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ion-doped In2O3 nanocubes:
investigation of their photocatalytic degradation
activity under sunlight†

Velayutham Shanmuganathan,a Jayaraj Santhosh Kumar, a Raman Pachaiappanb

and Paramasivam Thangadurai *a

The objective of this work was to study the effect of transitionmetal ion doping (1 wt% of Mn, Fe, Co, Ni, and

Cu) in indium oxide (In2O3) on its photocatalytic activity to degrade organic dyes, which are considered

potential environment pollutants. The transition metal ion-doped In2O3 nanocube photocatalyst was

prepared via the hydrothermal method. After understanding the thermal behavior of the as-prepared

sample (In(OH)3), it was calcined at 400 �C for 3 h to obtain In2O3. The In2O3 was systematically

investigated via FESEM, X-ray diffraction, Raman spectroscopy and UV-vis absorption analysis.

Microstructure analysis by FESEM showed that the In2O3 was formed as nanocubes. These nanocubes

were formed in a single phase with a cubic crystal structure, while their crystallite size increased from

11 nm to 19 nm when doped with 1 wt% of transition metals, including Mn, Fe, Co, Ni and Cu. The band

gap energy for pure In2O3 was determined to be 3 eV, and that for the metal ion-doped In2O3 showed

a slight decrease to the lowest value of 2.94 eV. The photoluminescence (PL) decay lifetime was found

to be in the range of 28.56 ns to 33.89 ns. Photocatalytic experiments were conducted for the

degradation of methylene blue (MB) dye under sunlight irradiation in the presence of the In2O3

nanocubes. Among the five metal ion-doped samples, the Ni ion-doped In2O3 photocatalyst exhibited

the highest degradation efficiency of 98% in 270 min of sunlight exposure. The high performance of Ni–

In2O3 is due to its highest PL lifetime of 33.89 ns. The complete route for the degradation of MB dye was

revealed by identifying the intermediates.
1. Introduction

Water is excessively used in all industries, which threatens the
ecosystem when effluent water is let out in freshwater streams
without proper treatment.1 In particular, the textile industry
uses a huge quantity of water due to the nature of its work, and
it also uses innumerable types of synthetic dyes, which are toxic
to the environment,2 and thus has become a serious environ-
mental issue. Thus, to overcome this environmental issue from
the dying industry, various technologies/methods have been
developed and utilized for the degradation of dyes. Among
them, a widely usedmethod is photocatalysis, also known as the
advanced oxidation process. Nanotechnology has provided an
advanced technique for the degradation of the dyes present in
effluents using various nanomaterials as photocatalysts for
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photocatalysis. In a typical photocatalytic process, the photo-
catalyst is mixed with a dye effluent solution, which is then
irradiated under a suitable light source such as UV, visible and
sunlight. These catalyst materials react with the dye effluent
under light irradiation and produce free radicals (e.g., hydroxyl
radicals), which are necessarily involved in the process of dye
degradation to break the bonds of the organic substances (dyes)
and convert them into either less harmful or safe products.3

Photocatalyst materials must possess some peculiar properties
such as efficient light-absorbing capability, non-toxicity, high
photostability, large carrier mobility and low charge recombi-
nation rate to exhibit a good photodegradation performance. An
efficient process is not achieved when the catalyst materials
have a large bandgap, which causes them to degrade dyes only
in the presence of UV light, which is harmful and only makes up
a small portion of the solar spectrum (about 4%). Thus,
research interest has been shied towards visible light (45% of
the solar spectrum) active photocatalyst materials.4 For
example, titania (TiO2), a well-known photocatalyst, has been
used for many years, but it is active mainly in the UV region of
the solar spectrum, which is a major drawback of this material.5

Light absorption capability is the other important characteristic
of photocatalysts.6 The need for efficient photocatalysts is
Nanoscale Adv., 2021, 3, 471–485 | 471
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continuously increasing as the demand for a clean environment
increases. Therefore, it is necessary to nd highly efficient
visible light active photocatalyst materials. Recently, semi-
conductor metal-oxides such as TiO2, ZnO, V2O5, CeO2, and
SnO2 have been used as homogeneous photocatalysts, but they
suffer enormously from a fast electron–hole recombination
rate.7–11 In addition to simple oxides, composites such as In2O3–

ZnO nanocomposites, layered double oxides and layered double
hydroxides have also been successfully used for the photo-
degradation of methylene blue.12,13 Furthermore, photocatalysts
have been tuned by various processes such as doping, surface
decoration, and forming composites with homogeneous pho-
tocatalysts to yield heterogeneous photocatalysts with extended
electron–hole recombination time.14–17 Recently, a new meth-
odology has also been used in addition to the conventional
photocatalysis. Instead of only photo-assisted reactions in
photocatalysis, electrical assistance has also been applied such
as electrocatalysis12 to degrade methylene blue. Another state-
of-the-art technique is to understand the photocatalytic
phenomena is measuring the photocurrent generated during
photocatalysis.18,19 Additionally, the state-of-the-art materials
such as single crystalline quaternary sulde nanobelts,20 carbon
dots21 and transition metal hydroxide nanosheet arrays on
graphene22 were also reported for this application.

In consistent with the current demands, this work is aimed
to prepare indium oxide (In2O3) photocatalysts via a hydro-
thermal method in pure form and doped with 1 wt% transition
metals. This state-of-the-art material was designed to exhibit an
enhanced photodegradation performance. The hydrothermal
method was chosen in this work because, this method is rela-
tively simple, and a well-dened morphology can be obtained.
Moreover, this process is carried out at a high pressure in
a reactor vessel, and therefore it can work very well at a relatively
low temperature of around 100 �C. As a semiconductor metal
oxide, the In2O3 possesses a bandgap energy in the range of 3.00
eV to 4.30 eV, it is active under visible light and shows high
stability, non-toxicity and high light absorption capability.23,24

Transition metal doping was employed to change the physi-
ochemical (optical and chemical) properties of the In2O3 pho-
tocatalyst, and ve transition metals such as Mn, Fe, Co, Ni and
Cu (1 wt%) were chosen for doping in In2O3 in the present
work.25 The structure and optical properties of these photo-
catalysts were completely characterized using different tech-
niques. In addition, their photocatalytic application was
studied using methylene blue as a model organic dye, which is
a common dye used in the dyeing industry.

