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Crystalline europium-doped indium hydroxide (In(OH)
3
:Eu) nanostructures were prepared by rapid 

and efficient Microwave-Assisted Hydrothermal (MAH) method. Nanostructures were obtained at low 
temperature. FE-SEM images confirm that these samples are composed of 3D nanostructures. XRD, 
optical diffuse reflectance and photoluminescence (PL) measurements were used to characterize the 
products. Emission spectra of europium-doped indium hydroxide (IH:xEu) samples under excitation 
(350.7 nm) presented broad band emission regarding the indium hydroxide (IH) matrix and 5D

0
 → 7F

0
, 

5D
0
 → 7F

1
, 5D

0
 → 7F

2
, 5D

0
 → 7F

3
 and 5D

0
 → 7F

4
 europium transitions at 582, 596, 618, 653 and 701 nm, 

respectively. Relative intensities of Eu3+ emissions increased as the concentration of this ion increased 
from 0, 1, 2, 4 and 8 mol %, of Eu3+, but the luminescence is drastically quenched for the IH matrix.
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1.	 Introduction
Self-assembled micro-, meso- and nanostructures with 

specific morphology, novel properties and wide application 
potential in many fields are of great interest to chemists and 
material scientists due to their fundamental significance for 
addressing some basic issues of the quantum confinement 
effect and space-confined transport phenomena as well 
as their potential applications as advanced materials in 
functional nanodevices1.

Indium hydroxides, oxyhydroxides, and oxides are 
important semiconductor materials, which have attracted 
much attention in the past decade. Cubic In(OH)

3
, 

orthorhombic InOOH, and cubic and hexagonal In
2
O

3
 are 

their common phases2. In(OH)
3
 is a wide-gap semiconductor 

with Eg = 5.15 eV, with applications as a photocatalyst, 
among others3-5. InOOH (Eg = 3.5 eV) is also a typical wide-
gap semiconductor6. Both cubic and hexagonal In

2
O

3
 are 

good n-type semiconductors with band gaps of 3.55-3.75 eV 
(which is close to that of GaN), which have been widely 
used as solar cells7, transparent conductors8, and sensors2.

Regarding indium hydroxide (IH), Shi et al.9 recently 
reported a IH truncated polyhedral microcrystal formation 
via conventional hydrothermal treatment at 180°C for 16 h 
and 18 h that showed PL spectrum with two emission peaks 
at 496.6 and 419.2 nm using excitation wavelength (380 nm 
at room temperature). Yan et al.4 showed a broad band PL 
blue-green emission peak of IH nanocubes centered at 
480 nm.

Rare earth ions such as Eu3+ can be added to 
semiconductors to increase PL. Europium in its trivalent 
state is one of the most studied among rare earth ions by 
luminescence spectroscopy due to the simplicity of its 
spectra and wide application as red phosphor in color TV 
screens. This ion has also attracted significant research 
attention due to its potential application as biological 
sensors, phosphors, electroluminescent devices, optical 
amplifiers or lasers when used as doping in a variety of 
materials10,11. Dutta  et  al.12 showed Eu3+ and Dy3+ doped 
indium oxide nanoparticles synthesized by a sonochemical 
technique. Eu3+ transitions were observed after excitation 
at 235 nm which is possibly due to the highly strained and *e-mail: fabiana@ct.ufrn.br
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distorted environment around Eu3+ ions in the In
2
O

3
 lattice 

matrix.
Indium hydroxides with different morphology such as 

spheres13, flowers14,15, cubes16-22, rods23,24, etc., have been 
synthesized by several synthesis methods. The physical and 
chemical properties of these powders can be influenced by 
particle shape and size distribution, which depend on the 
synthesis method. Conventional hydrothermal synthesis has 
been used to obtain IH structures using a simple, practical 
and environmentally friendly method4,13,18.

Komarneni  et  al.25 proposed the use of microwave 
radiation in the hydrothermal system by promoting 
the development of a new technique offering reaction 
kinetic enhancement, formation of materials with 
different morphology, low synthesis temperature and 
reduced processing times. Recently, Microwave-Assisted 
Hydrothermal (MAH) method was successfully used to 
obtain IH[21] and other oxides such as ZnO[26,27], BaTiO

3
[28]

,
 

CuO[29], SrMoO
4
[30], CeO

2
[31] and BaMoO

4
[32].

