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Abstract: The most pressing concerns in environmental remediation are the design and development
of catalysts with benign, low-cost, and efficient photocatalytic activity. The present study effectively
generated a flower-like indium oxide (In2O3-MF) catalyst employing a convenient MOF-based
solvothermal self-assembly technique. The In2O3-MF photocatalyst exhibits a flower-like structure,
according to morphology and structural analysis. The enhanced photocatalytic activity of the In2O3-
MF catalyst for 4-nitrophenol (4-NP) and methylene blue (MB) is likely due to its unique 3D structure,
which includes a large surface area (486.95 m2 g−1), a wide spectrum response, and the prevention
of electron–hole recombination compared to In2O3-MR (indium oxide-micro rod) and In2O3-MD
(indium oxide-micro disc). In the presence of NaBH4 and visible light, the catalytic performances of
the In2O3-MF, In2O3-MR, and In2O3-MD catalysts for the reduction of 4-NP and MB degradation
were investigated. Using In2O3-MF as a catalyst, we were able to achieve a 99.32 percent reduction
of 4-NP in 20 min and 99.2 percent degradation of MB in 3 min. Interestingly, the conversion rates
of catalytic 4-NP and MB were still larger than 95 and 96 percent after five consecutive cycles of
catalytic tests, suggesting that the In2O3-MF catalyst has outstanding catalytic performance and a
high reutilization rate.

Keywords: flower-like In2O3; metal–organic frameworks; photocatalyst; 4-nitrophenol; methylene blue

1. Introduction

While contemporary society has progressed at a breakneck pace in recent decades,
environmental pollution, particularly wastewater, has emerged as a universal and main
threat to human health [1,2]. Organic dyes and nitro compounds, which are discharged
into the environment by many industries such as plastic, printing, cosmetics, leather, food,
pharmaceuticals, and textiles have received a lot of attention because of their potential
carcinogenic and toxicity properties, which have raised environmental concerns [3,4].
As a result, several treatments, such as adsorption, catalytic reduction, oxidation, and
degradation have been explored and developed to remove organic pollutants such as
4-nitrophenol (4-NP) and methylene blue (MB) [5–10].

The compound 4-nitrophenol (4-NP) is a very poisonous phenolic chemical found
in the environment that can harm the central nervous system, kidneys, and blood [11].
Disposal of organic contaminants into potable water bodies diminish the amount of sunlight
that reaches the water and thus affects photosynthetic activity [12]. Furthermore, organic
dyes are poisonous and carcinogenic, and their treatment methods cannot only rely on
biodegradation [13]. Methylene blue (MB), an organic dye used in a variety of sectors
including cosmetics, textiles, and leather pollutes the environment [14–16]. One of the most
successful strategies for eliminating these contaminants from water is photocatalytic dye
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degradation [17]. Additionally, heterogeneous degradation is an attractive approach for
degrading organic pigments due to its low cost and high efficacy. [18].

Due to its superior optical and electrical properties, its nontoxicity, and its great sta-
bility, In2O3 is widely used in a various industries [19–21]. The status of In2O3 properties
typically determines the variety in its attributes (crystalline or amorphous). Several meth-
ods for obtaining In2O3 have been documented, including hydrothermal, wet chemical,
sol–gel, evaporation, and gas phase synthesis [22–26]. The preparation of In2O3 with the
necessary structure and morphology requires a great deal of technological and scientific
effort. However, as nanorods, nanosheets, and nanoflowers of In2O3 have been described
previously, the morphology is responsible for the high catalytic efficiency [27–29]. There is a
need for easy, efficient, and cost-effective ways to make In2O3 with the advanced properties
that are required. Indium oxide has been widely used in Li-ion batteries, electrochemicals,
dye-sensitized solar cells, photocatalysis, and gas sensors [30–34]. Meanwhile, In2O3 has
proven to be an effective sensitizer for extending the absorption spectra of photocatalysts
from the UV to the visible range [35]. As a result, research into the photocatalytic properties
of In2O3 has a promising future for the degradation of organic toxins in wastewater and
other pollutants in the environment [36,37].

Metal–organic frameworks (MOFs) are utilized as a template precursor to synthesize
diverse functional materials utilizing various treatment techniques that result in ordered
structures with a wide surface area, regulated pore texture, and high carbon content [38,39].
This method allows for effective control of the catalyst shape and microstructure, which
is advantageous for exposing active sites with high surface areas and increasing electron
transport in porous structures [40]. Here, for the first time, we describe a simple synthe-
sis approach to prepare flower-like indium oxide (In2O3-MF), indium oxide microdisc
(In2O3-MD), and indium oxide microrod (In2O3-MR) catalysts using a MOF based one-step
hydrothermal process. The unique structure of In2O3-MF comprises many voids and more
active sites for the photocatalytic process compared to In2O3-MD and In2O3-MR. The
degradation of MB and reduction of 4-NP in the presence of visible light and NaBH4 were
used to investigate the photocatalytic activity of In2O3-MF.

