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Abstract
In this study, an indium oxide–zinc oxide (In2O3–ZnO) nanocomposite is successfully synthesized via a facile hydrothermal 
process. The samples are characterized using X-ray diffraction, scanning electron microscopy, high-resolution transmission 
electron microscopy, ultraviolet–visible diffuse reflectance spectroscopy, Fourier–transform infrared spectroscopy, and so 
on. The photocatalytic test results show that the photocatalytic degradation of methyl orange efficiency of 15% In2O3–ZnO 
nanocomposite can be more than 96.62% after 120 min, which is much higher than that of In2O3 and ZnO particles. The 
enhanced photocatalytic activity is attributed to the reduction in electrons (e−) and holes (h+) recombination in the photocata-
lytic process; it allows the rapid separation of photo-generated charge carriers, thus enhancing their photocatalytic activity. 
Finally, a possible photocatalytic reaction mechanism is proposed.

Keywords  Hydrothermal synthesis · In2O3–ZnO nanocomposite · Photocatalytic properties · Photocatalytic reaction 
mechanism

1  Introduction

Recently, the environmental pollution problem has become 
increasingly severe due to the rapid development of indus-
tries [1, 2]. A significant amount of industrial wastewater 
is discharged into the natural environment, and the sewage 
purification and treatment issues have attracted people’s 
attention [2, 3]. Dyes have various applications and gener-
ates the most severe water pollution among diverse pollut-
ants and are difficult to decompose [3]. Photocatalytic tech-
nology is considered one of the most promising approaches 
among various water pollution remediation methods [4, 5]. 
Relevant research results show that sunlight is a significant 
and sustainable strategy for degrading pollutants and pro-
ducing highly efficient clean energy [6–8].

Oxide semiconductor photocatalysts, such as ZnO, In2O3, 
and TiO2, have attracted much attention due to their potential 
applications in environmental protection and energy pro-
duction [9–11]. ZnO, with a wide bandgap of 3.37 eV and 
electron binding energy (60 meV), is a promising solution 
in the field of environmental pollution, among other oxide 
semiconductor materials, and has certain applications in 
photocatalytic, conductive materials, chemical sensors, and 
gas sensors, particularly showing potential advantages in 
the photocatalytic degradation of dyes [12]. However, the 
recombination process of ZnO photogenerated carriers in the 
photocatalytic process is much faster than the transporting 
process, resulting in lower photocatalytic efficiency of ZnO 
[13, 14]. Researchers have investigated different strategies in 
the past few decades to improve the photocatalytic efficiency 
of ZnO, including doping, metal loading, and heterostruc-
ture construction [15–17]. Among them, the combination 
of two semiconductor types to form semiconductor com-
posites is considered an effective and economical technol-
ogy for degrading organic pollutants [18]. ZnO is combined 
with other semiconductor materials to form nanocompos-
ites, and various interfacial interactions will produce new 
properties [19]. The formation of semiconductors with an 
appropriate band gap, band edges, and high lattice match-
ing degrees in a nanocomposite can facilitate the separation 
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of photogenerated electrons and holes [20]. Zhao et al. [21] 
successfully synthesized ZnO nanocomposite doped with 
In2O3 using a microwave hydrothermal method, which ben-
eficially reduced the electrons and holes recombination dur-
ing the photocatalytic process and promoted the active sub-
stances (•OH and •O2

−). Martha et al. [22] successfully 
synthesized In2O3 − modified ZnO nanocomposite using a 
coprecipitation method, which demonstrated high photo-
catalytic activity. Liu et al. [23] successfully synthesized 
In2O3–ZnO nanocomposite with heterostructure using a 
one-step hydrothermal method, which promoted the sepa-
ration of photogenerated carriers. The construction of het-
erostructures in nanocomposites can significantly improve 
the performance of nanocomposites, however, the choice of 
semiconductor materials when constructing heterostructures 
is crucial.