In previous publications17,33, the synthesis and 
characterization of efficient luminescent indium hydroxides 
nanostructures, pure and doped with Tb3+, was described 
and it was verified that these materials are highly promising 
candidates for electronic and optical applications. Thus, 
studies on the effect of different rare earth dopants, such 
as Eu3+, on the synthesis and optical properties of indium 
hydroxide nanostructures synthesized by the MAH method 
are required to improve the scientific knowledge regarding 
future photoluminescent applications.

In this paper, we report the synthesis of In(OH)
3
:Eu 

(IH:xEu)
 
nanostructures with concentrations of x = 0, 1, 

2, 4 and 8 mol % of Eu3+ using the MAH method at a low 
temperature of 140°C for 30 min. IH:Eu nanoarchitectures, 
the morphology and PL properties of these samples were 
investigated.

2.	 Experimental Procedures
Using the previously reported MAH method33, 

In(OH)
3
:Eu (IH:xEu) powders were obtained. About 3.6 

Mmol of Indium (III) chloride (99% purity, Aldrich) and 
europium nitrate were dissolved in 80 mL of deionized 
water under constant stirring. Europium nitrate reagent 
was obtained by adding nitric acid to europium (III) oxide 
(Aldrich, USA, 99.999%) at 70°C. Eu3+ ion was added in the 
following percentages: 0, 1, 2, 4 and 8 mol %. The solution 
pH was adjusted to 10 by adding NH

4
OH. After stirring for 

10 min, 1 mL of polyethyleneglycol PEG (Mw 600) was 
added to the solution, and the mixture was then transferred 
to a Teflon autoclave. The system was sealed and placed in 
domestic microwave oven (2.45 GHz, maximum power of 
800 W). The reaction system was heat treated at 140°C for 
30 min (heating rate fixed at 25°C/min).

After MAH treatment, the white precipitate was washed 
with distilled water and dried at room temperature. The 
powders were characterized by X-ray diffraction (XRD) 
using Rigaku diffractometer (Model D/max-2500/PC) with 
Cu Kα radiation. IH morphology and size were observed 
by field emission scanning electron microscopy (FE-SEM; 
Jeol JSM 6330F) images. UV–Vis reflectance spectra of IH 
powders were taken using Cary 5G equipment. PL spectra 

were measured using Thermal Jarrel-Ash Monospec 27 
monochromator and Hamamatsu R446 photomultiplier. 
The 350.7 nm line of a krypton ion laser (Coherent Innova 
90 K) was used as the excitation source with output power 
of lasers kept at 200 mW. All measurements were taken at 
room temperature.

3.	 Results and Discussion
The X-ray patterns of IH powders synthesized with 

different Eu3+ percentages at 140°C are presented in 
Figure 1a-e. Figure 1a shows that all diffraction peaks could 
be indexed to the cubic lattice [space group Im

3
(204)] to pure 

IH. With europium percentage increments (Figure 1b‑e), 
the phases obtained by MAH treatment were basically IH 
with cubic structure (JCPDS card No. 16-0161) and the 
second phase in the InOOH formation with orthorhombic 
structure was observed [space group P21nm(31)] (JCPDS 
card No.71-2283).

The synthesis of IH and InOOH nanostructures is 
based on reactions (1 and 2)34. Chen et al.35 reported that 
the InOOH phase and the morphology synthesized by 
ultrasound-assisted solvothermal route can be controlled 
by the choice of the alkaline media and also the solvent. 
The factors reported for the formation of InOOH hollow 
spheres synthesized by conventional hydrothermal method 
were temperature treatment, reaction time, reagents and 
solution pH6,36. We believe that the synthesis conditions are 
influenced by the use of europium nitrate as a source of Eu3+. 
The pH value of solutions decreased with increases in the 
europium nitrate concentration; therefore, larger amounts 
of NH

4
OH were used to obtain pH = 10, thus favoring the 

InOOH formation.