2. Results and Discussion
2.1. Catalyst Characterization

The synthesis process of the In2O3-MF, In2O3-MR, and In2O3-MD catalysts is presented
in Figure 1. Hard Lewis acids and bases, as well as mild Lewis acids and bases, are predicted
to form strong coordination bonds [41]. Hard bases, such as carboxylate-based ligands,
can create stable MOFs with indium metal cations. Moreover, different acids have distinct
effects on the development of different MOF morphologies. Indium nitrate, terephthalic
acid, and trimesic acid were utilized as precursors for the synthesis of various In2O3 MOFs.
In2O3 MOFs particle formation was mediated by two distinct mechanisms: the formation
of truncated octahedra or rods and the growth of homogenous pods. In2O3-MF, a flower-
like MOF-based catalyst, is described by a three-dimensional network, large surface area,
and it is synthesized via a simple and low-cost hydrothermal reaction using trimesic and
terephthalic acids. The FTIR spectra of In2O3-MF, In2O3-MD, and In2O3-MR samples are
shown in Figure 2a, and the enlarged FTIR spectrum in 400–1700 cm−1 range is presented
in Figure 2b. The FTIR spectrum reveals different bands at 400–1700 cm−1 because of the
vibration corresponding to the main MOF functional groups. The band at 467 cm−1 is
attributed to the metal–oxygen bond. In the FTIR spectra of In2O3-MF, In2O3-MD, and
In2O3-MR samples, the absorption peaks at 3433 and 1622 cm−1 are attributed to O–H
stretching and bending vibration of physically adsorbed water molecules present on the
sample surfaces. The peaks at 715 and 756 cm−1 correspond to indium substitution on the
benzene groups. The band at 1110 cm−1 is related to C–O–In stretching vibrations of MOF.
The bands at 1375 and 1440 cm−1 correspond to the vibrations of carboxylate groups in TPA
and TMA, which is responsible for the bidentate behavior of the COO moiety. The band at
1624 cm−1 corresponds to the H–O–H vibration, which indicates that MOF possesses water
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crystals. The PXRD pattern confirms their crystallinity, MOF structure, and further supports
the successful synthesis of In2O3-MF, In2O3-MD, and In2O3-MR as shown in Figure 3. The
Bragg diffraction peaks of all samples were identical. The presence of diffraction peaks
at 2θ = 17.6◦, 18.7◦, and 27.1◦ validated the effective synthesis of MOF using a one-step
hydrothermal technique. The results suggested that In2O3-MR is structurally identical to
the MOF parent framework [42,43]. However, when TPA is used as a ligand, the crystalline
peaks of In2O3-MR become wider and weaker than those of other MOFs, but the general
characteristics remain the same. At 11.55◦, the strongest peak was detected, indicating a
significant degree of crystallinity. Some weak, low-intensity peaks were found between
30◦ and 45◦, indicating the presence of In2O3 phase on a tiny scale. Strong peaks in the
XRD pattern indicate that these In2O3-MDs have good crystallinity, which is supported by
the data. However, in the instance of In2O3-MF, a mixed phase was observed, consisting
of cubic and rhombohedral crystals. Reflections from the cubic and rhombohedral In2O3
Bragg planes (104), (110), (024), (116), and (214) were recorded at 2θ = 30.0◦, 33.3◦, 46.1◦,
51.6◦, and 57.4◦, respectively. The diffraction pattern is extremely similar to that of In2O3
(JCPDS file no. 21-0406). Additionally, the crystallinity of the In2O3-MF is indicated by the
distinct and strong peaks. Filed emission-scanning microscopy was used to examine the
morphology of In2O3-MF, In2O3-MD, and In2O3-MR catalysts. In2O3-MD platelet disc form
demonstrated the usual FESEM pictures as shown in in Figure S1. As shown in Figure S2,
In2O3-MR exhibited a rod-like morphology. In Figure 4a,b, the SEM images of In2O3-MF
present a three-dimensional (3D) microflower shape with self-assembly nanosheets. In2O3-
MF is shaped in rankly micropetals with the rougher surface (Figure 4c) indicating that the
morphology of the catalysts remained intact even after the annealing process. Although the
overall shape of the microflower remained almost intact, the micropetals were transferred
to be disordered and porous structures. The 3D microflower provides a broad reaction
region for reactants and provides support for the mechanical stability of the catalyst. TEM
was used to analyze the precise structure of the In2O3-MF catalyst. In2O3-MF catalysts
are made up of interconnected micropetals with many mesopores within them, as can be
observed (Figure 4d–f). The EDS studies of In2O3-MF revealed that C, O, and In elements
coexist in the sample, as shown in Figure 4g–i. Moreover, the three elements exhibit a
homogeneous distribution in In2O3-MF.

Figure 1. Schematic illustration of the synthesis of the In2O3-MF, In2O3-MR, and In2O3-MD via a
hydrothermal process.
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Figure 2. FTIR spectra of the In2O3-MF, In2O3-MR, and In2O3-MD (a), Enlarged FTIR spectra of
In2O3-MF, In2O3-MR, and In2O3-MD (b).

Figure 3. XRD pattern of In2O3-MR, In2O3-MD, and In2O3-MF annealed at 300 ◦C.

N2 adsorption–desorption analysis was used to evaluate the porous structure of
In2O3-MF. They have a mesoporous structure, as shown in Figure S3, and their pore
size distribution ranges from nanometer to macroscale. The micropore and mesopore
distribution, as measured by the HK and BJH techniques, was used to confirm the pore
structure [44]. Table S1 summarizes the BET surface area of In2O3-MF, In2O3-MD, and
In2O3-MR. When compared to In2O3-MD and In2O3-MR, In2O3-MF has the greatest BET
surface area of 486.95 m2 g−1. As a result, the In2O3-MF large surface area will be enriched
with active sites for photocatalysis. The optical properties of synthesized catalyst samples
were analyzed using UV–DRS. The band gaps in the In2O3-MF, In2O3-MD, and In2O3-MR
samples were calculated using the Tauc’s equation [45];

(αhν)n = (hν − Eg) (1)
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Figure 4. SEM images for In2O3-MF (a–c); TEM images for In2O3-MF (d–f); elemental mapping
images for In2O3-MF (g–i).

