dye degradation. Gao et al.
utilized the classic GRR to conveniently synthesize uniform Ga nanodroplets, achieved
by the convenient redox replacement between sacrificial seeds (zinc) and gallium ions
(Ga®*). It has also been found that the material can degrade dyes. Therefore, it is of great
significance to explore a simple synthesis method of composites containing Ga and Zn and
to study their performance in the degradation of organic pollutants [24].

In this study, spherical nanocomposite Ga,O3/ZnO was prepared by melting and
ultrasonic treatment. First, the GaZn alloy was prepared by melting with gold, and then the
Gay0O3/Zn0O composite was prepared by ultrasonic dispersion treatment using anhydrous
ethanol as the dispersant. Second, the catalytic activity was evaluated by investigating
the degradation efficiency of the catalyst using MO at 27 °C in the dark. Third, the
degradation mechanism of MO and the path of methyl orange solution degradation by
catalyst were proposed.

2. Experiment
2.1. Synthesis Method

The synthesis process of the composites is illustrated in Figure 1. A quartz crucible with
measured quantities of metallic Ga and Zn was placed in a tube furnace and maintained at
450 °C for 30 min under an argon and hydrogen atmosphere. The obtained GaZn alloy was
stored in a centrifuge tube for subsequent use. After storing the GaZn alloy at 80 °C for
30 min, an appropriate amount of the alloy was measured and placed in a beaker, followed
by mixing with anhydrous ethanol (20 mL). Subsequently, the mixture was sonicated for
1 h to yield the metal catalyst composite Ga,O3/Zn0O (GZ) [25,26].
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Figure 1. Synthesis schematic of the Ga;O3/ZnO composite.

2.2. Degradation Experiment

Before the degradation experiment, both the MO and synthesized GZ catalyst solutions
were kept warm in a water bath for 1 h to ensure that all the experiments were performed
at 27 °C. Before use, the GZ metal catalyst solution was sonicated to obtain a uniform black
state at a water temperature of 27 °C. The degradation of MO took place in an aqueous
solution in dark conditions. In all experiments, 3 mL of catalyst was added to 50 mL of MO
solution, and 3 mL equal samples were taken every 1 min and centrifuged to remove the
particles. The absorbance of the filtrate was recorded on an ultraviolet spectrophotometer
and the absorbance of MO was recorded at A = 462 nm. Finally, the filtrate was analyzed.
According to the relationship between the absorbance and concentration, the concentration
of MO was calculated according to the Beer-Lambert Law, and the removal rate (RR) was
calculated as follows:

RR = (CO - Ct)/co x 100% (1)

where Cj is the initial concentration of MO/PNP in water in mg/L, and Ct is the mass
concentration of MO/PNP in water when the reaction time is t (min) in mg/L.
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2.3. Characterization of Microstructure

The phase composition and crystal structure of the samples were analyzed using
X-ray diffraction (XRD; D/Max-2400). The surface morphology and grain size of the
samples were characterized by thermal field-emission scanning electron microscopy (FE-
SEM; JSM-3500). The surface morphology, grain size, internal structure, and elemental
distribution of the samples were characterized using transmission electron microscopy
(TEM; SmartLab-SE). Using UV-vis spectrophotometry (T6 New century, UV-2450), the
intrinsic absorption spectrum and unique absorption wavelengths of the samples were
qualitatively analyzed, and the absorbance values at the maximum absorption peaks
were quantitatively analyzed. The degradation intermediates were analyzed by LC-MS
(1290 UHPLC and 6550 Q-TOF, Agilent, Beijing, China) to evaluate the degradation process.
The detection conditions were as follows: mobile phase A, 10 mmol ammonium acetate-1%
acetic acid aqueous solution; mobile phase B, acetonitrile solution; flow rate, 0.3 mL/min,
injection volume, 5 pL; column, Waters BEH C18 2.1 x 50 mm x 1.7 um; scanning range of
the mass spectrum, first-level 50-2000 m/z; sheath gas temperature, 350 °C; sheath gas flow
rate, 12 L/min; ESI* mode with a voltage of 4000 V. The elemental binding energies were
analyzed using XPS (Axis Ultra DLD, KRATOS). The change in the total organic carbon
(TOC) content before and after MO degradation was analyzed using the nonpurgeable
organic carbon (NPOC) method using a total organic carbon analyzer (ShimaduTOC-L).
The specific surface area and pore structure of GZ were analyzed by nitrogen isothermal
adsorption and desorption using a multistation expanded pore diameter analyzer and pore
diameter tester (ASAP 2460, Micro Active, Rajkot, India).