2. Experimental procedure
2.1 Precursor materials

All procedures used the precursor chemicals as received without
further purication. Indium(III) chloride (Himedia, India) and
ammonia solution (Merck) were used in the synthesis of In2O3.
For transition metal ion doping, manganese(II) acetate
(Aldrich), cobalt(II) nitrate, ferric nitrate, nickel(II) nitrate
(Himedia) and copper(II) acetate (Merck) were used as the
precursors of the transition metal ions Mn, Co, Fe, Ni and Cu,
472 | Nanoscale Adv., 2021, 3, 471–485
respectively. Methylene blue (Himedia) was the dye used in the
photocatalytic experiments. Double distilled water was used as
needed.

2.2 Synthesis of pure and metal ion-doped In2O3

The pure and transition metal ion-doped In2O3 photocatalysts
were synthesized via the hydrothermal method. Indium(III)
chloride was used as the precursor and ammonia hydroxide as
a precipitating agent. Briey, 0.025 M indium(III) chloride was
dissolved in 80 mL distilled water and constantly stirred for
30 min until a clear homogeneous solution was obtained. Then
1 mL ammonia solution was added dropwise to the precursor
solution under constant stirring for 30 min, forming a precipi-
tate. The pH of the solution was measured to be 6 and 10 before
and aer the addition of ammonia solution, respectively. Then,
1 wt% of the appropriate transition metal ion precursor (that is,
manganese(II) acetate for Mn, cobalt(II) nitrate for Co, ferric
nitrate for Fe, nickel(II) nitrate for Ni and copper(II) acetate for
Cu) was added to the above reaction solution. This mixture was
transferred to a hydrothermal reaction chamber (a Teon-
coated stainless steel container), sealed completely and kept
at 180 �C for 24 h in an oven. Aer completion of the reaction,
the chamber was cooled to room temperature, and the formed
precipitate was centrifuged, washed with water and acetone,
and then dried at 80 �C. Initially, In(OH)3 was obtained using
the above conditions. To obtain the transition metal-ion doped
In2O3, it was subsequently calcinated at 400 �C for 3 h. Pristine
In2O3 was also prepared as a control sample following the same
procedure.

2.3. Characterization

Thermogravimetric analysis was performed (Q600 SDT, TA
Instruments) in an air atmosphere at a heating rate of
10 �C min�1. X-ray diffraction patterns were acquired on
a powder X-ray diffractometer (Ultima-IV, Rigaku) using Cu-Ka
radiation. Electron micrographs and X-ray energy dispersive
spectra were acquired on a eld emission scanning electron
microscope (Hitachi, S-3400N) operated at 30 kV. UV-vis
absorption spectroscopy was performed on a Shimadzu UV-
3600 spectrophotometer. Steady state photoluminescence (PL)
and time-resolved PL spectroscopy were conducted on a Fluo-
rolog-FL3-11-Horiba spectrophotometer. All characterizations
were performed at room temperature. Brunauer–Emmett–Teller
(BET) specic surface area measurements were carried out on
a Micrometrics Gemini VII 2390 via N2 absorption at 77 K.

2.4. Photocatalysis experiment

The photocatalytic performance of the transition metal ion-
doped In2O3 photocatalysts was investigated through photo-
degradation studies on aqueous methylene blue dye (MB)
solution under sunlight irradiation at ambient conditions.
Firstly, 100 mL MB dye solution (aqueous) of 0.02 mM
concentration was prepared and 50 mg photocatalyst (pure and
transition metal ion-doped In2O3) was added to it and mixed
homogeneously in the dark for 30 min to allow the dye mole-
cules to be equilibrated with the photocatalyst. Then the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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reactant solution was exposed directly to sunlight continuously
for 270 min, and at xed intervals, the sunlight-exposed solu-
tion was collected and tested viaUV-vis absorption analysis. The
intermediate products formed during the pathway of photo-
degradation of MB dye under sunlight irradiation were studied
via electrospray ionization mass spectroscopy (ESI-MS) (1260
Innity series HPLC (Agilent) connected to LCMS-2020 (Shi-
madzu)). The analysis was carried out with the mobile phase of
37% acetonitrile and 0.1% formic acid, injection volume of 90
mL, Zorbax Eclipse Plus C18 (250 � 4.6 mm, 5 mm) column,
electrospray ionization positive mode, and the m/z scan was
performed in the range of 50–1000. To understand the domi-
nant role of a particular active radical in photocatalysis, scav-
enger molecules were used, and this experiment was conducted
using a similar method as that in our previous studies.6,26
3. Results and discussion
3.1 Differential scanning calorimetry (DSC)

The thermal behavior of the as-prepared indium hydroxide
(In(OH)3) sample was studied via DSC. Fig. 1 presents the DSC
thermogram of In(OH)3, which shows a sharp endothermic
peak at 316 �C, corresponding to the phase transformation of
the as-prepared sample from the hydroxide phase to a well
crystalline In2O3 phase. This temperature (316 �C) is attributed
to the crystallization temperature of indium hydroxide to In2O3,
which matches well with the reported values in the literature.27

Thus, based on the thermal analysis and the values reported in
the literature, the calcination temperature for the as-prepared
sample was xed at 400 �C to obtain the crystalline phase of
In2O3.
3.2 XRD analysis

Fig. 2a presents the XRD patterns of the as-prepared In(OH)3
with different doped metal ions and that the of the 400 �C cal-
cinated In2O3 are shown in Fig. 2b. The as-prepared samples of
In(OH)3 (Fig. 2a) show X-ray reections at 2q values of 22.28�,
Fig. 1 DSC thermogram of the as-prepared indium hydroxide,
In(OH)3.