where α is the absorption coefficient, hν is the energy of the incident photons, Eg is the
optical band gap, n = 1 and n = 2 for allowed indirect and direct transitions, respectively.
It was expected that the In2O3 samples would follow the direct allowed transition [46,47].
Therefore, we used n = 2 in the Tauc’s equation for calculating the band gaps in the In2O3-
MF, In2O3-MD, and In2O3-MR samples (Figure S4). The band gap values corresponding to
the In2O3-MD, In2O3-MR, and In2O3-MF samples were 3.72, 3.32, and 3.00 eV, respectively.
The flower-like In2O3-MF band gap value was narrowed compared to In2O3-MD and In2O3-
MR, which was probably attributed to the formation of impurity states between In and O in
the band gap. The XPS spectra for the synthesized catalyst In2O3-MF in the In 3d, C 1s, and
O 1s areas are shown in Figure 5a. The elements O, C, and In are all present in In2O3-MF.
The deconvoluted spectra of C 1s (Figure 5c) can be separated into multiple peaks. The
primary peak at 284.5 eV refers to the sp2-hybradized carbon, while three shoulder peaks
at 285.1 eV, 286.6 eV, and 288.7 eV relate to alkoxy, carbonyl, and carboxylate functional
groups, respectively [48]. The functional groups of H–O–H (532.27 eV), In–O (531.0 eV),
and carboxylate groups (529.26 eV) are connected to the deconvoluted XPS spectra for O 1s
(Figure 5b). The symmetric peaks at 452.2, 453.2, 445.6, and 444.6 eV were deconvoluted
from the In 3d peaks (Figure 5d). Peaks associated to In3+ (Indium oxide) were found
at 453.2 and 445.6 eV, while those connected to In (metallic indium) were found at 452.2
and 444.6 eV.

2.2. Photocatalytic Performances
2.2.1. Catalytic Reduction of 4-Nitrophenol

The UV-visible spectra were measured at 30 s intervals to track the development of
the catalytic reduction of 4-NP with NaBH4. The 4-NP solution has a prominent absorption
peak at 317 nm in aqueous medium. However, when freshly synthesized NaBH4 was added,
the absorption peak shifted from 317 to 400 nm, and the color changed from light yellow
to deep yellow, as seen in Figure 6a. This was owing to the production of intermediate
4-nitrophenolate ions. The absorption peak at 400 nm remained constant in the absence
of a catalyst, implying that the reduction of 4-NP does not occur in the presence of solely
NaBH4 in the solution without catalysts due to repulsion between the negatively charged
4-NP and BH4

− ions. Metal oxides are well known for effectively catalyzing the reduction
of 4-NP by facilitating an electron relay system switching from the donor BH4

− to the
acceptor 4-NP. As a result, after adding the In2O3-MF catalyst to the NaBH4 and 4-NP
solution, the reduction reaction begins, and the intensity of the maximum absorption peak
at 400 nm rapidly decreases, along with the 4-NP solutions rapidly changing color from
deep yellow to colorless due to the transformation of 4-NP to 4-AP, which revealed a
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new absorption peak at 300 nm, as shown in Figure 6b. After 20 min, no recognizable
peak of the nitro molecule could be seen at 400 nm, indicating that the reduction of 4-NP
was successful. For the reduction of 4-NP over the In2O3-MF, In2O3-MR, and In2O3-MD
catalysts, Figure 6c shows the variation of Ct/C0 against reaction time, where Ct and C0
are the 4-NP concentrations at times t and 0, respectively. As shown in Figure 6c, the
photocatalytic efficiency of In2O3-MD, In2O3-MR, and In2O3-MF with a 0.3 g/L dose using
the reduction of 4-NP under UV light irradiation after achieving adsorption–desorption
equilibrium was 51.98, 59.33, and 99.32 percent, respectively. The achieved results from the
photocatalytic study using 4-NP revealed that In2O3-MF exhibits greater photocatalytic
activity as compared to In2O3-MR and In2O3-MD, Figure 6d. The flower-like structure
of In2O3-MF was discovered to contribute to the better adsorption capacity and effective
separation of the charge carriers (electron–hole pairs), resulting in increased photocatalytic
activity. Thus, the In2O3-MF catalyst’s superior catalytic activity over In2O3-MR and In2O3-
MD was most likely owing to its large surface area and well-controlled pore structure.
Overall, the In2O3-MF catalyst modifies the shape and electrical characteristics of the
catalyst, resulting in increased activity for the 4-NP reduction process. In Table S2, the
current photocatalytic results are compared to previously published results. Finally, the
stability and sustainability of the In2O3-MF catalyst were assessed by performing five cycles
of regeneration and reusability studies to examine the photocatalytic reduction of 4-NP. Up
to five cycles, about 95 percent photocatalytic activity of 4-NP were found, demonstrating
that the photocatalytic performance of In2O3-MF did not degrade significantly, as shown
in Figure S5a.

Figure 5. XPS survey spectrum of In2O3-MF (a); XPS spectra and deconvolution of O 1s (b); C 1s
spectra (c); and In 3d spectra (d).
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Figure 6. UV-vis spectra of 4-AP, 4-NP, and 4-NP with adding NaBH4 (a); catalytic reduction of 4-NP
using In2O3-MF as a catalyst (b); plots of Ct/C0 vs. contact time using In2O3-MF, In2O3-MR, and
In2O3-MD catalysts (c), 4-NP reduction % vs. contact time plot (d).