In2O3 is an indirect band semiconductor with a 2.56 eV 
bandgap and is a highly effective sensitizer to extend the 
absorption spectra of the transition metal oxide photocat-
alyst from ultraviolet (UV) to the visible region [24, 25]. 
Its valence and conduction band arrangement is irregular 
compared with ZnO. Several studies have been reported on 
In2O3–ZnO nanocomposites, which relate to organic com-
pound degradation and photocatalysis hydrogen production 
[26, 27]. These results suggest that doping In2O3 into ZnO 
nanostructures can significantly inhibit the recombina-
tion of photogenerated electron–hole pairs to enhance pho-
tocatalysis. In addition, p–n junctions can also be formed 
at the interface between the ZnO and In2O3 phases in the 
In2O3–ZnO nanocomposites, which help separate the elec-
tron and hole pairs [28]. Consequently, the fabrication 
of In2O3–ZnO nanocomposites has attracted significant 
attention.

This study successfully synthesized In2O3–ZnO nano-
composites with enhanced photocatalytic properties via a 
hydrothermal process. The microstructure, phase, and opti-
cal properties of the samples were investigated. The pho-
tocatalytic properties of the as-synthesized samples were 
investigated by the degradation of methyl orange (MO) in an 
aqueous solution under UV light irradiation. As anticipated, 
the obtained In2O3–ZnO nanocomposite exhibits excellent 
charge separation efficiency and higher photocatalytic prop-
erties than In2O3 and ZnO particles. Concurrently, we pro-
posed and discussed the charge transfer and probable pho-
tocatalytic mechanism.

2 � Experimental details

2.1 � Materials

All chemicals applied in this experiment including zinc 
nitrate hexahydrate (Zn(NO3)2·6H2O, Shandong West Asia 

Chemical Industry Co., Ltd.), sodium hydroxide (NaOH), 
polyethylene glycol (PEG), indium nitrate, and ethanol were 
purchased and used without any further purification. All the 
chemical reagents are analytical grade. Highpurity deionized 
water was used throughout all experiments.

2.2 � Preparation of ZnO nanoparticles

ZnO nanoparticles are synthesized using the hydrothermal 
process. First, Zn(NO3)2·6H2O (5.950 g), NaOH (5.000 g), 
and PEG (2.000 g) are mixed and stirred for 1.5 h at room 
temperature to yield a white precipitate. Further, the precipi-
tate is diverted into the Teflon autoclave and maintained for 
6 h at 150 °C. The precipitate is then naturally cooled from 
150 °C to room temperature, and the precipitate is washed 
three times using deionized water and ethanol anhydrous. 
Finally, the precipitate is vacuum–dried at 60 °C for 12 h, 
ground, and the dried samples are calcined at 500 °C for 2 h.

2.3 � Preparation of In2O3–ZnO nanocomposite

The experiment adopted the hydrothermal process to synthe-
size the In2O3–ZnO nanocomposites. First, Zn(NO3)2·6H2O 
(5.950 g), NaOH (5.000 g), and PEG (2.000 g) were mixed 
and stirred for 1.5 h at room temperature to yield a white 
precipitate. Further, Zn(NO3)2·6H2O (5.950  g), NaOH 
(5.000 g), PEG (2.000 g), and indium nitrate (correspond-
ing molar ratio: 0%, 1%, 2%, 5%, 10%, 15%, and 20%) are 
mixed and stirred for 1.5 h at room temperature, and the 
product is added to the above precipitate and stirred for 0.5 h 
at room temperature to yield a white precipitate. Afterward, 
the above precipitate is diverted into the Teflon autoclave 
and maintained for 6 h at 150 °C. In addition, the precipitate 
is naturally cooled from 150 °C to room temperature, and the 
precipitate is washed three times using deionized water and 
ethanol anhydrous. Finally, the precipitate is vacuum–dried 
at 60 °C for 12 h, ground, and the dried samples are calcined 
at 500 °C for 2 h.

2.4 � Characterization

The crystal structures are studied using powder X–ray dif-
fraction (XRD). The morphologies of the obtained samples 
are measured using scanning electron microscopy (SEM). 
The obtained samples are measured using high-resolution 
transmission electron microscopy (HRTEM) at an accel-
erating voltage of 200 kV. The ultraviolet–visible diffused 
reflectance spectra (UV–Vis DRS) of the samples are 
obtained using a spectrophotometer.
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2.5 � Photocatalytic properties test

The photocatalytic activities of the as-synthesized samples 
are evaluated by the photocatalytic degradation of MO. First, 
50 mg of the photocatalysts is ultrasonically dispersed in 
50 mL of 10 mg L−1 MO aqueous solution. It is magnetically 
stirred in the dark for 30 min. Further, UV light irradia-
tion is conducted using a 420–W Mercury lamp as the light 
source. At specified intervals, 4 mL aliquots are analyzed by 
obtaining variations in the absorption band (464 nm) in the 
UV–Vis spectra of MO.