© 2021 The Author(s). Published by the Royal Society of Chemistry
31.71�, 39.10�, 45.46�, 51.19�, and 56.49�, whichmatch well with
the cubic phase of In(OH)3 possessing a space group symmetry
of Im�3 (ICDD #98-001-7283). In contrast, the reections
observed at 30.58�, 35.46�, 45.68�, 51.02�, and 60.66� in Fig. 2b
correspond to a cubic phase of In2O3 whose structural symmetry
is governed by the Ia�3 space group (ICDD #98-000-6517). Thus,
the complete structural transformation from hydroxide phase
into cubic In2O3 is obvious when the former was calcinated at
400 �C. Further, it is also clear that no impurity phases are
present in any of the metal ion-doped In2O3. Hereaer, all the
studies were performed only on the metal ion-doped In2O3.

The lattice parameters were calculated using the standard
formula for the cubic phase and the obtained lattice parameters
are listed in Table 1. It can be observed that the variation in the
lattice parameter was small because the doping concentration
of the transition metal ions was just 1 wt%. When the metal ion
concentration was increased to 3 wt%, a secondary phase was
formed, and therefore, this study was limited to 1 wt% of
transition metal ion doping. The XRD results for In2O3 with
different concentrations of dopant ions are presented in Fig. S1
of the ESI,† where the impurity phases are marked with an
asterisk. These impurity/secondary phases were not identied.
The average crystallite size of these samples was estimated
using the Scherrer equation,28 and the crystallite sizes were
observed to vary in the range of 12 nm to 18.7 nm (listed in
Table 1). In particular, the size varied in the range of 12.0 to
14.1 nm for the Cu-, Ni-, Co- and Mn-doped In2O3, whereas Fe
doping alone yielded a size of 18.7 nm. The ionic radius of In3+

is 80 pm, whereas that of Cu2+, Ni2+, Co3+, Fe3+ andMn2+ was 77,
70, 60, 60, and 70 pm, respectively. Since all the dopant ions
possess a lower ionic radius, besides introducing a slight strain
in the In2O3 lattice upon doping, they did not inuence the
crystallite size signicantly. The strain values due to doping
were estimated from the Williamson–Hall plot of the XRD data
and are presented in Table T1 of the ESI.† The strain values for
In2O3 varied in the range of 4.42 � 10�3 to 10.71 � 10�3 when
doped with these metal ions. Therefore, the inuence of the
crystallite size on the physicochemical properties of the metal
ion-doped In2O3 was ruled out in this work.
3.3 Raman spectroscopy studies

The Raman spectra for the pure and transition metal ion-doped
In2O3 are presented in Fig. 3. The vibrational modes of the cubic
In2O3 are given as G ¼ 4Ag + 4Eg + 14F2g.29

All the Raman modes shown in Fig. 3 agree well with that of
the cubic-structured In2O3, and the observed Raman modes at
109, 135, 307, 366, 495 and 631 cm�1 conrm that the structural
symmetry of In2O3 is governed by the Ia�3 space group.30 In
particular, the vibrations with Ag and Eg symmetry are Raman
active but infrared inactive and the Raman modes are observed
at 135 cm�1 and 631 cm�1, respectively. These Ag and Eg modes
originated from the In–O vibrations. The other two Raman
bands observed at 307 cm�1 and 366 cm�1 are assigned to In–
O–In vibrations, which also signify the existence of oxygen
vacancies in the In2O3 structure.31 The width (full width at half
maximum, FWHM) of the band at 307 cm�1 was estimated by
Nanoscale Adv., 2021, 3, 471–485 | 473
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Fig. 2 XRD patterns of pure and metal ion (Mn, Fe, Co, Ni and Cu) doped (a) as-prepared In(OH)3 and (b) In2O3. The latter was obtained by
a calcination of the former at 400 �C.
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tting that particular peak using a Lorentz function, and found
to vary between 16.1 and 30.96 (see Fig. S2 of the ESI†). The
FWHM of the band 307 cm�1 generally correlates with the
crystallite size of In2O3. The FWHM was observed to be high,
that is, the peak is broad for the lower grain sizes and increased
thereaer. However, the width of the Fe-doped In2O3 was found
to be lowest among the samples, corroborating its highest
crystallite size of 18.7 nm.

3.4 Microstructure analysis by FESEM

The morphologies of the pure and Mn, Fe, Co, Ni, and Cu metal
ion-doped In2O3 were studied via FE-SEM and the SEM micro-
graphs acquired using secondary electrons are presented in
Fig. 4. By careful analysis of the FE-SEM micrographs, the
morphology of the pure and metal ion-doped In2O3 was
Table 1 Estimated average crystallite sizes, lattice parameters and the ban

Sample
Average crystallite
size, d (nm)

In2O3 12.0
1 wt% Cu–In2O3 12.5
1 wt% Ni–In2O3 13.4
1 wt% Co–In2O3 14.1
1 wt% Fe–In2O3 18.7
1 wt% Mn–In2O3 14.1

474 | Nanoscale Adv., 2021, 3, 471–485
observed as cube-shaped, and therefore they are referred to as
nanocubes. The shape of these nanocubes is generally uniform
andmonodispersed. The particle size distribution was obtained
by measuring the particle size of several particles from the SEM
images. About 75 to 100 particles were counted in each case to
obtain their respective size distribution histograms, which are
presented in Fig. S3 of the ESI.† The size distribution histo-
grams were tted with a Gaussian function to obtain the average
size, which was observed to vary in the range of 41.7 nm to
52.1 nm. These nanocubes are well discernible from one
another, which means that they are not agglomerated. Addi-
tionally, no observable changes are occurred in the morphology
of the In2O3 nanocubes upon the addition of metal dopants.
Further, the elemental composition was studied through XEDS,
as shown in Fig. S4 (ESI†), which show the presence of In and O
d gap energies of the pure and 1 wt% transitionmetal ion-doped In2O3

Lattice parameter,
a (Å)

Band gap energy
(eV)

1.4862 3.00
1.4857 2.97
1.4855 2.99
1.4844 2.97
1.4851 2.94
1.4846 2.97

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Raman spectra of pure and 1 wt% transition metal ion Mn, Fe,
Co, Ni, and Cu-doped In2O3.