2.2.2. Photocatalytic Degradation of Methylene Blue

The potential catalytic application for degradation of MB to LMB through In2O3-
MF, In2O3-MR, and In2O3-MD catalysts was further explored and presented in Figure 7.
The degradation process was observed by UV-vis spectrophotometry and the spectra
were collected from 200 to 800 nm range at ambient conditions. Methylene blue gave
its characteristic absorption peak at 664 nm (Figure 7a). Photocatalytic degradation of
MB is shown in Figure 7c by Ct/C0 plotting against t (time). The Ct and C0 denotes MB
initial and zero stage. In2O3-MR and In2O3-MD catalyse the MB conversion to LMB up
to 32% and 36% respectively (Figure 7c). When In2O3-MR and In2O3-MD catalysts were
introduced into the reaction solution, up to a 30% decrease in the MB content was seen
within 120 s. Further rising in time up to 180 s, the residual MB content remained constant
(Figure 7a). This suggests that In2O3-MR and In2O3-MD catalysts cannot catalyze the MB
conversion to LMB. As shown in Figure 7b, full degradation of MB was achieved using
the In2O3-MF photocatalyst with optimum doses of 0.2 g/L under UV light irradiation for
3 min. The plot shown in Figure 7c indicates that MB can be 99.2% converted into LMB
within 3 min. The absorption spectrum shown in Figure 7b for MB reduction indicates rapid
decline in the MB peak intensity at 664 nm with increasing time suggesting a reduction of
MB dye to LMB and the blue color solution turning colorless. These results thus clearly
show that In2O3-MF is much more efficient in reduction of MB than the In2-O3-MR and
In2O3-MD counterparts. The stability and reusability of the synthesized In2O3-MF catalyst
was investigated by performing an MB reduction reaction five times with the same catalyst.
Even after five cycles, the catalyst demonstrated higher catalytic activity, with an efficiency
of over 96%, as shown in Figure S5b. The loss of porosity in the synthesized In2O3-MF
could reflect the fall in efficiency rate. Furthermore, in Table S2, the performance of the
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In2O3-MF catalyst for the reduction of MB to LMB is compared to that of other catalysts
previously reported in the literature. Table S2 clearly shows that the In2O3-MF catalyst
performed better. The stability and reusability are two crucial factors for the real-time
application of a photocatalyst. Furthermore, the structure of the photocatalyst used for
five cycles of catalyst was then characterized using SEM and elemental mapping analysis
(Figure 8), which revealed no obvious alteration of the particles and was indicative of the
high stability of the photocatalyst. Additionally, these results clearly indicated excellent
stability of In2O3-MF over five consecutive cycles for the degradation of MB.

Figure 7. UV-vis spectra of MB degradation with In2O3-MF, In2O3-MR, and In2O3-MD catalysts (a);
photocatalytic degradation of MB using In2O3-MF as a catalyst (b); plots of Ct/C0 vs. contact time
using In2O3-MF, In2O3-MR, and In2O3-MD catalysts (c); MB degradation % vs. contact time plot (d).

Figure 8. SEM and elemental mapping images of the In2O3-MF catalyst after five cycles.



Int. J. Mol. Sci. 2022, 23, 4398 9 of 13

Isopropanol (IPA), triethanolamine (TEOA), and benzoquinone (BQ) were used in a
trapping model to eliminate hydroxyl radicles, holes, and superoxide radicles, respectively.
Figure 9 shows how deferent scavengers (IPA, TEOA, and BQ) affect the photocatalytic
degradation of MB over In2O3-MF when exposed to UV-vis light. As a result, trapping
the •OH radicles with IPA dramatically lowered the photocatalytic activity of the In2O3-
MF sample, demonstrating that •OH radicles play a significant role in photocatalytic
degradation of MB to LMB (Equations (2)–(5)). Basically, the photocatalytic mechanism is
stated as follows:

In2O3-MF + hν→ In2O3-MF (e−) + In2O3-MF (h+) (2)

In2O3-MF (e−) + O2 → •O2
− (3)

In2O3-MF (h+) + H2O→ H+ + •OH (4)
•O2

− + •OH + pollutants→ CO2 + H2O + intermediate products (5)

Figure 9. The effect of trapping experiment using different scavengers.

Reactive oxygen species (ROS) such as superoxide radical and hydroxyl ions, which
are formed as electron hole pairs, are responsible for photocatalytic destruction of organic
contaminants [49,50]. The photocatalytic reduction and degradation reactions of 4-NP and
MB associated with the generation of charge carriers via UV-light irradiation of a flower-like
In2O3-MF photocatalyst surface resulted in valence bond stimulation, electron transfer to
the conduction band (CB), and the creation of the same amount of hole in the valence band.
When these photoexcited charge carriers came into contact with dissolved oxygen (O2)
and water molecules (H2O) in 4-NP and MB, superoxide radicals and hydroxyl ions were
produced. The ROS reacted with the surface adsorbed 4-NP and MB, converting them to
simpler intermediates such as 4-AP, CO2, H2O, NH4+, and so on [51,52]. Figure 10 depicts
a schematic photocatalytic reaction mechanism for reduction of 4-NP and degradation of
MB using In2O3-MF as photocatalysts.
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Figure 10. Proposed photocatalytic mechanism of reduction and degradation of 4-NP and MB by
In2O3-MF catalyst.

3. Materials and Methods

All of the chemical reagents and solvents utilized in this investigation were analytical
grade and were used straight from the package. Indium(III) nitrate hydrate (In(NO3)3
xH2O), terephthalic acid (TPA; 98%), trimesic acid (TMA; 95%), and potassium hydroxide
(KOH; reagent grade) were purchased from Sigma-Aldrich, Seoul, South Korea.

3.1. Synthesis of In2O3-MF

Trimesic acid (420 mg) and terephthalic acid (250 mg) were first dissolved in 50 mL
of N,N-dimethylformamide, and then indium(III) nitrate hydrate (980 mg) was added
separately to the aforesaid solution. After stirring 2 h, the reaction mixture was transferred
to a Teflon autoclave and incubated in an oven at 120 ◦C under static conditions for 12 h.
After the reaction was completed, the sample was filtered, washed three times with D.I
water and ethanol, and air dried at 80 ◦C for 24 h. To obtain the product In2O3-MF, the
flower-like In2O3 was annealed in an argon atmosphere set at 300 ◦C with a ramp of
3 ◦C min−1 for 2 h. Using similar procedures, the corresponding In2O3-MD and In2O3-MR
catalysts were prepared with trimesic and terephthalic acids only.

