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Regular sized nanostructures of indium oxide (In,O3) were homogeneously grown using a facile route, i.e. a
microwave-hydrothermal method combined with rapid thermal treatment in a microwave oven. The presence of
Er®* doping plays an important role in controlling the formation of cubic (bcc) and rhombohedral (rh) In,Os
phases. The samples presented broad photoluminescent emission bands in the green-orange region, which were
attributed to the recombination of electrons at oxygen vacancies. The photocatalytic activities of pure bee-In,O3
and a bce-rh-In,O3 mixture towards the UVA degradation of methylene blue (MB) were also evaluated. The

results showed that Er*® doped In,0s exhibited the highest photocatalytic activity with a photonic efficiency
three times higher than the pure oxide. The improved performance was attributed to the higher surface area, the
greater concentration of electron traps due the presence of the dopant and the possible formation of
heterojunctions between the cubic and rhombohedral phases.

1. Introduction

Indium oxide has stimulated great research interest due to its
unique optical properties and advantages such as high specific area and
applications in microelectronics [1,2]. This compound is an important
n-type white semiconductor with a wide band gap (E,=3.55-3.75 eV)
and has been used in various applications such as optoelectronic
devices, solar cells and photocatalysis [3—5]. The stable form of
In,O3 has a body-centered cubic structure (bcc-In,O3), while the
metastable corundum-type structure of In,Os; has a rhombohedral
structure (rh-In,03). The stabilization of the metastable In,O3; phase
has been associated with the conversion of bee-InpO3 at high pressures
and temperatures [6,7]. The different activities of In,O3 are related to
its crystalline phase and morphology, so there is interest in controlling
these parameters. Li et al. [8] showed that sensors based on a mixture
of cubic and rhombohedral structures exhibit better responses to NOy
than the pure cubic oxide. Excellent photocatalytic activities for dye
degradation under UV irradiation using hollow In,O; nanocrystals
were reported by Yin et al. [9] Additionally, Liu et al. showed that the
rh-In,O3 phase exhibits higher photocatalytic activity than c-In,O3 for
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phenol degradation [10].

In,03 materials have been prepared by solvothermal [11], sol-gel
[12], microemulsion [13], and the hydrothermal methods [14] followed
by heating in a conventional oven at high temperatures and long
annealing times. The preparation of In,O3; nanostructures by a simple
method under mild conditions of low temperature and short synthesis
time is not common. The hydrothermal method combined with
microwave heating is an environmentally friendly route for synthesiz-
ing the precursors of this oxide [15]. The use of microwave radiation in
the hydrothermal system, introduced by Komarneni et al. [16] allows
for the homogeneous formation of materials with excellent control of
particle size with reduced preparation times [17,18]. We report in a
previous work [19], the preparation of In,O3 microcrystals obtained by
the calcination of In(OH); microstructures in a microwave oven.
Annealing in a microwave oven requires lower temperatures and
shorter calcination times [20,21]. However, its use to obtain In,O3
materials has been poorly explored.

Herein, we report the synthesis of pure and Er®* doped In,Os
nanostructures using a facile microwave-hydrothermal method com-
bined with rapid heating of as-prepared In(OH)3-InOOH precursors at
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350 °C for 2 min in a microwave oven. The results show that Er®* ions
doping was fundamental to stabilizing the crystalline rhombohedral
phase, which affected the photocatalytic activity. Rapid annealing using
a microwave oven allowed for obtaining highly crystalline particles with
a desirable shape and size.

2. Materials and methods
2.1. Synthesis of In,03

The precursors were obtained from the addition of 14.40 mL
In(NO5); (0.10 mol L™) and 2.00 mL PEG 200 in 40 mL of distilled
water under constant stirring. The pH was adjusted to 9.70 using a
KOH aqueous solution. To prepare the doped precursor, a stoichio-
metric amount of a 3 mol L' Er(NOs); solution was added to the
mixture in order to reach 4.0 mol% of Er®* in relation to In®* ions. The
final solution was transferred into an autoclave, and then sealed and
placed in the microwave-hydrothermal equipment. The solutions were
heated at 140 °C for 2 min. The precipitate powder was washed several
times with deionized water and ethanol and dried in an air atmosphere.
The as-prepared In(OH)3-InOOH and Er’* doped In(OH)3-InOOH
precursors were annealed at 350 °C for 2 min in a microwave oven to
obtain In,0O3 nanostructures.