Fig. 5 UV-vis diffused reflectance spectra for the pure and transition
metal ion-doped In2O3.
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elements. However, in the metal-doped In2O3, the presence of
In and O and the respective metal ions was observed. Since the
concentration of metal ion doping was only 1 wt%, the peaks in
the XEDS spectra corresponding to the metal atoms are not
predominant, but observed to be signicant.
3.5 Diffused reectance spectroscopy analysis

Because the In2O3 photocatalyst samples possess a nanocube
microstructure, their surface would be rough enough to allow
specular reection to occur when any optical beam hit them,
Fig. 4 Field emission SEMmicrographs (secondary electrons were used)
In2O3, (e) 1 wt% Ni–In2O3 and (f) 1 wt% Cu–In2O3. The particle size distrib
the ESI.† The markings on the micrographs were used to obtain the part

© 2021 The Author(s). Published by the Royal Society of Chemistry
and therefore diffused reectance spectroscopy (DRS) was used
to study the optical absorption properties of these samples. The
DRS spectra for the pure and 1 wt% Mn, Fe, Co, Ni, and Cu ion-
doped In2O3 nanocubes acquired in the wavelength range of
200 to 800 nm are presented in Fig. 5.

The optical band gap energy of the metal ion-doped In2O3

was estimated by plotting the DRS spectra (see Fig. 5) using the
Kubelka–Munk function,32 which is expressed as follows:

f ðRÞ ¼ ð1� RÞ2
2R

¼ K

S
(1)
of (a) pure In2O3, (b) 1 wt%Mn–In2O3, (c) 1 wt% Fe–In2O3, (d) 1 wt% Co–
ution of each of the In2O3 nanocube samples is presented in Fig. S3 of
icle size estimation. Scale bar given in (a) is the same for all the figures.

Nanoscale Adv., 2021, 3, 471–485 | 475
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Fig. 6 Photoluminescence emission spectra of pure and transition
metal ion-doped In2O3. Three distinct regions of emission are marked
with different colour shades.
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where R is the reectance, and K and S are the absorption and
reection coefficients, respectively. The Kubelka–Munk func-
tion plots for all the In2O3 samples are presented in Fig. S3 of
the ESI.† The at regions of the reectance proles were
extrapolated to the x-axis to provide the band gap energy, which
was determined to vary from 2.94 eV to 3.00 eV. Even though the
crystallite size variation was small for each sample, a slight
dependence on the band gap energy on crystallite size was
observed. It is very common in nanomaterials with a lower grain
Fig. 7 Time-resolved photoluminescence decay curves for the pure and
data and continuous lines were fit to the data using a triexponential fun

476 | Nanoscale Adv., 2021, 3, 471–485
size to have a higher band gap energy due to the physical
attribute known as “quantum connement”. In this case, pure
In2O3 with a crystallite size of 12.0 nm possesses a band gap of
3.00 eV, whereas the Fe-doped In2O3 with a crystallite size of
18.7 nm has a band gap of 2.94 eV. The other samples show
a clear correlation with their respective crystallite size. However,
the variation in the bandgap values for each sample is signi-
cantly small.
3.6 Photoluminescence emission studies

Fig. 6 presents the photoluminescence (PL) spectra of the pure
and transition metal ion-doped In2O3 acquired at 300 nm
excitation. Three well-dened emission peaks can be observed
in three wavelength regions, as shaded in different colors (in
Fig. 6) for all the In2O3 samples, including the metal-ion doped
samples. It should be noted that bulk In2O3 does not show
emission, as reported by Ohhata et al.33 However, many
researchers have reported the PL emission in In2O3, mostly due
to the presence of oxygen defects. For In2O3 thin lms, only one
emission at 637 nmwas observed, and this orange emission was
attributed to the presence of oxygen deciencies or defects.34

Another group reported a broad PL emission with a centre at
470 nm whenmeasured at room temperature.35 Nanocuboids of
In2O3 have already been reported in the literature.36 Two emis-
sions were commonly reported for In2O3 at 405 nm and 570 nm
when they were prepared with a nanobre morphology.37

However, in the single crystalline nanowires, two PL peaks with
a maximum at 380 nm were also reported.38 We observed PL
emission at three different wavelengths (405, 470 and 530 nm).
Based on the reports available in the literature, there are two
possibilities for obtaining an emission for In2O3. One is due to
the quantum connement effect when the particle size of In2O3
transition metal ion-doped In2O3. Discrete points are the experimental
ction given in ref. 43.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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is smaller or about the same as its critical Bohr radius. The
second possibility is the presence of oxygen defects. Liang
et al.39 clearly ruled out the possibility of the PL emission from
quantum connement because the diameter of the nanobers
they prepared was far away from the critical Bohr radius for
In2O3, which is 2.14 nm. Consistent with their discussion, the
particle sizes of our In2O3 varied from 12.0 nm to 18.7 nm,
which is much higher than the critical Bohr radius of In2O3, and
therefore, the size-induced PL emission due to the quantum
connement effect is also ruled out in our case. Therefore, the
observed PL emissions at 405, 470 and 530 nm can be attributed
to oxygen vacancies. Upon doping transition metal ions in the
In2O3 lattice, there are reports stating a gradual increase in the
number of oxygen vacancies.36,37 A blue emission was observed
from In2O3 at 405 and 470 nm, which are attributed to the
radiative recombination of an electron and hole (VIn and VO) in
In2O3, respectively. The third emission appeared at 530 nm,
which falls in the yellow-orange region and its origin is the
recombination of electrons in singly ionised oxygen vacancies
with holes in the valence band or doubly ionised oxygen
vacancies. In particular, the In2O3 cube nanostructures favour
the generation and existence of a large quantities of oxygen
vacancies.40 Another study reported three PL emissions at 430,
480 and 520 nm for In2O3 nanoparticles.41 It is also interesting
Table 2 Time constants and their relative amplitudes for the pure and t
photoluminescence decay profiles using the triexponential function