3.2. Physical Characterization

X-ray photoelectron spectroscopy (XPS; K-alpha, Thermo Scientific Inc., Waltham, MA,
USA) was used to evaluate the elemental composition and chemical bonding of In2O3-MF,
In2O3-MD, and In2O3-MR, and X-ray powder diffraction (XRD) (XRD PANalytical, Almelo)
was utilized to investigate the morphology of the synthesized samples. A Bruker (Vertex 70)
spectrometer was used to record the FTIR spectra of In2O3-MF, In2O3-MR, and In2O3-MD
samples in the region of 4000–400 cm−1. A UV 5000 VARIAN Agilent spectrophotometer
was used to record the photocatalytic studies and diffuse reflectance spectra of the materials
in the UV-visible range. For reactions that required illumination, a Xe lamp (PLS-SXE300)
with a long-pass filter (>420 nm) was used. The scanning electron microscope (SEM;
HITACHI, Tokyo, Japan) was used to study the morphology of the produced samples.
JEM-ARM200F was used to perform transmission electron microscopy (TEM) and energy
dispersive spectroscopy (EDS) mapping in the STEM mode. The surface area, pore size, and
pore volume of the synthesized materials were determined using the Brunauer–Emmett–
Teller (BET) and Barrett–Joyner–Halenda (BJH) methods, respectively, utilizing the N2
adsorption–desorption isotherm on a nano POROSITY-HQ (Mirae Instruments, Seoul,
South Korea) equipment.
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4. Conclusions

The photocatalysts were evaluating for the first time a flower-like In2O3-MF synthe-
sized by a simple one-step hydrothermal process. The photocatalysts were evaluating
using FTIR, XRD, FE-SEM, EDX, TEM and XPS as they were synthesized. The catalytic
activity of freshly generated photocatalyst samples was investigated for the photoreduction
and degradation of 4-nitrophenol (4-NP) and methylene blue (MB). Because of its porous
flower-like architecture and large surface area, In2O3-MF displayed higher catalytic activity
than In2O3-MR and In2O3-MD. The synthesized In2O3-MF catalyst performed well for
4-nitrophenol reduction, and it also had improved catalytic activity and cycling stability.
Methylene blue concentrations as high as 30 mg/L can be completely degraded in 3 min
in the presence of 0.2 g of In2O3-MF photocatalyst. Furthermore, after five consecutive
cycles, the catalytic efficiency was greater than 96%, demonstrating that In2O3-MF is highly
recyclable. As a result, the findings of this study can be used to improve photocatalysts for
use in environmental remediation.
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//www.mdpi.com/article/10.3390/ijms23084398/s1.

Author Contributions: Data curation, writing–original draft, conceptualization, methodology, soft-
ware: M.M.; writing–review and editing: H.-W.Y., N.P., N.K. and W.S.K.; Writing—review, editing,
supervision, and project administration: S.-J.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Ministry of Science, ICT, and Future Planning [NRF-2018K1A4A3A01064272] and
[NRF-2020R1A6A1A03038540].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Natarajan, S.; Bajaj, H.C.; Tayade, R.J. Recent advances based on the synergetic effect of adsorption for removal of dyes from

waste water using photocatalytic process. J. Environ. Sci. 2018, 65, 201–222. [CrossRef] [PubMed]
2. Martínez-Huitle, C.A.; Brillas, E. Decontamination of wastewaters containing synthetic organic dyes by electrochemical methods:

A general review. Appl. Catal. B Environ. 2009, 87, 105–145. [CrossRef]
3. Yu, K.; Yang, S.; Liu, C.; Chen, H.; Li, H.; Sun, C.; Boyd, S.A. Degradation of Organic Dyes via Bismuth Silver Oxide Initiated

Direct Oxidation Coupled with Sodium Bismuthate Based Visible Light Photocatalysis. Environ. Sci. Technol. 2012, 46, 7318–7326.
[CrossRef] [PubMed]

4. Ali, I. New generation adsorbents for water treatment. Chem. Rev. 2012, 112, 5073–5091. [CrossRef]
5. Talaiekhozani, A.; Talaei, M.R.; Rezania, S. An overview on production and application of ferrate (VI) for chemical oxidation,

coagulation and disinfection of water and wastewater. J. Environ. Chem. Eng. 2017, 5, 1828–1842. [CrossRef]
6. Wang, J.; Bai, Z. Fe-based catalysts for heterogeneous catalytic ozonation of emerging contaminants in water and wastewater.

Chem. Eng. J. 2017, 312, 79–98. [CrossRef]
7. Pliego, G.; Zazo, J.A.; Garcia, M.M.; Munoz, M.; Casas, J.A.; Rodriguez, J.J. Trends in the Intensification of the Fenton Process for

Wastewater Treatment: An Overview. Crit. Rev. Environ. Sci. Technol. 2015, 45, 2611–2692. [CrossRef]
8. Ebrahiem, E.; Al-Maghrabi, M.N.; Mobarki, A.R. Removal of organic pollutants from industrial wastewater by applying

photo-Fenton oxidation technology. Arab. J. Chem. 2017, 10, S1674–S1679. [CrossRef]
9. Wang, Y.; Roddick, F.A.; Fan, L. Direct and indirect photolysis of seven micropollutants in secondary effluent from a wastewater

lagoon. Chemosphere 2017, 185, 297–308. [CrossRef]
10. Zangeneh, H.; Zinatizadeh, A.; Habibi, M.; Akia, M.; Isa, M.H. Photocatalytic oxidation of organic dyes and pollutants in

wastewater using different modified titanium dioxides: A comparative review. J. Ind. Eng. Chem. 2014, 26, 1–36. [CrossRef]
11. Mei, Q.; Cao, H.; Han, D.; Li, M.; Yao, S.; Xie, J.; Zhan, J.; Zhang, Q.; Wang, W.; He, M. Theoretical insight into the degradation