3. Results and Discussion
3.1. XRD

From the XRD spectra of the Ga;O3/Zn0O samples shown in Figure 2a—d, the detected
diffraction peaks in 30-40°, 43-43.4°, and 76.5-77.4° were in the shape of humps, which are
similar to those of amorphous Ga,Oj3 reported by Cui et al. [27]. Therefore, the Ga-based
liquid metal composite Ga;O3/Zn0O synthesized in this study is considered amorphous.
The reason why there is a crystal diffraction peak above the steamed bread peak may be
related to the respective oxide films formed on the surface of Zn and Ga and also because
the liquid metal Ga is amorphous. After melting and ultrasonic treatment, Zn and Ga
form a multiphase liquid metal that appears to be a liquid phase but actually contains a
solid core of a nanometer-micron size [28]. As shown in Figure 2a, two diffraction peaks
were observed at 36.243° and 76.934°, which were attributed to the (—110) and (—220)
crystal planes of Ga, 03, respectively, based on the standard diffraction peak card for Ga;O3
(PDF#85-0988). According to the standard diffraction peak card for ZnO (PDF#79-0206),
the two peaks observed at 36.252° and 76.956° were indexed to the (101) and (202) crystal
planes of ZnO, respectively. The (101) and (202) crystal planes of ZnO, corresponding to the
two peaks at 36.181° and 76.784°, respectively, are consistent with the standard diffraction
peak card for ZnO (PDF#79-0207). Based on the standard diffraction peak card for Zn
(PDF#87-0713), the peaks at 36.289°, 43.22°, and 77.046° were assigned to the (002), (101),
and (004) crystal planes of Zn, respectively. The four peaks observed at 43.186°, 36.138°,
77.329°, and 76.680° were attributed to the (510), (112), (840), and (224) crystal planes of
Ga (PDF#71-0549), respectively. After the smelting and ultrasonic dispersion of the GaZn
alloy, strong diffraction peaks of Ga;O3, ZnO, Zn, and Ga were observed. From the above
results, the prepared catalyst was found to be a liquid metal Ga surface coated by Ga,Os3,
while Zn is attached to the Ga,Oj3 surface in the state of ZnO, which further confirmed the
formation of the GayO3/ZnO composite.
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Figure 2. XRD patterns of prepared catalyst (a) Full XRD patterns of Ga;O3/ZnO, (b) XRD patterns
between 76.2 and 77.6°, (¢) XRD patterns between 35.8 and 36.5°, (d) XRD patterns between 42.7 and
43.8°, and (e,f) XRD patterns of the catalyst after use.

The XRD peaks for the sample after use, as shown in Figure 2e, are consistent with
those of Ga;O3 (PDF#74-1610) and ZnO (PDF#79-0206). Compared with the diffraction
peak of the catalyst before degradation, the position of the diffraction peak does not change,
which indicates that there is no phase transition in the catalyst composite. According to the
Scherrer formula, the intensity of the diffraction peak of the used catalyst becomes weaker
and the diffraction peak becomes wider, which indicates that the crystal size of the catalyst
is reduced; the diffraction peaks shown in Figure 2f are consistent with those of ZnGayO4
(PDF#86-0413). Based on these results, the composition of the catalyst before and after
use was essentially the same, except that the ZnGa,O4 phase was formed on the catalyst
surface. The results show that the material structure of the catalyst is stable after use.

3.2. SEM and TEM

The morphology of the GZ composite was characterized by SEM. The composite had
a nanosphere structure (Figure 3a,b), which is well-dispersed and regular in shape. This
is because Ga can form a spherical structure after ultrasonic treatment with anhydrous
ethanol as the dispersant. Zhang et al. prepared submicron liquid metal microspheres by
the ultrasonic mixing and dispersion of liquid metal Ga, In, and Sn. The energy dispersive
X-ray spectroscopy (EDS) results shown in Figure 3c,d indicate that the dispersion of
Ga and Zn in the composite was relatively uniform. Visio software was used to analyze
the particle sizes of the samples based on the SEM images. The average particle size of
the GZ nanoparticles was approximately 640.36 nm. Notably, a few particles with larger
particle sizes were not included in the average particle size calculation. The particle size
distribution of the nanospheres was similar to that of the droplets in the emulsion state of
the oil/water phase, which indicates that the dispersion of the GZ composite in anhydrous
ethanol satisfies the dispersion law for two incompatible solutions. After dispersion, the
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particle size of the material decreased, whereas the specific surface area increased, which is
more beneficial for the degradation reaction [4].