Sample s1 (ns) s2 (ns) s3 (ns)

In2O3 2.21 29.75 0.03
1 wt% Mn–In2O3 1.95 28.10 0.03
1 wt% Fe–In2O3 2.38 30.60 0.32
1 wt% Co–In2O3 2.11 27.50 0.14
1 wt% Ni–In2O3 2.99 35.00 0.59
1 wt% Cu–In2O3 2.22 31.53 0.22

Fig. 8 (a) Normalized concentration profiles for MB dye degradation wi
100 mg under sunlight irradiation. (b) Corresponding photocatalytic effic

© 2021 The Author(s). Published by the Royal Society of Chemistry
to note that the emission peak positions (marked in Fig. 6 with
vertical dotted red lines) of these three emissions are not shied
upon doping of the transition metal ions. Therefore, it can also
be concluded that the same mechanism of PL emission occurs
in all the In2O3 samples, which is obviously due to oxygen
defects.
3.7 PL lifetime analysis

The time-resolved photoluminescence (TRPL) lifetime decay
proles for the pure and transition metal ion-doped In2O3 are
presented in Fig. 7. All the TRPL decay proles were tted with
the triexponential function42 and the average PL lifetime (savg)
was obtained using a formula43 containing the weightage
amplitudes A1, A2 and A3 and decay time constants s1, s2 and s3.

The lifetime components and their relative amplitudes ob-
tained through triexponential tting of the TRPL decay proles
are listed in Table 2. The lifetime component s1 lies in the range
of 1.95–2.99 ns, s2 varies from 27.5 ns to 35 ns, and s3 varies
from 0.03 ns to 0.59 ns. However, the average lifetime (savg) for
all the samples was in the range of 26.50–33.89 ns. The average
lifetime for 1 wt% Ni–In2O3 was 33.89 ns, which is the highest
among pure In2O3 and the other samples. Consequently, Ni ion
doping signicantly increased the charge separation and the
enhanced lifetime of the charge carriers in the photocatalyst
ransition metal ion-doped In2O3 obtained by fitting the time-resolved

A1 (%) A2 (%) A3 (%)
Average lifetime
savg (ns)

4.32 9.08 86.6 28.56
6.29 12.8 80.91 27.06

21.26 53.43 25.31 29.61
18.79 40.58 40.63 26.50
22.15 61.25 16.6 33.89
22.09 50.08 27.83 30.53

th different catalyst (pure In2O3) loadings of 25 mg, 50 mg, 75 mg and
iency for each catalyst loading for the exposure time of 150 min.
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Fig. 9 (a–f) UV-vis absorption spectra for pure and Mn, Fe, Co, Ni, and Cu-doped In2O3 photocatalysts showing the evolution of absorption
intensity of MB dye upon direct sunlight irradiation for the total irradiation time of 270 min, respectively. The decrease in intensity shows
a decrease in the content of MB upon sunlight irradiation. (g) Digital images showing the color of the dye solution after periodic photocatalytic
degradation of MB in the presence of 1 wt% Ni–In2O3 under sunlight for 270 min.
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material, making it very suitable for application in
photodegradation.
3.8 Photocatalytic studies

3.8.1 Effect of catalyst loading. The optimum quantity of
catalyst loading required to achieve the best photocatalytic
degradation is a very crucial factor to consider. Therefore,
rstly, a set of experiments was carried out to determine the
optimal quantity of catalyst loading, which would also reduce
the wastage or extra usage of catalyst material in the process of
photocatalysis, and consequently, the total process would
become less expensive. The experiments were performed by
varying the amount of photocatalyst (that is pure In2O3) loading
including 25 mg, 50 mg, 75 mg and 100 mg and the concen-
tration of MB dye was kept constant for all the trials. For the
photocatalytic experiments, pure In2O3 was dispersed inMB dye
478 | Nanoscale Adv., 2021, 3, 471–485
solution and stirred in the dark for 30 min, and then the
homogenized and equilibrated solution was then irradiated
under sunlight for 150 min. The sunlight-exposed solution was
collected at 30 min intervals and spectroscopically analyzed.

Fig. 8a presents the linearity of the photodegradation reac-
tion for the various catalyst loadings of 25mg, 50mg, 75mg and
100 mg and the corresponding degradation efficiencies are
shown as a bar graph in Fig. 8b. The degradation efficiency is
increased from 58% to 76% as the In2O3 loading increased from
25 mg to 50 mg, and a further increase in the catalyst loading to
100 mg led to a decrease to 41%. The decrease in the degrada-
tion efficiency at a higher catalyst loading is due to two reasons,
one is the greater light scattering and the second is the
screening effects. Since the number of photocatalyst particles
available is more, they lead to the heavy scattering of light and
the other reason is the screening effect of this heavy scattering.
In addition, an obvious change in the nature of the reactant dye
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) C/C0 versus of irradiation time, (b) �ln(C/C0) versus reaction time, where the experimental data is shown by discrete points and the
linear fit to the data is shown by continuous lines, and (c) efficiency bar graph for pure and transition metal ion-doped (Mn, Fe, Co, Ni, and Cu)
In2O3 photocatalysts for the degradation of MB dye. The continuous lines in (a) are a guide to the eyes.
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solution was observed, which looked “clear” when the catalyst
loading was less, whereas it became turbid for a higher catalyst
loading. It is understandable that when the system is turbid,
this would not allow sunlight to pass through, which reduced
the effective degradation of the dye solution.42 In this work,
50 mg catalyst loading showed a maximum degradation of MB
dye, and therefore 50 mg of In2O3 was considered to be the
optimum quantity and used subsequently herein.