In3+ + 3H2O → In(OH)3 + 3H+	 (1)

In(OH)3 → InOOH + H2O	 (2)

To the best of our knowledge, the optical properties 
of IH:Eu have rarely been studied. Figure 2 shows the PL 
spectra of IH:xEu cube-like structures at room temperature. 
Efficient red emission can be observed when this matrix 
is doped with Eu3+, showing potential application for 
nanoarchitectures to serve as efficient red phosphor in 
luminescent nanodevices. Much effort has been dedicated 
to the study of PL in nanostructural materials since the 
first visible PL at room temperature was observed in 
porous silicon for the first time37. Rare ions are used to 
dope oxides not only as a probe to investigate local centers 
and energy38-40, but also to provoke changes in the optical 
behavior.

Optical diffuse reflectance measurements have been 
carried out on IH:xEu particles obtained under MAH 
conditions. An estimation of the optical band gap “E

gap
” 

(Table 1) was obtained using the Wood & Tauc method41. The 
calculated E

gap
 values were 5.12, 4.88, 3.63, 3.56 and 3.55 eV 

for samples treated at 140°C for 30 min, pure and with 1, 2, 
4 and 8 mol % Eu3+, respectively. The E

gap
 reduction with 

increasing Eu3+ content can be associated with the formation 
of the InOOH phase. Zhu  et  al.6 studied InOOH hollow 
spheres synthesized by conventional hydrothermal method 
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and estimated that the optical band gap was 3.5eV and the 
E

gap
 value for crystalline In(OH)

3
 powders was 5.15 eV[5]. 

Pure IH or IH:Eu belongs to n-type semi-conductors where 
oxygen vacancies can induce the formation of new energy 
levels in the band gap. The generation of oxygen defects 
in the crystalline structure of cube-like crystals of pure IH 
and IH:Eu are apparent. The formation of InOOH during 
synthesis for samples with europium releases molecular 
water (reaction 2) and provides oxygen vacancies in the 
lattice. Thus, during the MAH process, the displacement 
of oxygen related to In or Eu modulates different species 
of trapped holes (V

o
•, V

o
x and V

o
•• species) around [InO

5
V

o
x] 

clusters and gives rise to complex cluster vacancies26.
Emission spectra in Figure  2 were obtained under 

excitation of 350.7nm. The efficient sharp peak is attributed 
to 5D

0
 →  7F

j
 emission transition, indicating the presence 

of Eu3+ ion in the IH lattice. Emission spectra of IH:Eu 
structures exhibit an efficient red PL emission peak centered 
at around 618 nm, corresponding to the forced electric dipole 
transition 5D

0
 → 7F

2
 which is allowed in this particular case 

since europium does not occupy a symmetry center in the 
indium hydroxide. Another weaker emission at 5D

0
 → 7F

0, 
5D

0
 → 7F

1, 
5D

0
 → 7F

3 
and 5D

0
 → 7F

4
 corresponding to Eu3+ 

transitions can be observed at around 582, 596, 653 and 701 
nm, respectively42,43.

The relative intensities of Eu3+ emissions increase as 
the concentration of this ion increases from 1 to 8 mol 
%; however the luminescent emission of the IH matrix 
is drastically quenched. When the Eu3+ concentration is 
higher, the mechanism that prevails is the energy transfer 
from the IH matrix to Eu3+. This energy migration process 
is responsible for the increase in Eu3+ luminescence43,44.

For Eu-doped inorganic materials, optical transitions 
occur mainly from 5D

0
 to 7F

J
 (0 <J < 6) manifold, giving rise 

to a series of red emission lines with intensities depending 
on the local Eu3+ environment. From all possible transitions, 
only 5D

0
 → 7F

1
 is magnetically dipole allowed in the free 

ion; all others require J-level mixing induced by the crystal 
field. Whereas the odd-parity components of the crystal field 
enable electric dipole transitions between 5D

0
 and 7F

2,4,6
 in 

the first order, a combination of odd and even crystal-field 
terms gives rise to faint second-order transitions for the 
remaining J = 0, 3, 5 values. The intensities of the different 
J transitions, and in particular the hypersensitive J = 2 peak 
provide a good measure of the local crystal field acting on 
Eu3+ ions[45].