of p-nitrophenol by OH radicals synergized with other active oxidants in aqueous solution. J. Hazard. Mater. 2019, 389, 121901.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms23084398/s1
https://www.mdpi.com/article/10.3390/ijms23084398/s1
http://doi.org/10.1016/j.jes.2017.03.011
http://www.ncbi.nlm.nih.gov/pubmed/29548392
http://doi.org/10.1016/j.apcatb.2008.09.017
http://doi.org/10.1021/es3001954
http://www.ncbi.nlm.nih.gov/pubmed/22616904
http://doi.org/10.1021/cr300133d
http://doi.org/10.1016/j.jece.2017.03.025
http://doi.org/10.1016/j.cej.2016.11.118
http://doi.org/10.1080/10643389.2015.1025646
http://doi.org/10.1016/j.arabjc.2013.06.012
http://doi.org/10.1016/j.chemosphere.2017.06.122
http://doi.org/10.1016/j.jiec.2014.10.043
http://doi.org/10.1016/j.jhazmat.2019.121901
http://www.ncbi.nlm.nih.gov/pubmed/31879096


Int. J. Mol. Sci. 2022, 23, 4398 12 of 13

12. Kianfar, A.H.; Arayesh, M.A. Synthesis, characterization and investigation of photocatalytic and catalytic applications of
Fe3O4/TiO2/CuO nanoparticles for degradation of MB and reduction of nitrophenols. J. Environ. Chem. Eng. 2019, 8, 103640.
[CrossRef]

13. Lei, Y.; Cui, Y.; Huang, Q.; Dou, J.; Gan, D.; Deng, F.; Liu, M.; Li, X.; Zhang, X.; Wei, Y. Facile preparation of sulfonic groups
functionalized Mxenes for efficient removal of methylene blue. Ceram. Int. 2019, 45, 17653–17661. [CrossRef]

14. Ahmed, M.; El-Naggar, M.E.; Aldalbahi, A.; El-Newehy, M.H.; Menazea, A. Methylene blue degradation under visible light
of metallic nanoparticles scattered into graphene oxide using laser ablation technique in aqueous solutions. J. Mol. Liq. 2020,
315, 113794. [CrossRef]

15. Lellis, B.; Fávaro-Polonio, C.Z.; Pamphile, J.A.; Polonio, J.C. Effects of textile dyes on health and the environment and bioremedia-
tion potential of living organisms. Biotechnol. Res. Innov. 2019, 3, 275–290. [CrossRef]

16. Mtshatsheni, K.; Ofomaja, A.; Naidoo, E. Synthesis and optimization of reaction variables in the preparation of pine-magnetite
composite for removal of methylene blue dye. S. Afr. J. Chem. Eng. 2019, 29, 33–41. [CrossRef]

17. Selvaraj, V.; Karthika, T.S.; Mansiya, C.; Alagar, M. An over review on recently developed techniques, mechanisms and
intermediate involved in the advanced azo dye degradation for industrial applications. J. Mol. Struct. 2020, 1224, 129195.
[CrossRef]

18. Muqeet, M.; Mahar, R.B.; Gadhi, T.A.; Ben Halima, N. Insight into cellulose-based-nanomaterials—A pursuit of environmental
remedies. Int. J. Biol. Macromol. 2020, 163, 1480–1486. [CrossRef]

19. Tseng, W.J.; Tseng, T.-T.; Wu, H.-M.; Her, Y.-C.; Yang, T.-J. Facile Synthesis of Monodispersed In2O3 Hollow Spheres and
Application in Photocatalysis and Gas Sensing. J. Am. Ceram. Soc. 2013, 96, 719–725. [CrossRef]

20. Park, K.-S.; Choi, Y.-J.; Kang, J.-G.; Sung, Y.-M.; Park, J.-G. The effect of the concentration and oxidation state of Sn on the
structural and electrical properties of indium tin oxide nanowires. Nanotechnology 2011, 22, 285712. [CrossRef]

21. Li, B.; Xie, Y.; Jing, M.; Rong, G.; Tang, A.Y.; Zhang, G. In2O3 Hollow Microspheres: Synthesis from Designed In(OH)3 Precursors
and Applications in Gas Sensors and Photocatalysis. Langmuir 2006, 22, 9380–9385. [CrossRef] [PubMed]

22. Yu, D.; Yu, S.-H.; Zhang, S.; Zuo, J.; Wang, D.; Qian, Y. Metastable Hexagonal In2O3 Nanofibers Templated from InOOH
Nanofibers under Ambient Pressure. Adv. Funct. Mater. 2003, 13, 497–501. [CrossRef]

23. Chen, C.; Chen, D.; Jiao, X.; Wang, C. Ultrathin corundum-type In2O3 nanotubes derived from orthorhombic InOOH: Synthesis
and formation mechanism. Chem. Commun. 2006, 44, 4632–4634. [CrossRef] [PubMed]

24. Zhao, J.; Zheng, M.; Lai, X.; Lu, H.; Li, N.; Ling, Z.; Cao, J. Preparation of mesoporous In2O3 nanorods via a hydrothermal-
annealing method and their gas sensing properties. Mater. Lett. 2012, 75, 126–129. [CrossRef]

25. Trocino, S.; Frontera, P.; Donato, A.; Busacca, C.; Scarpino, L.; Antonucci, P.; Neri, G. Gas sensing properties under UV radiation
of In2O3 nanostructures processed by electrospinning. Mater. Chem. Phys. 2014, 147, 35–41. [CrossRef]

26. Yang, J.; Li, C.; Quan, Z.; Kong, D.; Zhang, X.; Yang, P.; Lin, J. One-Step Aqueous Solvothermal Synthesis of In2O3 Nanocrystals.
Cryst. Growth Des. 2007, 8, 695–699. [CrossRef]