2.2. Materials characterization

In,_(EryO; samples were characterized by X-ray diffraction
(Shimadzu XRD 6000) using Cu Ka as the radiation source. The
structure was refined using the Rietveld Method and the General
Structure Analysis System (GSAS) package, with the EXPGUI graphical
user interface [22]. The morphological characterization was performed
using a field emission scanning electron microscope (FE-SEM, Zeiss
Supra35) operating at 5 kV. Transmission electron microscopy (TEM)
was performed on an FEI Tecnai G2F20, operating at 200 kV. UV—
visible spectra of In,_ Er,O; samples were obtained on a Cary 5G
spectrophotometer in the 200-900 nm region. Raman spectra at room
temperature were recorded on an RFS/100/S Bruker FT-Raman
spectrometer, with an Nd: YAG laser providing an excitation light at
1064 nm and a spectral resolution of 4 cm™'. Photoluminescence (PL)
spectra were recorded at room temperature by a thermal Jarrel-Ash
Monospec 27 monochromator and a Hamamatsu R446 photomulti-
plier (Aexc=350.7 nm).

2.3. Photocatalytic studies

The photocatalytic tests were carried out in a round borosilicate
glass reactor at 298 K. 100 mg L™! of the photocatalysts were sus-
pended in a 20 mL of a 2x107° mol L ™! methylene blue (MB™) aqueous
solution as previously described [23]. The system was stirred for
30 min in the dark in order to reach adsorption equilibrium.
Afterwards, the reactor was irradiated for 150 min using a 150 W Xe
lamp. A KG1 glass filter was employed to block photons with energies
below 300 nm, while infrared radiation was cut off by a water filter. The
photon flux (3.24x10'® quanta s™') was measured by chemical
actinometry using potassium tris(oxalate)ferrate(III) [24,25]. The
photonic efficiencies (§) were calculated as previously reported [26],
using Eq. (1), in which r(MB™) is the rate in molecules s* of methylene
blue degradation, obtained spectrophotometrically, and I, is the
photon flux. Control experiments were carried out in the absence of
any photocatalyst to show the role of the samples on the photochemical
reaction; these experiments revealed that less than 2% of the dye was
bleached after 150 min of irradiation.

& = 100x r(MB*)/I, €})
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Fig. 1. XRD patterns and FE-SEM images of the as-synthesized pure and Er®* doped
In(OH)3-InOOH precursors.

3. Results and discussion
3.1. Structural and microstructural characterization

Fig. 1 shows the XRD patterns and FE-SEM images of the as-
prepared In(OH)3-InOOH and Er®* doped In(OH);-InOOH precursors
obtained under microwave-hydrothermal conditions. The XRD pat-
terns correspond to the cubic phase of In(OH); with space group Im-3
(JCPDS no. 85-1338) and lattice constant a=7.974 A and orthorhom-
bic structure of InOOH (space group P2Inm) in agreement with the
JCPDS file no. 71-2283 for both samples. Doped and undoped
In(OH)3-InOOH precursors prepared under mild conditions formed
particle agglomerates with irregular shapes and a size of about 10 nm,
as shown in the micrographs.

Fig. 2 displays the XRD patterns refined by the Rietveld method of
pure In,03 and Er®* doped In,05 samples obtained after annealing the
as-prepared In(OH)3-InOOH precursors at 350 °C for 2 min in a
microwave oven. The diffraction peaks of pure In,O3; sample can be
indexed to a cubic lattice of In,O3 (JCPDS no. 06—0416) with space
group Ia3. The Er®* doped In 03 sample presented a peak in the region
of 26 =32.63° related to the rhombohedral structure (space group R3c
of In,03) according to the JCPDS data card no. 72—0683. Table 1
shows the values of the profile and lattice parameters obtained after the
final refinement cycle. The low values of x* and profile parameters (R,
R,,) indicate a high quality of refinement. The value of the cell
parameter a of both samples are similar. However, the presence of
the dopant influenced phase formation, wherein the pure bce-In O3
was transformed into a mixture of bee-In,O5 and rh-In,Os. Rietveld
refinement of the XRD patterns of the doped Er®** doped In,05 sample
showed the presence of 87.3% bcc-In,O3 phase and 12.7% rh-In,O3
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Fig. 2. XRD patterns after structural refinement procedure using Rietveld method for
the In,_ Er,O3 nanostructures, x= mol of Er’* ions.
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Table 1
Quality scores refinement and parameters obtained by Rietveld method for the
In,_yEryO3 samples (x= mol of Er®* ions).

bee-In,O3 rh-In,03 cell
cell parameters
parameters
Samples a=b=c (A) a=b c Q) Rup (%) Ry (%)  Rorage (%) X°
¢y
x= 0.0 10.1110(3) - - 6.23 4.65 1.09 191
x=0.04 10.1504(7) 5531 14.621 5.81 4.51 2.05 1.38
14) (43)

phase, with cell parameters for rh-In,O; of a= b=5.5314 A and
c=14.6212 A.