Figure 3. (a) SEM morphology of the Ga;O3/Zn0O, (b) SEM morphology of the Ga;O3/ZnO at greater
magnification, (c) the elemental mapping of Zn, and (d) the elemental mapping of Ga.

TEM was conducted to further evaluate the structure and composition of the GZ
composite metal catalyst. TEM images (Figure 4a,b) show that the GZ composite has a
coated sphere structure in which the outer layer of Ga is encapsulated by a Ga;O3 layer
with a large amount of ZnO adhered to it. Based on the EDS elemental mapping results
shown in Figure 4c—e, the distributions of Zn, Ga, and O are consistent with the overall GZ
structure. The relative contents of Ga and Zn were 96% and 4%, respectively, which are
consistent with the initial metal composition, further indicating the successful synthesis of
the GZ composite material. The structural distribution of the material was also confirmed
as a coating state by scanning transmission electron microscopy (STEM) in a more 3D and
direct manner (Figure 4f).
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Figure 4. (a,b) TEM morphology of the Ga;O3/Zn0O at different magnifications, and the elemental
mapping of (c) Ga, (d) Zn, (e) O, and (f) the stem microstructure of GayO3/ZnO.

3.3. XPS

The element composition and chemical state of Ga;O3/ZnO composites were further
characterized by X-ray photoelectron spectroscopy (XPS). The X-ray photoelectron spectra
of GapO3/Zn0O samples are shown in Figure 5a—f. Based on the XPS full spectrum of
the GZ composite (Figure 5a), the diffraction peaks of XPS confirm the existence of each
element in the Ga;O3/ZnO nanospheres composites. The high-resolution XPS spectra of
Zn2p, Ga3d, N1s, Cls, and Ols are shown in Figure 5b—f. Two characteristic peaks were
observed at binding energies of 1021.78 and 1044.75 eV in the high-resolution XPS spectrum
of Zn2p (Figure 5b), which correspond to the characteristic peaks of Zn2p3,, and Zn2py /»,
respectively. The energy gap between the two peaks was 22.97 eV, which indicates that
Zn exists as ZnO with a +2 oxidation state [29,30]. The high-resolution XPS spectrum of
Ga3d exhibited a characteristic peak at 20.4 eV (Figure 5c), demonstrating the existence of
Ga-O bonds in the GZ composite, which indicates the Ga3* oxidation state of Ga,O3 [31,32].
Furthermore, another characteristic peak was observed at 18.7 eV, which was assigned to
zero-valent pure metallic Ga. The broad and weak hump at 23.35 eV was caused by the
O2s state [33]. The asymmetric satellite peak at 19.45 eV was indexed to the hybridization
of the Ga3d and O2s states near the valence band (VB) [29,34]. From the results of the
XPS spectra, it can be seen that both Zn and Ga exist in oxidized states. However, In the
GZ composite, the characteristic peaks of zero-valent Ga and iron oxide were observed
simultaneously, and the peak of the latter was stronger than that of the former, which is
attributed to the violent oxidation of the composite during synthesis [30]. Figure 5d shows
the high-resolution XPS spectrum of N1s in which a characteristic peak was observed at
the binding energy of 397.5 eV, which is related to nitrides in the air. Figure 5e shows
the high-resolution XPS spectrum of Cls. The characteristic peaks of 287.1 eV, 288.6 eV,
286.8 eV, and 284.8 eV may correspond to carbon-containing oxides, including C-OH,
C=0 [35] O—C=0, C-O-C, and Cmurc bonds. Furthermore, the binding energies of these
bonds matched those of the chemical bonds in ethanol, indicating that ethanol did not react
with the GaZn alloy, only functioning as a dispersing agent during the synthesis process.
Figure 5f shows the high-resolution XPS spectrum of Ols. The Ols peak at a binding energy
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of 531.3 eV was in a symmetric state and was attributed to the O-Ga bond [29]. These XPS
results further confirmed the successful synthesis of the GZ composite.
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Figure 5. The XPS general spectra of (a) GayO3/ZnO, (b) the magnified Zn, (c) Ga, (d) N, (e) C, and
(f) O spectra.