3 � Results and discussion

3.1 � Structural and morphological characterization

Figure  1 shows the XRD patterns of pure ZnO and 
In2O3–ZnO nanocomposites. The diffraction peaks of pure 
ZnO at 31.79°, 34.44°, 36.27°, 47.56°, 56.63°, 62.87°, 
66.40°, 67.92°, and 68.99° in 2θ correspond to the ZnO 
hexagonal wurtzite structure (100), (002), (101), (102), 
(110), (103), (200), (112), and (201) crystal planes, respec-
tively, which are consistent with PDF (JCPDS NO. 36–1451) 
[29]. All diffraction peaks in the pure ZnO pattern can be 
expressed as a hexagonal phase structure [29]. The diffrac-
tion profile of In2O3–ZnO nanocomposites shows that the 
nanocomposites are composed of the hexagonal phase of 
ZnO (JPCDS, 36–1451) and the body–centered cubic struc-
ture of In2O3 (JCPDS, 71–2194). The 15% In2O3–ZnO spec-
trum line in the figure shows that the diffraction peak at 

2θ of 30.68°, 32.71°, 35.51°, 45.77°, 51.13°, and 60.84° 

is consistent with that of PDF (JCPDS NO. 06–0415), 
except for the characteristic peak of ZnO, which may be 
In2O3 diffraction peaks, indicating that the In2O3–ZnO 
nanocomposite is an In2O3 cubic ferromanganese structure 
(C-In2O3) [30]. The diffraction peak intensity and crystallin-
ity of C-In2O3 gradually increase with the C-In2O3 content, 
whereas the diffraction peak intensities of ZnO gradually 
decrease, which may imply that the characteristic peaks of 
ZnO are inhibited by the In2O3 composite ZnO. The sharp 
and intense diffraction peaks show that the samples are 
highly crystalline [31].

Figure 2 shows the SEM images (a and b) and particle 
size (c and d) of pure ZnO (a, c) and 15% In2O3–ZnO nano-
composite (b, d). Figure 2a shows that the pure ZnO are 
spindle particles, with a 200-nm-length and 100-nm-diam-
eter. Figure 2b shows that the spherical small particles in the 
15% In2O3–ZnO nanocomposite adhere to the spindle–like 
ZnO crystal. These small particles are In2O3 nanoparticles 
with a particle size of about 30 nm. The morphology and 
size of the spindle–like ZnO particles remain unchanged. 
This may be because the ZnO crystal size is not affected 
by the In2O3 composite, and the In2O3 nanoparticles adhere 
to the ZnO surface and form a composite with it [32]. Fig-
ure 2c and d shows that the particle size distributions of 
pure ZnO and 15% In2O3–ZnO nanocomposite are obviously 
narrowed, and the particles are more uniform.

Figure 3 shows the EDS diagram of the 15% In2O3–ZnO 
nanocomposite. The mass of Zn, In, and O elements present 
in the In2O3–ZnO nanocomposite are about 67.91%, 17.05%, 
and 15.04%, respectively, which is consistent with the theo-
retical mass percentage of 15% In2O3–ZnO nanocomposite, 
indicating that In2O3 and ZnO are aggregated as composite 
[33].

Figure 4 shows the TEM (a) and (c) and HRTEM (b) and 
(d) images of pure ZnO (a, b) and 15% In2O3–ZnO nano-
composite (c, d). Figure 4a and c show that ZnO and 15% 
In2O3-ZnO nanocomposite are composed of nanoparticles 
with a particle diameter of 25∼30 nm. The HRTEM image 
of ZnO and 15% In2O3–ZnO is shown in Fig. 4b and d, and 
the clear lattice stripes can be observed, which indicates the 
high crystallinity of hexagonal ZnO and the high crystallin-
ity of cubic In2O3 and hexagonal ZnO.

3.2 � UV–Vis DRS analysis

Figure  5 shows the UV–Vis DRS of ZnO and 15% 
In2O3–ZnO nanocomposite. The 15% In2O3–ZnO nanocom-
posite absorption in the UV region is considerably more 
than ZnO and may improve the ZnO’s absorption capacity 
in the UV region. Further, a redshift occurs along the 15% 
In2O3–ZnO nanocomposite absorption band, probably due 
to the increase in the visible light absorption range of the 
In2O3 composite ZnO [34].