The representative crystal structures of the bee-rh-In O3 mixture
obtained by Rietveld refinement using the Crystal Maker Program for
Windows are shown in Fig. 3. The phase bee-In O3 consists of two
types of In®>* ions surrounded by oxygen anions in the octahedral (1)
and trigonal prismatic (2) coordinations, while rh-In,O3 is formed
when the In" ions are surrounded by oxygen anions in a trigonal
biprism coordination [27]. The mixture of these two structures
obtained under rapid heating in the microwave oven is due to the
addition of Er®* ions into the oxide lattice. These ions, under certain
synthesis conditions, can change the growth rate in the crystal plane of
cubic In,03, promoting the formation of the rhombohedra arrange-
ment, as observed by Li et al. in Zn doped In,03 samples [8]. Kim et al.
[28] reported that the rh-In,O3 phase can be thermally stabilized by
Eu®* doping due to an increase in adsorption enthalpy between the
Eu®* ions and the host oxygen anions.

The morphology of the In,O3 powders obtained from the annealing
of as-prepared In(OH);-InOOH precursors was studied by FE-SEM
and TEM, as shown in Fig. 4. The micrographs show that the pure
In,05 and Er** doped In,Os; samples consisted of agglomerated
particles (Fig. 4(a,c)). Microwave heating is an efficient method for
the formation of crystalline In,O3 and is faster when compared to
conventional, prolonged calcination [29,30]. In the rapid 2 min of
annealing in the microwave oven, the sample is directly heated and the
crystallization of the material is accelerated, which inhibit particles
growth and allows for the nanometer size of In(OH)3-InOOH pre-
cursors.

A careful analysis of the TEM images showed a difference in the
morphology of the pure and doped samples (Fig. 4(b,d)). The pure
In,O3 presented irregular rounded shapes (Fig. 4(b)). On the other
hand, the Er** doped In,O; sample revealed faces tending to a cube
morphology (Fig. 4(d)). The calculated particle sizes were about 10 and
14 nm for pure and Er®* doped In,O; samples, respectively. The
selected area electron diffraction (SAED) patterns of the samples,
shown in Fig. 4 (inset), exhibit spotty rings are indexed as (222), (400),

microwave
annealing

—>

2 minutes

Er3*/IN(OH);-INOOH
precursor
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(440), and (622) reflections of the bee-In,O3, which are consistent with
the XRD results in Fig. 2. A strong ring pattern due to (110) reflection
from the rhombohedral structure was identified in the SAED patterns
of the doped sample. Thus, the SAED patterns also indicated the
polycrystalline nature of the In,O3 samples.

The surface parameters obtained from the N,-sorption data are
given in Table 2. The specific surface area of Er®* doped In,03 was two
times higher than the surface area of pure In,O3. A large surface area
has a positive effect on the photocatalytic behavior since more surface
active sites are available, increasing the adsorption of reactants. The
higher surface area of Er®*-In,O; was accompanied by a greater pore
volume.

According to the surface energies calculated by Walsh and Catlow
[31], it is possible to generate a Wulff construction of the ideal
structure of In,03. Fig. 5 shows the energies and morphology obtained
for In,03.

From the ideal structure of In,Os, it is possible to modulate the
surface energies to find the morphology obtained experimentally. In
this way, the cubic shape was achieved when there was stabilization of
the (100) surface. Therefore, it is possible to obtain the surface energy
rate between the surfaces in order to achieve cubic faceting.

The Wulff crystal modulation allowed us to know the relation
between the surfaces in order to obtain the experimental morphology.
In many cases, the ideal structures are not in agreement with the
experimental results for several reasons, such as the method of
synthesis, impurities and additives [32]. The calculations allow us to
conclude that the incorporation of Er** ions in the matrix resulted in a
smaller surface energy of (100) than the other surfaces to a point where
its formation prevailed.

The UV-visible spectra of the pure In,O3 and Er** doped In,Os
powders are shown in Fig. 6(a). Absorption peaks located at 490, 521,
546 and 653 nm correspond to the transitions in the 4 f !* shell of the
Er’" ion: 4I15/2 - 4F7/2, 4115/2 d 2H11/2, 4115/2 g 4S3/2 and 4115/2 g
“Fo /2, Tespectively [1,33], indicating the presence of Er®* ions into the
In,03 lattice. The band gap energy values determined by the Kubelka
Munk function [34] were 2.8 and 3.0 eV for pure In,O3 and Er’t doped
In,03 (Fig. 6(a) inset), respectively, which are consistent with the
findings of King et al. [35]. For comparison, the absorption spectra of
the powder suspensions at the same concentration and under condi-
tions similar to those employed in the photocatalytic tests are shown in
Fig. S1 (Supplementary material). Under these conditions, it is not
possible to observe the characteristic absorption peaks of Er*,
probably due to the light scattering.