3.4. Brunauer—Emmett—Teller (BET)

To compare the structural changes in the GaZn alloy and Ga after ultrasonic dispersion
in anhydrous ethanol, the N, adsorption-desorption isotherm and Barrett-Joyner-Halenda
(BJH) model were used to evaluate the specific surface areas and pore size distributions
of the materials. The N, adsorption—desorption isotherm of the GZ composite shown in
Figure 6a exhibited a hysteresis loop at 0-1.0 P/Py, and the adsorption curve was higher
than the desorption curve; thus, a completely closed curve was formed. The presence of
mesoporous structures in the GZ composite was confirmed by the type of curves, which
were not completely reversible [36]. These results were consistent with those of the pore size
distributions obtained using the BJH model (Figure 6b). Table 1 shows that after ultrasonic
dispersion in anhydrous ethanol, the specific surface area of Ga is 0.462 m?g~! and the pore
volume is 0.002 cm3g 1, while the specific surface area of liquid GaZn alloy is 0.868 m?g~!
and the pore volume is 0.003 mL/g, and its pore diameter is reduced from the original
30.987 nm to 29.197 nm. The specific surface area of liquid GaZn alloy after ultrasonic
dispersion in anhydrous ethanol is nearly twice as large as that of Ga, which is due to the
loading of a small amount of ZnO nanospheres on Ga,O3 microspheres. This is consistent
with the structure of the GZ composite observed by TEM. The increase in the specific
surface area of GZ is conducive to the adsorption of organic pollutants onto the catalyst
surface, which may improve the degradation performance of the composite material [36].

Table 1. The sample—specific surface area, pore diameter, and pore volume.

Sample Specific Surface Average Pore
P Area/(m?/g) Aperture/(nm) Volume/(mL/g)
Ga 0.462 30.987 0.003

Gap03/Zn0O 0.868 29.197 0.002
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Figure 6. N, adsorption-desorption isotherms (a) and pore size distribution of Ga;O3/ZnO (b).

4. Catalytic Performance of the Ga-Based Liquid Metal
4.1. Degradation Performance

To evaluate the degradation performance of the GZ composite material, the methyl
orange solution with a dye concentration of 10 mgL~! was used as the target pollutant. The
degradation condition includes the addition of 3 mL of catalyst and the dye concentration
is detected regularly under dark conditions at 27 °C. The characteristic absorption peak of
MO appears at 462 nm, as shown in Figure 7a. The change in peak intensity reflects the
change in MO concentration. The disappearance of peak intensity indicates that the MO
dye had completely degraded. Before degradation, two characteristic peaks of MO were
observed at 274 and 462 nm, which were attributed to the chromophoric benzene ring and
azo bond (N=N), respectively. Based on the absorbance changes of the two peaks before
and after MO degradation, the degradation rates were 47.21% and 99.75%, respectively.
Furthermore, the characteristic peak in the UV-vis spectrum after degradation at 248 nm
was attributed to benzene sulfonic acid [37]. The Ga;O3/ZnO composite prepared in
this paper can improve the removal efficiency of MO in 3min under dark conditions by
3.3 times compared with the removal efficiency of ZnGa,O, prepared by Nathiya et al.
on MO in 100 min under UV light. [38]. After the ultrasonic dispersion of GaZn liquid
alloy in anhydrous ethanol, a large number of ZnO coated Ga;O3; nanocomposites were
formed, which greatly increased the specific surface area of GaZn liquid alloy. A large
number of electrons, holes, and active free radicals are produced on the surface of GZ
composites during the ultrasound, which is the main reason for the degradation of the
methyl orange solution. Under the test conditions of 27 °C, dark, and without a catalyst,
the methyl orange solution did not degrade. Compared to the GZ catalyst performance, the
degradation efficiency of the commercial photocatalyst P25 and the original ZnGa,Oy [16]
photocatalyst is lower than that of the GZ catalyst. During the ultrasonic treatment of
GayO03/Zn0 composites in anhydrous ethanol, electrons move from the low-energy valence
band to the high-energy conduction band, and carriers such as electrons and holes show
reduction and oxidation properties in the conduction band and valence band, respectively,
which is described in detail later, as part of the degradation mechanism.