Fig. 1   XRD patterns of pure ZnO and In2O3–ZnO nanocomposites
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3.3 � FTIR analysis

Figure 6 shows the FTIR results of ZnO and 15% In2O3–ZnO 
nanocomposite. The characteristic peaks of ZnO and 15% 
In2O3–ZnO nanocomposite at 506 correspond to Zn–O peak 
[35]. The characteristic peaks of the 15% In2O3–ZnO nano-
composite at 600 and 1158 cm−1 correspond to the In2O3 
characteristic and δ (OH) vibration peaks [36], respectively. 
The characteristic peaks of ZnO and 15% In2O3–ZnO nano-
composite at 866 correspond to r (OH) vibration peak [35]. 
The ZnO characteristic peaks at 840 and 902 cm−1 corre-
spond to the r (OH) and δ (OH) vibration peaks, respectively 
[36]. The characteristic peaks of ZnO and 15% In2O3–ZnO 
nanocomposite at 1385 cm−1 correspond to Zn(OH)2 vibra-
tion peak [35]. The characteristic peaks of ZnO and 15% 
In2O3–ZnO nanocomposite at 1454 and 1439 cm−1, respec-
tively, correspond to the O–H bond bending vibration peaks, 
resulting in the absorption of atmospheric moisture from 

the sample [35]. The wide characteristic peaks of ZnO and 
15% In2O3–ZnO nanocomposite at 3503 and 3515 cm−1, 
respectively, may correspond to vibration peaks of product 
crystalline water or hydroxy hydroxide bending [36].

3.4 � Photocatalytic activity and stability

Photocatalytic activity of In2O3–ZnO nanocomposites is 
evaluated by MO degradation under UV light. Figure 7 
shows the experimental results of the MO photocatalytic 
degradation in ZnO and In2O3–ZnO nanocomposites. The 
degradation of MO in In2O3, ZnO, and In2O3–ZnO nano-
composites is very slow in the first 20 min. This shows that 
the adsorption capacity of In2O3, ZnO, and In2O3–ZnO 
nanocomposites to MO is relatively weak. The MO photo-
catalyst degradation rate in ZnO and In2O3 after 120 min are 
83.31% and 81.56%, respectively, which are attributed to its 
high bandgap energy, indicating that ZnO and In2O3 have 

Fig. 2   SEM images a and b and particle size c and d of pure ZnO (a, c) and 15% In2O3–ZnO nanocomposite (b, d) 
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certain photocatalytic activities in the UV region. Alterna-
tively, the MO degradation rate in In2O3–ZnO nanocompos-
ites first increases after 120 min before decreasing with the 
percentage content; In2O3 composite ZnO may promote the 
transfer of photoelectron, inhibit the recombination of photo-
electron–hole pairs, and improve the photocatalytic activity, 
indicating that an optimal percentage content is essential for 
enhancing the photocatalytic activity of In2O3–ZnO nano-
composites [37]. In2O3 and ZnO promote the recombination 
of photoraw electron–hole pairs when the percentage content 
reaches a certain level, thereby reducing their photocata-
lytic activity. The photocatalytic activity of 15% In2O3–ZnO 
nanocomposite is the highest among others, and the MO 
degradation rate under UV light after 120 min was up to 
96.62%. The results show that the appropriate content of 
nanocomposites allows for rapid separation of photogen-
erated charge carriers, thus enhancing their photocatalytic 
activity.

ZnO has poor stability in degrading organic pollutants. 
Therefore, investigating the photostability and repeatability 
of ZnO–based photocatalyst is critical. The recycling experi-
ment is conducted using 15% In2O3–ZnO nanocomposite 
degradation of MO solution under UV irradiation [38]. Fig-
ure 8 shows the degradation efficiency of MO decreased 
from 96.62 to 92.02% after three cycles. Therefore, 15% 
In2O3–ZnO nanocomposite is stable in the photodegradation 
of organic pollutants.