27. Xing, Y.; Que, W.; Yin, X.; He, Z.; Liu, X.; Yang, Y.; Shao, J.; Kong, L.B. In2O3/Bi2Sn2O7 heterostructured nanoparticles with
enhanced photocatalytic activity. Appl. Surf. Sci. 2016, 387, 36–44. [CrossRef]

28. Yin, J.; Cao, H. Synthesis and Photocatalytic Activity of Single-Crystalline Hollow rh-In2O3 Nanocrystals. Inorg. Chem. 2012, 51,
6529–6536. [CrossRef]

29. Wang, Y.; Xue, S.; Xie, P.; Gao, Z.; Zou, R. Preparation, characterization and photocatalytic activity of juglans-like indium oxide
(In2O3) nanospheres. Mater. Lett. 2017, 192, 76–79. [CrossRef]

30. Zhang, F.; Li, X.; Zhao, Q.; Chen, A. Facile and Controllable Modification of 3D In2O3 Microflowers with In2S3 Nanoflakes for
Efficient Photocatalytic Degradation of Gaseous ortho-Dichlorobenzene. J. Phys. Chem. C 2016, 120, 19113–19123. [CrossRef]

31. Sirimanne, P.M.; Shiozaki, S.; Sonoyama, N.; Sakata, T. Photoelectrochemical behavior of In2S3 formed on sintered In2O3 pellets.
Sol. Energy Mater. Sol. Cells 2000, 62, 247–258. [CrossRef]

32. Sun, L.; Li, R.; Zhan, W.; Yuan, Y.; Wang, X.; Han, X.; Zhao, Y. Double-shelled hollow rods assembled from nitrogen/sulfur-
codoped carbon coated indium oxide nanoparticles as excellent photocatalysts. Nat. Commun. 2019, 10, 2270. [CrossRef]
[PubMed]

33. Li, H.; Chen, C.; Huang, X.; Leng, Y.; Hou, M.; Xiao, X.; Bao, J.; You, J.; Zhang, W.; Wang, Y.; et al. Fabrication of In2O3 @In2S3
core–shell nanocubes for enhanced photoelectrochemical performance. J. Power Sources 2013, 247, 915–919. [CrossRef]

34. Yang, X.; Xu, J.; Wong, T.; Yang, Q.; Lee, C.-S. Synthesis of In2O3–In2S3 core–shell nanorods with inverted type-I structure for
photocatalytic H2 generation. Phys. Chem. Chem. Phys. 2013, 15, 12688–12693. [CrossRef] [PubMed]

35. Hadia, N.; Mohamed, H. Synthesis, structure and optical properties of single-crystalline In2O3 nanowires. J. Alloy. Compd. 2013,
547, 63–67. [CrossRef]

36. Ashraf, M.A.; Li, C.; Zhang, D.; Fakhri, A. Graphene oxides as support for the synthesis of nickel sulfide–indium oxide
nanocomposites for photocatalytic, antibacterial and antioxidant performances. Appl. Organomet. Chem. 2019, 34, e5354.
[CrossRef]

37. Zhou, B.; Li, Y.; Bai, J.; Li, X.; Li, F.; Liu, L. Controlled synthesis of rh-In2O3 nanostructures with different morphologies for
efficient photocatalytic degradation of oxytetracycline. Appl. Surf. Sci. 2018, 464, 115–124. [CrossRef]

38. Qiu, B.; Cai, L.; Wang, Y.; Lin, Z.; Zuo, Y.; Wang, M.; Chai, Y. Fabrication of Nickel-Cobalt Bimetal Phosphide Nanocages for
Enhanced Oxygen Evolution Catalysis. Adv. Funct. Mater. 2018, 28, 1706008. [CrossRef]

http://doi.org/10.1016/j.jece.2019.103640
http://doi.org/10.1016/j.ceramint.2019.05.331
http://doi.org/10.1016/j.molliq.2020.113794
http://doi.org/10.1016/j.biori.2019.09.001
http://doi.org/10.1016/j.sajce.2019.05.002
http://doi.org/10.1016/j.molstruc.2020.129195
http://doi.org/10.1016/j.ijbiomac.2020.08.050
http://doi.org/10.1111/jace.12166
http://doi.org/10.1088/0957-4484/22/28/285712
http://doi.org/10.1021/la061844k
http://www.ncbi.nlm.nih.gov/pubmed/17042557
http://doi.org/10.1002/adfm.200304303
http://doi.org/10.1039/b610120h
http://www.ncbi.nlm.nih.gov/pubmed/17082866
http://doi.org/10.1016/j.matlet.2012.01.075
http://doi.org/10.1016/j.matchemphys.2014.03.057
http://doi.org/10.1021/cg070340x
http://doi.org/10.1016/j.apsusc.2016.06.057
http://doi.org/10.1021/ic300005c
http://doi.org/10.1016/j.matlet.2016.12.057
http://doi.org/10.1021/acs.jpcc.6b03618
http://doi.org/10.1016/S0927-0248(99)00161-0
http://doi.org/10.1038/s41467-019-10302-0
http://www.ncbi.nlm.nih.gov/pubmed/31118411
http://doi.org/10.1016/j.jpowsour.2013.09.054
http://doi.org/10.1039/c3cp51722e
http://www.ncbi.nlm.nih.gov/pubmed/23793450
http://doi.org/10.1016/j.jallcom.2012.08.116
http://doi.org/10.1002/aoc.5354
http://doi.org/10.1016/j.apsusc.2018.08.057
http://doi.org/10.1002/adfm.201706008


Int. J. Mol. Sci. 2022, 23, 4398 13 of 13

39. Yang, F.; Zhao, P.; Hua, X.; Luo, W.; Cheng, G.; Xing, W.; Chen, S. A cobalt-based hybrid electrocatalyst derived from a carbon
nanotube inserted metal–organic framework for efficient water-splitting. J. Mater. Chem. A 2016, 4, 16057–16063. [CrossRef]