To evaluate the reusability of Ga;O3/ZnO composites after ultrasonic treatment in
anhydrous ethanol, the old catalyst treated using the ultrasonic wave was subsequently
used to degrade MO four times. The experimental results are shown in Figure 7b. It
is obvious that the degradation efficiency of MO decreases with increasing numbers of
cycles; however, as can be seen from Figure 7b, the degradation efficiency of the catalyst for
the degradation of MO remains above 90% when used for the fourth time. The changes
in element content before and after catalyst degradation were analyzed by EDS using a
scanning electron microscope: (Zn:Ga changed from 3.5:96.5 to 3.19:96.81). The results
show that the element content of Zn decreases during the degradation process, and the
experimental data are shown in Table 2. In addition, the results of the XRD analysis of
the degraded catalyst are shown in Figure 2e. Compared with Figure 2a, the diffraction
peak position of the material has not changed, indicating that the material structure of the
composite has not changed. However, the amorphous bread peak disappears into a wide
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diffraction peak, which indicates that crystallization occurs on the surface of the catalyst
and the particle size is smaller after degradation. The results show that the decrease in
Zn content in the catalyst and the crystallization changes may be the main reasons for the
deactivation of the catalyst. In addition, the adsorption of the intermediates formed in
the degradation process may cover the active sites of the catalyst, which may reduce the
performance of the catalyst to a certain extent [39]. The degradation effect of the recycled
catalyst after repeated cleaning was effective for up to four reuse cycles, indicating that the
GZ metal catalyst exhibited excellent cyclic degradation performance.
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Figure 7. (a) UV-vis absorption curves of the MO solution, (b) the cycling degradation performance
for the degradation of MO using the Ga;O3/ZnO composite, and (c) change of total organic carbon
content in MO solution.

Table 2. Atomic weight ratio before and after catalyst degradation is obtained by EDS of SEM.

Element Fresh Weight Ratio Element Used Weight Ratio
Zn 3.5 Zn 3.19
Ga 96.5 Ga 96.81
total 100 100

The TOC test results for the MO solutions before and after degradation are shown
in Figure 7c. The TOC contents of MO measured twice before degradation were 36,796
and 36,895, respectively, whereas the values decreased to 219.3 and 208, respectively, after
MO degradation for 3 min. Therefore, the TOC removal rates were as high as 99.40%
and 99.44%, respectively, achieving an average removal rate of 99.42%. Furthermore, the
mineralization of organic matter may occur in the process of degradation of MO, which
leads to the complete oxidation of organic molecules to H,O, CO,, and inorganic salt ions,
such as SO4%>~,NO;~, and so on. The rapid decrease in the TOC value of methyl orange
solution indicates that the methyl orange molecules in this process have been completely
degraded [40]. Therefore, it is concluded that MO removal by this catalyst involves the
degradation of MO.
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4.2. Influencing Factors

The effect of metal catalyst dosage on MO degradation was investigated by adding
1, 3, and 5 mL of the catalyst solution to the MO solution and monitoring the degradation
process. After extracting the supernatant for each degradation experiment, the catalyst in
the centrifuge tube was reused to degrade the same amount of MO dye. UV absorbance
was measured at fixed wavelengths to calculate the degradation efficiency. The repeated
degradation times of MO dye using catalysts with different dosages were recorded. The
above experiments were repeated three times, and the results are shown in Figure 8a—c [5].
The results of the MO removal efficiencies refer to MO degradation after 3 min. When the
catalyst dosage was 1 mL, the removal rates of MO were 5.63% and 3.20%, as shown in
Figure 8a. When the catalyst dosage was 3 mL, the removal rates for the first four cycles
were 97.73%, 23.04%, 17.74%, and 6.13%, respectively (Figure 8b). When the catalyst dosage
was 5 mL, the first four MO removal rates were 94.7%, 96.22%, 95.71%, 84.10%, and 10.67%,
respectively (Figure 8c). The results obtained show that the increasing amounts of catalyst
were able to degrade higher amounts of MO in the solution. This can be explained by the
increasing number of active free radicals from the increasing amounts of catalyst used in
the degradation of MO [41]. Based on the results of this study, the optimal catalyst dosage
used in this experiment was found to be 3 mL.
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Figure 8. The influence of reuse on removal rates at different catalyst volumes: (a) 1 mL, (b) 3 mL,
and (c) 5 mL. (d) The effect of different alloy extraction temperatures on the concentration curves
for the degradation of MO and (e) In C/Cy. (f) The relationship between C/Cy and time for the
degradation of MO with K, Ca?*,Na*, HCl, and NaOH, and (g) corresponding linear fitting curves
of In (Cy/C) versus time.
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Additionally, to improve the degradation effect, the extraction process of GZ alloy was
optimized. Increasing the temperature of extracting liquid GaZn alloy can accelerate the
diffusion efficiency of atoms in the alloy, increasing the uniformity of the alloy composi-
tion [42]. The GZ alloy was extracted at different temperatures of 20, 40, 60, 80, and 100 °C
to evaluate the effect of temperature on the MO degradation efficiency. It can be seen from
Figure 8d that the degradation efficiency of the catalyst increases with increasing extraction
temperature. Based on the first-order kinetic equation In (Cy/C) = kt, the slope k reflects
the degradation rate constants of different extraction temperatures [43,44]. A large k value
indicates a high catalytic activity of the catalyst. The curve fitting of In (Cy/C) and time (t) is
shown in Figure 8f, and corresponding fitting results are shown in Figure 8d. The descend-
ing order of the degradation rate constant (k) is 100 °C > 80 °C > 60 °C > 40 °C > 20 °C.
When the temperature of alloy extraction is 80 °C, the maximum k value of the catalyst is
1.225 min~!, indicating the maximum degradation activity for MO. Therefore, 80 °C was
selected as the extraction temperature for subsequent experiments.