3.8.2 Photocatalytic studies on MB. Aer the photocatalyst
loading was optimized, photocatalytic experiments were carried
out with the optimal catalyst loading of 50 mg in 100 mL
aqueous dye solution under direct sunlight irradiation for
270 min. The absorption spectra of the irradiated solutions for
different time intervals are shown in Fig. 9, which clearly show
a decrease in absorption intensity with an increase in sunlight
irradiation time.

The degradation efficiency of the photocatalysts was ob-
tained from the UV-vis spectral evolution using the formula,

hð%Þ ¼ ðC0 � CÞ
C0

(2)

where C0 and C are the initial and nal MB concentration,
respectively. The degradation efficiencies of the pure In2O3, Mn,
Fe, Co, Ni and Cu-doped In2O3 were determined to be 71%,
89%, 86%, 91%, 98% and 91%, respectively. A bar diagram
showing the maximum degradation by all these photocatalysts
is presented in Fig. 10b. Then, using the C0 and C values ob-
tained from the UV-vis absorption spectra, �ln(C/C0) versus
sunlight irradiation time was plotted, as shown in Fig. 10c. A
good linearity of the photocatalytic reaction was obtained with
respect to irradiation time, conrming that the photocatalyst
undergoes a pseudo-rst-order kinetic reaction for the degra-
dation of dye molecules. Additionally, the reaction rate
constants for the photodegradation reactions were calculated
from the slope of the linear tting to the data in Fig. 10c, and
the rate constant k was determined to be 0.00538 min�1,
0.00798 min�1, 0.00753 min�1, 0.00893 min�1, 0.01378 min�1,
© 2021 The Author(s). Published by the Royal Society of Chemistry
0.00926 min�1 using the pure and Mn, Fe, Co, Ni and Cu-doped
In2O3 photocatalysts respectively.

In the literature, In2O3 has been widely studied as a visible
light active photocatalyst.44Using solid-state reaction, a series of
metal ion-doped MIn2O4 (M ¼ Ca, Sr, and Ba) photocatalysts
were reported to exhibit higher activity for MB degradation in
120min under visible light, and their performance was reported
to be much higher than that of the commercial Degussa P25
powder.45 CaIn2O4 was synthesized via a solution-combustion
method, which took only 90 min to decompose MB under
visible light irradiation.46 Another research group reported that
a core-shell-like coupled composite In2O3–CaIn2O4, which was
synthesized via sequential calcination, showed better visible
light-induced photodegradation of MB than the single compo-
nent CaIn2O4. This enhanced and quick activity within 40 min
was attributed to the selective charge separation and efficient
charge transport at the interface of In2O3 and CaIn2O4.47 In
another study, a core–shell like nanocomposite of In2O3@Ba2-
In2O5, which was prepared via the chemical impregnation
method, degraded MB completely in just 30 min under visible
light.48 The sol–gel method-synthesized composite In2O3–TiO2

was studied for the degradation of Alizarin Red using different
contents of In2O3. However, the composite with a 3% In2O3

content showed the highest photocatalytic activity with 99%
degradation of Alizarin Red in 75 min.49 A new material system,
TiO2 co-doped with Ag and In2O3, containing a three–compo-
nent junction was produced. These Ag–In2O3–TiO2 nano-
composites exhibited the highest activity for the degradation of
Rhodamine B (Rh-B) completely in 45 min compared to pure
TiO2, single-doped TiO2 and P25 Degussa powder.50 The In2O3

tuned to have a bandgap in the visible region (3.55–3.75 eV) and
fabricated by the co-precipitation method, when doped with
Eu3+, showed higher efficiency than pure In2O3, but still the
efficiency of the Eu3+-doped In2O3 was only 45% in 120 min
under sunlight irradiation.51 Another group has developed three
types of nanostructured In2O3 with different morphologies such
as nanocubes, nanoplates, and porous microspheres, which
were used for the degradation of peruorooctanoic acid (PFOA),
Nanoscale Adv., 2021, 3, 471–485 | 479
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Fig. 11 (a) Change in relative concentration for different times of
sunlight irradiation and (b) maximumphotodegradation efficiencies for
MB dye in the presence of scavengers SO and TBA molecules.
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and the degradation rates of the nanocubes, nanoplates and
porous microspheres were 17.3, 41.9, and 74.7 times faster than
that by P25 TiO2.52 Rhombohedral-structured In2O3 nano-
crystals synthesized via the solvothermal method degraded 92%
of Rh-B (rhodamine-B) and MB in reaction times of 4 h and 3 h,
respectively.53 Thus, compared to the other photocatalysts re-
ported in the literature, the Ni-doped In2O3 in this study shows
a comparatively good degradation in a reasonable time. To
visualize the degradation performance of the Ni-doped In2O3,
the degraded MB dye solutions aer different periods of
sunlight irradiation were digitally imaged, as presented in
Fig. 9g, where the decoloration of the dye with respect to irra-
diation time can be observed.

Another crucial factor inuencing the photodegradation
performance is the surface area of the samples. Thus, to
understand this parameter, BET surface area measurements
480 | Nanoscale Adv., 2021, 3, 471–485
were done selectively on two samples, namely pure In2O3 and
1 wt% Ni–In2O3. The BET surface area was determined to be
48.14 (�0.2881) m2 g�1 and 50.81(�0.1249) m2 g�1 for the pure
In2O3 and 1 wt% Ni–In2O3, respectively. The surface area was
slightly higher in the case of Ni-doped In2O3, which could also
have assisted in enhancing its photodegradation performance
compared to that of pure In2O3.