The Raman measurements of In,O3 samples ranging from 100 to
700 cm™! are shown in Fig. 6(b). The Raman spectrum of the pure
In,03 sample displays peaks characteristic of the vibration modes of
body centered cubic oxide [36,37]. Signals at 131, 306 and 366 cm™*
are related to In-O (vibration of InOg structure units), bending

Fig. 3. Crystal structures obtained by Rietveld refinement from XRD patterns of the Er®* doped In,O5 sample (a) cubic phase and (b) rhombohedral phase.
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Fig. 4. FE-SEM and TEM images of In,_Er,O3 nanostructures, x= mol of Er®* ions (a-b) x=0.0 and (c—d) x=0.04. The inset shows the SAED patterns.

Table 2
Surface parameters for the In, Er,Os; samples obtained by N, adsorption/desorption
isotherms (x= mol of Er®* ions).

Samples  Surface area (m?/g)  Volume of pores (cm®/g)  Pore diameter (nm)
x= 0.0 111.19 0.49 13.29
x=0.04 235.73 0.92 9.76
—— (001)
(111)
Ideal (011)
>
Energy decrease of
(100) surface
100) o
E‘“_" =1.759 E::’ =0.510
(110) — (110) =
E_ . =1.070 E.. =1.070
(1) = (111) =
E,, =0.891 E,,, =0.891

Fig. 5. Wulff Crystals of In,O3.

vibration of §(InOg) octahedron and stretching vibrations of In-O-In,
respectively. The peaks at 494 and 627 cm™' are assigned to the
stretching vibrations of the same v(InOg) octahedrons. The Raman
modes of Er®* doped In,O; shows peaks at 162 and 220 cm™,
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attributed to the A; , and E; modes of rh-In,O3 [9], respectively, and
confirm the presence of a bec-rh-In,Os; mixture. The substitutional
doping sites allow the formation of metastable rh-In,O3 structure and
stabilization of the bee-rh-In,O5 mixture at the Er®* ions concentration
used. The results found here are in agreement with those reported by
Farvid et al. [38] that showed the influence of Cr®* ions on the In,Os
crystal growth and stability of cubic and metastable rhombohedral
phases of oxide.

The photoluminescence (PL) spectra of the In,  Er,Os; samples
under 350 nm excitation are shown in Fig. 7. Broad PL emission bands
in the green-orange region were observed for both samples, which can
be ascribed to the recombination of electrons on ionized oxygen
vacancies and holes in the valence band, as previously observed by
Jean et al. [39] in In,O3 nanotowers. The visible emissions of In,03
nanostructures have been observed in multiple studies. Jeong et al.
[40] synthesized In,O3; nanobelts that exhibited a broad emission at
570 nm and a shoulder at 630 nm related to oxygen vacancies. A strong
PL emission in the blue-green region of In,O3 column and pyramid
structures was observed by Guha et al. [41] attributed to oxygen
vacancies and indium-oxygen vacancy centers. Kumar et al. [42]
showed by EPR that indium interstitials play an important role in
the photoluminescent properties of In,O3 octahedron structures.

Fig. 7(b,c) displays the PL curves of pure and doped In,Os
deconvoluted using Gaussian fittings: blue (P1 at 469 nm), green (P2
at 545 nm), orange (P3 at 618 nm) and two red components (P4 and
P5 at 697 nm and 788 nm, respectively). The areas under each curve,
shown in Table 3, indicate different defects generated, in which the P1
and P2 emission peaks are commonly attributed to deep-level or
trapped emissions states caused by oxygen vacancies [43]. Symmetry
breaking induced by vacancies in the lattice can lead to the existence of
intermediary energy levels within the forbidden band gap. Thus, it is
believed that these vacancies play an important role in the formation of
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Fig. 6. Absorbance spectra (a) and Raman spectra (b) of In,_EryO3 samples, x= mol of Er®*. The inset of Figure (a) shows a plot of (ahv)? versus the energy of the samples.
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Fig. 7. Photoluminescence spectra of In, Er,O; samples, x= mol of Er’*(a).
Deconvoluted photoluminescence curves results (b) x=0.0 (c¢) x=0.04.