Subsequently, the effect of common inorganic salt ions in water on the degradation
performance was investigated. The relationship between C/Cj and time was given in
Figure 8f. The addition of 1 mL of 1 mol/L KCl, CaCl,, and NaCl solution inhibited the
degradation of MO to some extent. The curve fitting result from the first-order kinetic
equation is shown in Figure 8g. Figure 8g shows that the degradation rate constants (k)
in descending order are CaCl, > KCI > NaCl. The main reason for the decrease in MO
degradation activity may be that KCI, CaCl,, and NaCl solutions have good electrical
conductivity and increase the recombination efficiency of electrons and holes in GZ com-
posites [45]. The relationship between time and C/Cy of HCl and NaOH solution added
to the MO solution is shown in Figure 8f. The removal rate of MO can reach 54.08% and
0.01%, respectively, at 3 min. This is basically the same as the absorbance of HCl and NaOH
after their addition to the MO solution. Therefore, HCl and NaOH play an inhibitory role
in the degradation of MO by the GZ catalyst. The reason may be that HCl and NaOH can
remove GayOs3 from GZ composites, thus destroying the composite structure of GZ metal
catalysts [46]. The destruction of the structure of the catalyst inhibited the production of
active free radicals which play a role in the degradation, resulting in a significant decrease
in the degradation effect.

5. Analysis of the Degradation Principle
5.1. Free Radical Capture Experiment

To evaluate the active substances that play a role in the degradation process, ben-
zoquinone (BQ), isopropyl alcohol (IPA), and disodium ethylenediaminetetraacetic acid
(EDTA-2Na) were used to inactivate the free radical species that may exist in the system.
BQ, IPA, and EDTA-2Na can capture -O, ", hydroxyl radical (-OH), and holes (h*) [47,48],
respectively; thus, 1 mmol of each inhibitor was added to the degradation system to in-
vestigate which inhibitor had the greatest impact on MO degradation. Figure 9a shows
the experimental results of free radical quenching during the degradation of MO. The MO
removal rate by the GZ metal catalyst reached 99.75% within 3 min, but after the addition
of EDTA-2Na, IPA, and BQ, the removal rates decreased to 91.36%, 95.73%, and 41.41%,
respectively. Therefore, in the MO degradation process, -O,~ was the most important
active species, h* was the second most important active species, while the third was OH.
However, the effects of the latter two on MO degradation were minimal, as shown in
Figure 9a. Based on these results, it is clear that h* and -OH played a minor role in the
degradation process, whereas -O, ™ played a major role.
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Figure 9. (a) The influence of removal rates of MO with 1 mmol BQ, IPA, EDTA-2Na and no quencher,
(b) the high-resolution XPS spectrum for the sample of Ga,O3/ZnO corresponding valence band
edge, (c) UV-Vis diffuse reflectance spectra of Ga,O3/ZnO and corresponding bandgap, (d) the ESR
spectra of Ga;O3/Zn0O composite for detecting DMPO--O, ™, and (e) Ga;O3/ZnO composite transfer
mechanism during degradation.
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To elucidate the generation pathway of the free radical -O%~, electron paramagnetic
resonance (EPR) experiments were performed on the GZ catalyst solution after ultrasonic
treatment in anhydrous ethanol for 0 and 10 min. The -O*~ species in anhydrous ethanol
were detected using DMPO as a spin-capture agent. As shown in Figure 9b, no signals
were observed without sonication, whereas the signal of the four peaks of 1-1-1-1 to -O?~
were detected after 10 min of ultrasound, which indicates that O, was reduced to -O?~
under sonication [49]. Therefore, it can be inferred that -O?~ is produced by the ultrasonic
irradiation of composite Ga;O3/Zn0O in anhydrous ethanol. The mechanism for this may be
that under the action of ultrasonic waves, the composite Ga;O3/ZnO produces cavitation
in the anhydrous ethanol, and the severe redox reaction [30] results in the reduction of O,
to -O?~. In order to explore the principle of free radical production and the reason why the
catalyst can degrade MO, this study has made the following explorations:

Based on the above discussion, the possible pathway for producing free radicals and
the catalytic degradation mechanism of MO was proposed. UV-vis was developed to
determine the bandgap of the prepared catalysts (Figure 9c) according to Equation (2):

Eg =hc/Ag=1240/Ag 2

where h is the Planck constant (4.13566743 x 1071 eV s), cis the light velocity (3 x 108 m/s),
and Ag is on behalf of the absorption edge of the semiconductor (Ag = 248.95). The bandgap
energy of the catalyst can be calculated according to Equation (2) [50] (Eg = 4.98 eV).

The high-resolution XPS profile of GayO3/Zn0O is shown in Figure 9d. The VB of the
GZ composite material was 4.29 eV (Figure 9d), and the conduction band (CB) of GZ was
calculated according to Equation (3):

Ecg = Evp — Eg, 3)

where Eg is the bandgap of the semiconductor. As shown in Figure 5c, the bandgap of GZ
was 4.98 eV. Thus, the conduction potential of GZ was —0.69 eV [51].

The transfer and recombination processes of electrons and holes and the generation
pathway of free radicals in the GZ composite under ultrasonic excitation are shown in
Figure 9e. The Ecg/Eyp values of Ga;O3 and ZnO were —4.05/0.85 eV and —0.4/2.89 eV,
respectively. According to the Fermi level, Ga,O3 and ZnO can produce e~ and h* under ul-
trasonic conditions and can migrate between heterojunctions, as shown in (Equations (4) and (5)).
Thus, under ultrasonic excitation, electrons are transferred from the Ecg of Ga,Oj3 to the Ecg
of ZnO, while h* are transferred from the Eyg of ZnO to the Ecg of Ga,Oj3. The electrons
excited by ultrasound in this process accumulate on the CB of ZnO [52], and the holes of
Gay0j3 are thus induced to undergo ultrasonic redox reactions. Furthermore, during the
degradation process, the electrons of the Ecp in the ZnO particles generated by ultrasonic
excitation not only inhibit the rapid recombination of the electrons and holes of Ga,O3
but also suppress the rapid recombination of electrons and holes produced by their own
excitation. Thus, effective electron—hole separation was achieved in the semiconductor
GZ composite material [53]. Notably, the electrons and holes generated by Ga;O3 and
Zn0O exhibited a good degree of match at the band edge, which facilitates the irreversible
transfer of carriers from one semiconductor to another. Thus, the formation of -OH was
promoted owing to the effective inhibition of recombination and the increase in the carrier
lifetime [54]. Additionally, compared to ZnO with an Eyp of 2.89 eV, which is lower than the
standard redox potentials of E? (OH/OH™, 2.72 eV) [55] and E°(-OH/H,0, 1.99 eV) [56],
the Eyp of GapOj3 (0.85 eV) was higher than these standard redox potentials. This indi-
cates that the holes generated in the Eyg of Ga;O3 oxidize the captured water molecules
or hydroxyl groups (OH™) into -OH [57] (Equation (6)), and subsequently participate in
the oxidation degradation reaction. The Ecp edge potentials of ZnO and Gap,O3; were
—0.4 and —4.25 eV, respectively, which is lower than the standard redox potentials of
E% (0,/-0,7, —0.33 eV) [58] and E° (O,/HO,, —0.046 eV) [59], confirming that the Ecp
electrons of ZnO and Gay O3 reduce O; to -O,~ (Equation (7)) and the hydroxyl peroxide
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radical (HO;-) (Equation (9)). Meanwhile, accumulated electrons on ZnO are transferred
to Oy by adsorption onto the GZ composite surface. Because the Ecg potential level of
ZnO is more positive than that of E? (0,/H,0,, 0.682 eV), H,O, is easily generated, which
can react with electrons [55] or the -O,~ (Equation (10)) excited by ultrasound, resulting
in an active free radical -OH (Equation (11)). In addition to the migration of electrons
and holes, highly oxidized OH- and O-containing active free radicals are also generated
on the catalyst surface, and the MO dye molecules are completely mineralized and ox-
idized into pollution-free CO, and HyO [54] (Equations (12)—(14)). The experimentally
obtained bandgap, CB, and VB of the GZ catalyst confirmed the catalytic degradation
mechanism proposed in Figure 5e, and the generation of free radicals occurs according
to Equations (4)—(14).