3.8.3 Understanding the active radicals in photocatalysis.
The most common reactive species that participate in photo-
catalysis are electrons, holes (h+) and hydroxyl radicals (cOH).
On many occasions, one or more of them work for the degra-
dation of the dye molecules. Thus, is very important to under-
stand the type of species participating in the degradation,
although this is challenging. However, the use of appropriate
scavenger molecules in the regular photocatalytic experiments
can identify the specic reactive species. Thus, we used the
scavenger molecules of sodium oxalate (SO) for holes (h+) and
tert-butyl alcohol (TBA) for hydroxyl radicals (cOH). Addition-
ally, all the experimental conditions were maintained as that in
the regular photocatalytic experiments. In this case, the 1 wt%
Ni–In2O3 photocatalyst with the best efficiency was used, and
a detailed procedure of this experiment was reported in our
previous publication.6,26 The reaction mixture containing MB
solution, 50 mg of 1 wt% Ni–In2O3 and scavenger molecules SO
and TBA was irradiated with sunlight for 150 min and the
irradiated solutions were analyzed via UV-vis absorption spec-
troscopy. The absorption spectra are shown in Fig. S4 of the
ESI.† The normalized concentration C/C0 versus time plot and
the corresponding maximum photodegradation efficiency are
presented in Fig. 11a and b, respectively. With no scavengers
added, the degradation efficiency was 83.6%, whereas the effi-
ciencies were 77% and 47.5% when TBA and SO were used,
respectively. Among these three cases, the degradation of MB
was observed to be the lowest when TBA was added, which
implies that the maximum contribution to the photo-
degradation is provided by hydroxyl radicals (cOH). Since TBA
scavenges cOH radicals, the overall photodegradation efficiency
was reduced signicantly. Therefore, conclusively, the hydroxyl
radicals (cOH) radicals played a dominant role in the photo-
degradation of the MB system.54

3.8.4 Identication of intermediate degradation products.
The ESI-MS spectroscopy analysis gives the exact values of the
mass to charge ratio (m/z) of the most probable molecules
present in a given solution, and therefore it was used to analyze
the degradation pathway of MB dyes in this work. This partic-
ular experiment was carried out for the photocatalytic degra-
dation of MB with Ni-doped In2O3 as the photocatalyst. The
total degradation obtained for the period of 0 min to 270 min of
sunlight irradiation was considered. With the obtained results,
the degradation pathway (that is, the by-products/
intermediates) for MB dye under sunlight irradiation was
elucidated, as shown in Fig. 12. The ESI-MS spectra acquired for
0, 60, 120, 240 and 270 min of irradiation are presented in
Fig. S5 of the ESI.†

The photocatalytic reaction proceeded with the disintegra-
tion of the MB dye molecules upon irradiation with sunlight in
the presence of 1 wt% Ni–In2O3 photocatalyst. The MB dye has
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Most probable intermediate compounds identified using the specific mass to charge ratio formed during the photodegradation of MB
dye under sunlight radiation traced through ESI-MS spectroscopy. The photocatalyst used for this experiment was the 1 wt% Ni–In2O3.
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anm/z value of 284, and the peak in the initial spectrum (Fig. S5
in the ESI†) at 0 min shows a peak at 278, which corresponds to
MB. The signature peak of MB was present in the 60 min and
180 min irradiated solutions; however, with a longer irradiation
time, it either disappeared or became less intense, which clearly
shows the degradation of the dye. In the case of 180 min and
240 min, many low-intensity peaks are appeared, which imply
the presence of many disintegrated molecules in the solution.
However, at the last irradiation time (270 min), only one high
intense peak with a low m/z value was present and much less
low-intensity peaks are appeared, indicating that there were less
molecules too in a lower quantity. This clearly shows the
complete degradation of MB into fragments of very small m/z,
© 2021 The Author(s). Published by the Royal Society of Chemistry
which are not expected to be harmful. In summary, the initially
used MB dye solution was demineralised by 98% in 270 min in
the presence of the photocatalyst into severalm/z values such as
270 (Azure-A), 256 (Azure-B), 242 (Azure-C), 230 (2-amino-5-(N-
methyl formamide) benzene sulfonic acid), 228 (thionin), 218
(2-amino-5-(methylamino)hydro benzene sulfonic acid), 216 (2-
amino-5-dimethyl amino benzene sulfonic acid), 189 (2-amino-
5-hydroxy-benzene sulfonic acid), 173 (4-amino-benzene
sulfonic acid), 166 (dimethyl-4-nitro-phenyl-amine), 158
(benzene sulfonic acid), 110 (catechol or p-dihydroxy benzene),
and 94 (phenol) at various stages of sunlight irradiation. As
studied from the radical scavenging test, these degradation
reactions occurred in the presence of active hydroxyl radicals
Nanoscale Adv., 2021, 3, 471–485 | 481
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Fig. 13 Schematic representation portraying the photodegradation mechanism in MB using (a) pure and (b) transition metal ion-doped In2O3

nanocubes.
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(OH), which were generated by the reduction reaction occurring
in the valence band of the semiconductor photocatalyst, that is
Ni-doped In2O3. These hydroxyl radicals interact with the MB
molecules and degraded them it into less harmful or safe
molecules with lower m/z values.55–60
3.9 Mechanism of photodegradation

The mechanism for the photodegradation of MB by the transi-
tion metal ion-doped In2O3 photocatalyst is illustrated based on
the band diagram depicted in Fig. 13. Upon sunlight irradia-
tion, the reactions are initiated by forming an electron–hole
pair on the surface of the photocatalyst.