3.5 � Proposed photocatalytic mechanism

A mechanism is proposed to explain the enhanced photo-
catalytic performance of In2O3–ZnO nanocomposite based 
on the aforementioned results [39]. The photocatalytic per-
formance of In2O3–ZnO nanocomposite is stronger than that 
of pure In2O3 and pure ZnO. This is primarily because under 
ultraviolet radiation, the In2O3 nanoparticles can absorb 
ultraviolet light and excite their own electrons, while ZnO 
conduction band is located between In2O3 conduction and 
valence bands. Thereupon, the photoexcited electrons on the 
surface of In2O3 can be easily transferred to the conduc-
tion band of ZnO, and the photoexcited holes remain on 
In2O3. In this way, photogenerated electrons and holes can 
be effectively separated, further improving their photocata-
lytic performance. In addition, due to the excellent crystalli-
zation performance of In2O3, electron migration has limited 
resistance, which is conducive to the effective separation of 
photogenerated electron–hole pairs, so as to increase the life-
time of loaded streamer. The bottom and top of the conduc-
tion band (CB) and valence band (VB) of ZnO are at − 0.4 
and 2.8 eV, respectively, whereas the bottom and top of the 
CB and VB of In2O3 are at − 0.63 and 2.17 eV, respectively. 
Figure 9 shows that the bottom and top of the CB and VB of 
ZnO are located below those of In2O3. Further, In2O3 can be 
excited by UV light when combined with ZnO, and electrons 
in In2O3 migrate to the ZnO CB. In addition, the electron 
transport resistance is extremely low, and electron–hole 
recombination is reduced due to the high crystallinity of 
In2O3. Therefore, effective charge separation increases the 
lifetime of charge carriers and improves the efficiency of 
interfacial charge transfer to the adsorption matrix, resulting 
in higher photocatalytic activity of In2O3–ZnO nanocompos-
ite. The suitable substrate can be oxidized and the original 
In2O3 recycled since the In2O3 (h+) radical redox potential 
is about 2.17 eV. In our experiment, the MO photocatalytic 
degradation mechanism is proposed as follows:

In2O3 + h� → In2O3

(

ecb− + hvb+
)

In2O3

(

ecb−
)

+ ZnO → In2O3 + ZnO
(

ecb−
)

ZnO
(

ecb−
)

+ O2 → ZnO + ⋅O2−

⋅O2− + H2O → H2O + OH−

H2O + H2O → H2O2 + ⋅ OH

H2O2 → 2OH

Fig. 3   EDS diagram of the 15% In2O3–ZnO nanocomposite
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Under UV light, the photoraw electrons in In2O3 move 
freely to the ZnO, whereas the photoraw holes remain in the 
In2O3 VB. Dissolved oxygen molecules react with ZnO sur-
face electrons to generate superoxygen radical anion ·O2

−, 
which produces hydrogen peroxide radical HO2· at protona-
tion, thus producing hydroxy OH·, which is a strong oxidizer 
that decomposes organic dyes [40].

⋅OH +MO → Degradation products 4 � Conclusions

The In2O3–ZnO nanocomposite is successfully synthesized 
using the hydrothermal method. XRD analysis reveals that 
the In2O3 composite ZnO suppressed the ZnO characteris-
tic peaks. SEM analysis shows that spindle–like ZnO crys-
tal size in In2O3–ZnO nanocomposite did not change due 
to In2O3 composite. EDS analysis reveals that the Zn, In, 
and O in the In2O3–ZnO nanocomposite has a percent mass 
fraction of 15%. TEM analysis shows that 15% In2O3-ZnO 

Fig. 4   TEM (a, c) and HRTEM (b, d) images of pure ZnO (a, b) and 15% In2O3–ZnO nanocomposite (c, d) 
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nanocomposite is composed of nanoparticles with a particle 
diameter of 25∼30 nm. UV–Vis DRS analysis shows that 
In2O3 composite ZnO can broaden the range of ZnO visible 
light absorption. FTIR analysis reveals that the ZnO and 
In2O3 phases in In2O3–ZnO nanocomposites exist individu-
ally. The experimental results of photocatalytic degradation 

show that the photocatalytic activity of 15% In2O3–ZnO 
nanocomposite is the best, and the MO degradation rate after 
120 min can be up to 96.62%, thereby improving ZnO’s pho-
tocatalytic performance.

Fig. 5   UV–Vis DRS of ZnO and 15% In2O3–ZnO nanocomposite

Fig. 6   FTIR results of ZnO and 15% In2O3–ZnO nanocomposite

Fig. 7   Experimental results of 
the MO photocatalytic degrada-
tion in ZnO and In2O3–ZnO 
nanocomposites
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