GapO3+hv — GaxOs (e + hf") 4)
ZnO + hv — ZnO(e™ +hy) (5)
h"™+OH~ — -OH (6)

e +0; — -0, @)
h+H,O — -OH+h™ (8)

e +O0r+h" — -HO, )
2¢" +0r+ht — HyO, (10)
e”+H,0, — -OH +OH™ (11)
MO+-0; — HyO + CO, (12)
MO-+-OH — H,0 + CO, (13)
MO + ht — H,O + CO, (14)

5.2. Analysis of the Degradation Process

LC-MS was used to analyze the reaction intermediates formed in the GZ system after
MO degradation for 3 min, and the degradation products were analyzed by measuring
the mass/charge (m/z) ratio at different times. The predicted degradation flowchart of
MO by the GZ metal composite is shown in Figure 10, and three degradation pathways
were deduced. During the degradation process, the GaZn alloy and anhydrous ethanol
played a major role in the ultrasonic production of -O,~. The first degradation pathway
is as follows: the parent MO molecule is decomposed into 4-diazo-N,N-dimethylaniline
(m/z = 149), and benzenesulfonic acid (m/z = 156). Subsequently, the former is deami-
nated to produce N,N-dimethylaniline (/z = 121), whereas the latter is hydroxylated to
produce hydroquinone (m/z = 112). The second pathway involves breaking the —N=N—
bond of the MO molecule to generate 4-amino-N,N-dimethylaniline (m/z = 136), and
sulfanilic acid (m/z = 172). Meanwhile, the MO solution color became lighter [37], and
4-amino-N, N-dimethylaniline is demethylated to yield N-methylbenzene-1,4-diamine
(m/z = 123), followed by hydroxylation to afford 4-aminophenol [60]. The NH, ™ group
is oxidized to NO,~, and 4-nitrophenol (/z = 140) and hydroquinone (m/z = 112) is
obtained. In the third degradation pathway, an MO solution with a mass spectrum peak
of (m/z = 305) is obtained after the loss of Na*, and the intermediate (1/z = 240) is pro-
duced by desulfurization. As the amino bond of the benzene ring breaks, intermediates
4-diazo-N, N-dimethylaniline (11/z = 149) and hydroquinone (m/z = 112) are formed. The
further oxidation of hydroquinone causes the aromatic ring to open, forming short-chain
fatty carboxylic acids, such as oxalate (/z = 90), which are eventually converted into CO,
and H,O. These results are consistent with those obtained from the TOC test results, which
demonstrated that the TOC in the solution was significantly reduced.
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Figure 10. Proposed degradation pathways of MO in the Ga;O3/Zn0O system.

6. Conclusions and Prospect

In this paper, a composite with a snake-berry-like spherical structure of ZnO coated
Gay O3 was prepared by melting and ultrasonic methods. The preparation method is simple,
the raw materials used in the preparation are easy to obtain, the price is low, and the whole
preparation process is relatively environmentally friendly. According to the test results
of SEM, TEM, and XPS, the formation of Ga;O3/ZnO composites was confirmed. The
optimized experimental conditions include an alloy extraction temperature of 80 °C, a
neutral methyl orange solution environment, and an optimal catalyst amount of 3 mL.
A removal efficiency of 99.75% was achieved at the highest degradation rate of 10 mg/L
methyl orange in 3 min, under dark conditions at 27 °C. The results of electron paramagnetic
resonance (EPR) and a series of free radical inhibition experiments showed that (-O?")
was produced in the ultrasonic preparation of the catalyst and played an important role in
the degradation process after adding methyl orange solution. Based on the by-products
produced in the degradation process, as identified by LC-MS, three possible degradation
pathways were proposed.

Although the catalyst prepared in this work had a good recycling performance, the
main challenge was that before each cycle, Ga,O3/ZnO composites needed to be mixed
with anhydrous ethanol for ultrasonic treatment, so that the catalyst can degrade MO
solution more efficiently. Another challenge was that the research into the degradation
mechanism of the catalyst is insufficient. The above two challenges need to be further
explored and improved in future research.
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