The energy supplied by sunlight assists electrons to jump to
the conduction band from the valence band, leaving a hole in
the latter. These photogenerated electrons and holes on the
surface of the In2O3 photocatalyst react with electron acceptors
such as O2 molecules, which are adsorbed on the surface of
In2O3, and produce the superoxide radical O2c

� through
a reduction process. Simultaneously, the holes in the valence
band combine with the OH� radicals and oxidize them to form
hydroxyl radicals, cOH. The formed hydroxyl radicals cOH and
superoxide radical anion (O2c

�) species are the major oxidisers
capable of degrading the molecular structure of MB/organic
pollutants into harmless products, as shown in Fig. 13. In this
particular case, the existence of oxygen vacancies and the
incorporation of transition metal ions in the In2O3 lattice act as
a reservoir for electrons or holes and booster for the interfacial
recombination, leading to superior photocatalytic degrada-
tion.26 It should be noted that pure In2O3 does have a direct
transition of the excited state electrons to any intermediate
states available between the conduction and valence bands, and
482 | Nanoscale Adv., 2021, 3, 471–485
therefore this may lead to faster recombination, and thus it
showed a lower photodegradation efficiency.
3.10 Recyclability and stability of the photocatalysts

The best performing photocatalyst sample (that is, the 1 wt%
Ni–In2O3) was chosen for the recyclability and stability tests.
These tests were carried out for four continuous cycles under
sunlight irradiation using the same experimental conditions.
Aer each cycle, the catalyst material was extracted by centri-
fugation and used in the subsequent cycle. The acquired UV-vis
absorption spectra for these four cycles are presented in Fig. S6
of the ESI,† and the degradation efficiencies of the “recovered
and re-used” catalyst materials are listed in Fig. 14a. The rst
cycle showed an efficiency of 98%, whereas that for the second,
third and fourth cycles is 93%, 89% and 88%, respectively.
Evidently, the rst cycle showed the highest efficiency and there
was a slight reduction in the subsequent cycles. This reduction
in efficiency is not attributed to photobleaching (which is
a common phenomenon in materials such as ZnO) of the
photocatalyst, but because of the slight loss of photocatalyst
during recovery from the previous cycles.

Fig. 14b shows the XRD patterns of the 1 wt% Ni–In2O3

photocatalyst acquired before and aer its use in four cycles of
photocatalytic experiment. Both patterns look similar with no
obvious change, indicating that the crystallinity of the photo-
catalyst was well preserved even aer four times use in the
photocatalytic experiments and it was highly stable under
sunlight irradiation and the other experimental conditions.

To understand the enhanced performance of the photo-
catalysts in the present study, they were compared with other
photocatalysts reported in the literature for the degradation of
methylene blue dye. The comparison is presented in Table 3.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Efficiency bar graph for the photodegradation of MB by
1 wt% Ni–In2O3 under sunlight irradiation for four continuous pho-
tocatalytic cycle experiments. (b) Comparison of XRD patterns of the
fresh photocatalyst 1 wt% Ni–In2O3 with that acquired after use for
four cycles of photocatalytic experiment.

Table 3 Photodegradation of methylene blue by different types of
photocatalysts compared with the reported values

Photocatalyst

Photodegradation
efficiency
(%)

Light
source Ref.

Year
reported

In2O3 88 UV 44 2010
V2O5/BiVO4 92 Visible 61 2011
Fe–Cd–ZnO 82 Visible 62 2011
ZnO 78 UV 15 2012
ZnO-nanorods 85 UV 63 2013
V2O5 89 Visible 9 2014
Au–V2O5@ZnO 83 UV-

visible
64 2014

Fe2O3 22 Sunlight 65 2015
ZnO–SnO2

� 30 UV 16 2016
Transition metal ion
doped In2O3

98 Sunlight This
work

—

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Although the photocatalysts and the excitation sources are
different, the photocatalysts reported in this study showed
much better performance for the degradation of MB dye (98%
degradation).

It should be noted that the present study has good
commercial signicance because many industries, particularly
the textile industry, use organic dyes for colouring fabrics. Since
methylene blue is one of the major dyes used in these indus-
tries, the present transition metal-doped In2O3 photocatalysts
are highly useful for this purpose. The mechanism of degra-
dation is clearly understood together with complete structural
analysis in this work, which will increase its scope. Moreover,
these photocatalysts are highly stable for repeated use, and
therefore highly economical for commercial use.

4. Conclusions

In summary, pure and ve different 1 wt% transition metal ion-
doped, i.e. Mn, Fe, Co, Ni, and Cu, In2O3 photocatalysts were
synthesized via the hydrothermal method. All of them
possessed a nanocube morphology. They were formed with
cubic structure, and no other impurity phases were detected.
Since the doping content was 1 wt%, no signicant change in
the structure was observed for all the metal ion-doped samples.
Similarly, the bandgap of the pure In2O3 was observed to
increase slightly with an increase in average particle size;
however, the variation was in the range of 2.99 to 2.94 eV. The
PL lifetime was observed to be higher in the doped In2O3, where
Ni doping showed the highest lifetime among them. The pho-
tocatalytic performances of the photocatalysts were tested for
the degradation of aqueous MB dye solution under direct
sunlight irradiation for 270 min. The transition metal ion
doping resulted in an improved performance compared to that
of pure In2O3. Among them, the 1 wt% Ni–In2O3 photocatalyst
showed the maximum efficiency of 98%. This enhanced pho-
todegradation by Ni–In2O3 was attributed to its higher PL life-
time, which facilitated a lower recombination rate of electron–
hole pairs. Additionally, the metal ion doping introduced
additional intermediate energy levels within the forbidden gap,
which helped to increase the lifetime of the photogenerated
charge carriers, and thus increased the photocatalytic activity.
The reaction rate constant was observed to be maximum for Ni
doping, and hence it had emerged as the best photocatalyst.
These materials were proven to be very stable for many cycles of
photocatalytic applications, with consistent efficiency and re-
usability. The route for the photodegradation of MB dye was
traced by understanding the intermediate-formed fragmented
molecules. The mechanism of improved photocatalytic activity
was explained well based on the band diagram. From a practical
point of view, these materials are relatively inexpensive and
highly efficient for the degradation of dye molecules, and thus
can be used as successful photocatalysts for a sustainable
environment.
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