Assuming the PL emission peaks can be described with 
a Gaussian function, the emission envelope in Figure 2 can 
be fitted to multiple peaks (Figure 3a-e). In the emission 
envelope from IH:xEu, each color represents a different 
type of electronic transition and can be linked to a specific 
structural arrangement46. To better understanding PL 
properties, the curves were analyzed using the PeakFit 
deconvolution software47. Based on the Gaussian line 
broadening mechanism for luminescence processes, the fine 
features in the PL spectra of the IH matrix were deconvoluted 
and extracted from deconvolution curves. Figure  3a-e 
illustrates such decompositions while Table 1 lists the areas 
under the curve of the respective transitions.

Figure 1. XRD patterns of IH:xEu powders obtained by the MAH 
method at 140°C for 30 min: (a) x = 0, (b) x = 1, (c) x = 2, (d) x = 4 
and (e) x = 8 mol %.

Table  1. Optical band gap (E
gap

) and fitting parameters of the 
Gaussian peaks for PL of the IH matrix obtained with excitation 
wavelength at 350.7 nm.

IH:xEu Egap (eV) Peak center (nm)

450 512 570 623

%a %a %a %a

x = 0 5.12 18 55 13 14

x = 1 4.88 29 49 14 8

x = 2 3.63 25 31 26 18

x = 4 3.56 21 19 27 33

x = 8 3.55 11 18 39 32
aPercentage obtained by dividing the area of each decomposed PL curves 
by the total PL area.

Figure 2. PL spectra of IH:xEu structures obtained by the MAH 
method at 140°C for 30 min: (a) x = 0, (b) x = 1, (c) x = 2, (d) x = 4 
and (e) x = 8 mol %.
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Figure 3. Deconvolution of a PL curve fitted for IH:xEu samples and respective Fe-SEM images (on the side): (a) x = 0,  (b) x = 1, (c) 
x = 2, (d) x = 4 and (e) x = 8 mol %..
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The IH matrix PL curves for all samples are composed 
of four PL components with the following maxima nm: 
blue  =  450 nm, green  =  512 nm, yellow  =  570 nm and 
orange = 623 nm. The PL deconvolution shows the IH matrix 
ordered-to- disordered structure changing with the increase 
percentage in the Eu3+ ion which favors yellow and orange 
light emission (higher wavelength) for smaller energies. 
According to the calculated band gap values (E

gap
), the 

increase percentage in the Eu3+ ion decreased the E
gap

 value 
and therefore increased the short-range disorder for clusters 
in the matrix. The appropriate structural disorder can result 
in better PL emission as compared with a completely ordered 
emission. Structurally disordered materials in general 
present oxygen vacancies, lattice defects, impurities and/
or local bond distortions which yield localized electronic 
levels in their band gap43. Figure 3a-e (on the side) depicts 
FE-SEM images of IH:xEu nanostructures obtained at 
140°C for 30 min. Figure 3a shows cubic and irregularly-
shaped structures of pure IH with smooth and uniform 
surface where the angle between adjacent edges is relatively 
close to 90°; however, differences in the morphology of 
IH to IH:1%Eu were apparent. In sample with 1% Eu the 

formation of a well-defined cube-like structure and a slight 
decrease were observed. It is speculated that europium at 
this concentration (1%) promotes disorder in the IH matrix. 
This characteristic can be confirmed with an increase in the 
PL property observed in IH:1%Eu as compared with the IH 
matrix. The increase in the europium concentration from 
2% to 8% Eu promotes reorganization of the system and 
an increase in the cube-like structure is again observed. A 
decrease in the IH matrix PL property was observed with 
an increase in the europium concentration, suggesting that 
the order in the system increases.

4.	 Conclusions
IH:xEu powders (where x=0, 1, 2, 4 and 8 mol %) were 

efficiently obtained in their crystalline phase using the MAH 
method at 140°C for 30 min. The relative intensities of 
Eu3+ ion emissions increase as the concentration of this ion 
increases from 1 to 8 mol % while in the IH matrix sample 
the luminescence intensity was drastically quenched. The 
mechanism that prevails in this case is the energy transfer 
from the IH matrix to Eu3+. These optical properties 

exhibited by IH:xEu suggest that this material is a highly 
promising candidate for photoluminescent applications.
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