Table 3
Fitting parameters of the PL spectra of In,_.Er,O5 nanostructures (x= mol of Er®*).
In, (Er,O3 % area
P1 P2 P3 P4 P5
x= 0.0 11,1 24,0 33,2 26,7 5,0
x= 0.04 17,3 13,2 38,4 25,2 5,9

deep-level defects, influencing the green PL emission process in In,Os.

3.2. Photocatalytic activity

The photocatalytic activity of pure and Er** doped In,Os; was
evaluated regarding the discoloration of methylene blue (MB*) aqueous
solutions, as shown in Fig. 8. Faster and more efficient degradation was
observed with doped In,O3 in relation to that with the pure oxide. After
150 min, c.a. 20% of the dye was degraded by Er®* doped In,Os, in
contrast to only 5% observed for undoped In,Os3. The discoloration of
MB* in the presence of In,Os; photocatalysis can be fitted to the
Langmuir-Hinshelwood kinetic model [44]. The observed discoloration
rates for the doped and pure samples were, respectively, 1.5x10~% and
0.5x1072 min~!. The calculated photonic efficiency was 1.4% and 0.5%,
respectively for Er®* doped In,Os; and pure Iny,Os. Even if the
discoloration rates were normalized to the specific surface area, it is
noteworthy to observe that the doped sample was almost two times
more active than pure In,Os;. This indicates that the improved
performance is also related to electronic factors associated to the
presence of the rhombohedral phase.

The photocatalytic efficiencies corroborate with the photolumines-

62

0,84

Irradiation time (min)

(@)

—_—15
—30
—45
—60
—90
—120
—150

Irradiation time (min)
0
—15
—30
—45
—60
—90
—120
—150

(b)

T
500 550 750

1,00 4

0 20 40_60 80 100120 140 160
Time

0,95 -

CiCo

0,90 4

0,85 4

—— |n203
0,80 4 5i
—=—Er  dopedIn,0,

0 20 40

v L] v L} v T v L} v L} v L}
60 80 100 120 140 160
Time (min)
Fig. 8. UV-Vis spectral changes of MB* solutions under irradiation in the presence of
In,_yEryO3 samples, x= mol of Er®*(a) x=0.0 (b) x=0.04. (c) Normalized photodegrada-
tion curves as a function of irradiation time (I, =3.24x10'® quanta s™'). Inset: Rate
constant, k, (- In C/Cp) x t.

cence measurements that evidenced a high concentration of electrons
traps in In,O5 doped with Er®*. These trap states should decrease the
electron/hole recombination rates and improve the charge transfer
processes in the oxide surface and, consequently, lead to more efficient
oxidation of the dye. Moreover, the results presented here are in
agreement with the data obtained by Liu et al. [10] which show that
rhombohedral In,O3 exhibits higher photocatalytic activity than the
cubic polymorph. As evidenced by the XRD data, the introduction of
the Er®* dopant in the In,O3 matrix led to the stabilization of a mixture
of the cubic and rhombohedral phases, which induced a higher
concentration of oxygen vacancies. The presence of such as defects in
the lattice structure favors photocatalytic activity, as extensively
discussed for other semiconductor-based photocatalysts [23,45,46].
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Moreover, it is expected that the different crystalline phases have
slightly different conduction band edge positions as observed for other
semiconductors, eg. TiO» [45,47], which leads to formation of hetero-
junctions in the doped sample. In fact literature data indicate that the
rh-In,03 has c.a. 0.1-0.2 eV more positive conduction band edge than
bee-In, 05, which agrees well with the results presented here [48]. As a
result, the electron/hole recombination is decreased in relation to the
pure oxide. The improved photocatalytic activity evidences the positive
influence of the microwave heating on the formation of heterojunction
in polycrystalline materials.

4. Conclusions

In summary, pure In,O5 and Er®* doped In,O5 nanostructures were
synthesized successfully by annealing the as-synthesized In(OH)s-
InOOH precursors at 350 °C for 2 min in a microwave oven. The rapid
preparation via microwave led to the formation of crystalline nano-
particles of pure In,O3 and Er** doped In,05 with similar sizes as that
of their precursors. The samples presented broad photoluminescent
emission, which can be attributed to the effect of oxygen deficiencies.
The addition of Er®' ions also favored the stabilization of the
rhombohedra in the In,O3 phase, contributing to the cubic-rhombohe-
dra In,O3 mixture, with a higher surface area and slower electron/hole
recombination. As a result, improved photocatalytic activity was
observed regarding methylene blue degradation for Er®* doped In,Os
in relation to pure In O3 with a cubic structure.
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