40. Xiao, X.; He, C.-T.; Zhao, S.; Li, J.; Lin, W.; Yuan, Z.; Zhang, Q.; Wang, S.; Dai, L.; Yu, D. A general approach to cobalt-based
homobimetallic phosphide ultrathin nanosheets for highly efficient oxygen evolution in alkaline media. Energy Environ. Sci. 2017,
10, 893–899. [CrossRef]

41. Hamieh, T.; Ahmad, A.; Jrad, A.; Roques-Carmes, T.; Hmadeh, M.; Toufaily, J. Surface thermodynamics and Lewis acid-base
properties of metal-organic framework Crystals by Inverse gas chromatography at infinite dilution. J. Chromatogr. A 2022,
1666, 462849. [CrossRef] [PubMed]

42. Chen, N.; Chen, D.; Wei, F.; Zhao, S.; Luo, Y. Effect of structures on the adsorption performance of Cobalt Metal Organic
Framework obtained by microwave-assisted ball milling. Chem. Phys. Lett. 2018, 705, 23–30. [CrossRef]

43. Jamali, A.; Tehrani, A.A.; Shemirani, F.; Morsali, A. Lanthanide metal–organic frameworks as selective microporous materials for
adsorption of heavy metal ions. Dalton Trans. 2016, 45, 9193–9200. [CrossRef] [PubMed]

44. Xiao, M.; Zhu, J.; Feng, L.; Liu, C.; Xing, W. Meso/Macroporous Nitrogen-Doped Carbon Architectures with Iron Carbide
Encapsulated in Graphitic Layers as an Efficient and Robust Catalyst for the Oxygen Reduction Reaction in Both Acidic and
Alkaline Solutions. Adv. Mater. 2015, 27, 2521–2527. [CrossRef]

45. Kumar, D.; Singh, S.; Khare, N. Plasmonic Ag nanoparticles decorated NaNbO3 nanorods for efficient photoelectrochemical
water splitting. Int. J. Hydrogen Energy 2018, 43, 8198–8205. [CrossRef]

46. Weiher, R.L.; Ley, R.P. Optical Properties of Indium Oxide. J. Appl. Phys. 1966, 37, 299–302. [CrossRef]
47. Walsh, A.; Da Silva, J.L.F.; Wei, S.-H.; Körber, C.; Klein, A.; Piper, L.; Demasi, A.; Smith, K.E.; Panaccione, G.; Torelli, P.; et al.

Nature of the Band Gap ofIn2O3Revealed by First-Principles Calculations and X-Ray Spectroscopy. Phys. Rev. Lett. 2008,
100, 167402. [CrossRef]

48. Ma, X.-X.; Dai, X.-H.; He, X.-Q. Co9S8-Modified N, S, and P Ternary-Doped 3D Graphene Aerogels as a High-Performance
Electrocatalyst for Both the Oxygen Reduction Reaction and Oxygen Evolution Reaction. ACS Sustain. Chem. Eng. 2017, 5,
9848–9857. [CrossRef]

49. Zhu, P.; Duan, M.; Wang, R.; Ruoxu, W.; Zou, P.; Jia, H. Facile synthesis of ZnO/GO/Ag3PO4 heterojunction photocatalyst with
excellent photodegradation activity for tetracycline hydrochloride under visible light. Colloids Surf. A Physicochem. Eng. Asp.
2020, 602, 125118. [CrossRef]

50. Qin, J.; Zhang, X.; Yang, C.; Cao, M.; Ma, M.; Liu, R. ZnO microspheres-reduced graphene oxide nanocomposite for photocatalytic
degradation of methylene blue dye. Appl. Surf. Sci. 2017, 392, 196–203. [CrossRef]

51. Darwish, M.; Mohammadi, A.; Assi, N.; Manuchehri, Q.S.; Alahmad, Y.; Abuzerr, S. Shape-controlled ZnO nanocrystals
synthesized via auto combustion method and enhancement of the visible light catalytic activity by decoration on graphene. J.
Alloys Compd. 2017, 703, 396–406. [CrossRef]

52. Aulakh, M.K.; Pala, B.; Vaishnava, A.; Prakashb, N.T. Protected Biosynthesized monodispersed spherical Se co-catalyst nanoparti-
cles impregnated over ZnO for 4-chloroguaiacol degradation under solar irradiations. J. Environ. Chem. Eng. 2020, 9, 104892.
[CrossRef]

http://doi.org/10.1039/C6TA05829A
http://doi.org/10.1039/C6EE03145E
http://doi.org/10.1016/j.chroma.2022.462849
http://www.ncbi.nlm.nih.gov/pubmed/35108630
http://doi.org/10.1016/j.cplett.2018.05.051
http://doi.org/10.1039/C6DT00782A
http://www.ncbi.nlm.nih.gov/pubmed/27171975
http://doi.org/10.1002/adma.201500262
http://doi.org/10.1016/j.ijhydene.2018.03.075
http://doi.org/10.1063/1.1707830
http://doi.org/10.1103/PhysRevLett.100.167402
http://doi.org/10.1021/acssuschemeng.7b01820
http://doi.org/10.1016/j.colsurfa.2020.125118
http://doi.org/10.1016/j.apsusc.2016.09.043
http://doi.org/10.1016/j.jallcom.2017.01.309
http://doi.org/10.1016/j.jece.2020.104892

	Introduction 
	Results and Discussion 
	Catalyst Characterization 
	Photocatalytic Performances 
	Catalytic Reduction of 4-Nitrophenol 
	Photocatalytic Degradation of Methylene Blue 


	Materials and Methods 
	Synthesis of In2O3-MF 
	Physical Characterization 

	Conclusions 
	References

