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In�uence of Annealing Temperature on Y2O3:SiO2

Nanocomposite Prepared by Sol�Gel Process
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Oxide nanoparticles embedded in a polymer matrix produce nanocomposites which are useful for optics and
electronic applications. Yttrium oxide nanoparticles have received much attention due to their various properties
and are signi�cantly used in fundamental and application oriented �elds. The present paper reports the in�uence
of annealing temperature on the Y2O3:SiO2 nanocomposite prepared by sol�gel process. Y(NO3)3·4H2O and
tetraethoxysilane were used as precursors and obtained powdered form of Y2O3:SiO2 composite. The powder
sample was annealed at 500 ◦C and 900 ◦C for 6 h which were characterized by X-ray di�raction, Fourier transform
infrared and transmission electron microscope. X-ray di�raction data described that the broadening of peaks
decreases with increase in annealing temperature which may be due to the increase in particle size. Sample
analyzed by Fourier transform infrared and transmission electron microscopy con�rmed the grain size dependence
on annealing temperature. Cubic phase of yttrium oxide crystal structure was obtained within the silica matrix.
The nanocrystallites size has been calculated using Debye�Scherrer formula, Williamson�Hall plot and transmission
electron micrographs and compared at two di�erent temperatures (a) 500 ◦C and (b) 900 ◦C.
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1. Introduction

Oxide nanoparticles have attractive optical, electric,
and chemical applications compared to the bulk of the
same material. These materials have numerous appli-
cations for developing new devices [1�4]. In nanomate-
rials, particle size reduces, the surface to volume ratio
dominates and that determines most of the properties
of nanomaterials. Yttrium oxide is one of the seventeen
rare earth oxides which is a super refractory oxide that
�nds use in a variety of applications including optics, dis-
play devices, X-ray imaging, core-shell materials and also
as additive for liquid phase sintering of ceramics [5, 6].
Nanocrystalline Y2O3 has been widely investigated, due
to its interesting applications in the �eld of phosphors
for lighting and for cathode ray tube [7, 8]. The sur-
face of nanoparticles can be changed either by chemi-
cal reactions or by dispersing the particles in a polymer
or glass matrix. From this point of view, silica repre-
sents the ideal candidate for rare earth metals both be-
cause of its transparency and its stabilizing e�ect on the
nanoparticles, protecting them aggregation. Some au-
thors have represented the use of silica for coating [9] or as
a dispersing medium [10] by impregnation, for doped yt-
trium nanoparticles. Nanocrystalline Y2O3 has already
been synthesized by various methods such as hydrother-
mal [11], combustion synthesis [12], and co-precipitation
[13] techniques.
In the present article, sol�gel technique is being used

for the preparation of Y2O3 nanocrystallites in a silica
matrix. The sol�gel process combines the advantage of
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lower temperature and possibility of making of �nely dis-
persed powders, �lms, �bers and coating [14]. Rare-earth
oxides, due to their special properties, have also been
used in many �elds such as ceramic industry and sen-
sors. As we know, the smaller the particles size, the
larger the speci�c surface area, and the higher the activ-
ity. Thus synthesis of di�erent structure/phases of rare
oxides nanocrystallites is in great demand to ful�ll the re-
quirements of technology and industry. Some researchers
[15] synthesized Y2O3:SiO2 samples by sol�gel method
but they observed that yttrium nanoparticles do not grow
with thermal treatment even at 900 ◦C and 1300 ◦C. The
development of new rare-earth oxides and silica binary
systems are important not only for technological reasons
but also for obtaining a better understanding. Litera-
ture survey [16, 17] reveals that formation of rare-earth
oxides/silicates inside or at the surface of SiO2 matrix
depends on the synthesis method, rare-earth oxide and
silica molar ratio and thermal/pressure treatment. In the
present work, we investigated the structural properties of
Y2O3:SiO2 samples obtained by sol�gel methods and ex-
amined the in�uence of heat treatment on nanoparticles
through X-ray di�raction (XRD) and Fourier transform
infrared (FTIR) techniques which is further con�rmed by
transmission electron microscopy (TEM).

2. Experimental

2.1. Sample preparation

Y2O3:SiO2 nanocomposite has been prepared by us-
ing the sol�gel technique. The high purity reagents:
tetraethoxysilane (Aldrich 99.999), ethanol (Merck
99.9%) and double distilled water were mixed in the pres-
ence of hydrochloric acid as catalyst. To prepare the sam-
ple the molar ratio of starting solution was taken as 2.30:
0.72: 0.30: 0.027 for H2O:C2H5OH: HCl: TEOS and
0.56 M yttrium nitrate tetra hydrate with concentration
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of HNO3 was introduced in the pre-hydrolyzed solution
under heating. The solution was kept at room temper-
ature for three weeks where aging occurred. The aging
process allows further shrinkage and sti�ening of the gel.
The samples were further dried at 100 ◦C for 24 h and the
powder form of the samples was obtained by pestle and
mortar. The powder form of the sample was annealed
in high temperature programmable furnace NSW 103 at
di�erent temperature i.e. from room temperature up to
500 ◦C and 900 ◦C for 6 h in air and then cooled up to
room temperature by its own.

2.2. Characterization
The prepared samples were characterized by an X'pert

Pro X-ray Di�ractometer with Cu Kα1 radiation in the
range of 5◦�80◦ in steps of 0.017◦ (40 mA, 45 kV) for the
determination of crystalline structure of nanocomposites.
Infrared spectra of annealed samples at 500 ◦C and 900 ◦C
were collected from Perkin Elmer Spectrum 400 spec-
trophotometer in 4000�400 cm−1 range. FTIR spectro-
meter was used for functional group analysis. The mor-
phological investigations of the annealed samples were
performed by Hitachi-4500 transmission electron micro-
scope at an accelerating voltage of 80 V.

3. Result and discussion

3.1. XRD analysis
The XRD patterns shown in Fig. 1 illustrate the e�ect

of annealing temperature on the structural evolution of
Y2O3:SiO2 composites prepared by sol�gel process. XRD
results indicate that crystallinity of the prepared sample
increases with temperature without any reaction between
the SiO2 and Y2O3. The sample (a) annealed at 500 ◦C
for 6 h presents di�raction peak at 2θ ≈ 29.25◦ (222)
along with weak peaks 2θ ≈ 33.85◦ (400), 48.58◦ (440),
57.77◦ (622) and 2θ ≈ 20.62◦ (211) which indicates that
cubic Y2O3 crystal structure (in accordance to JCPDS
card no. 41-1105) grows well. Check cell program was
used to �nd the Miller indices of respective peaks, which
con�rmed the structure of cubic Y2O3 (α-Y2O3) having
lattice constant a = 10.56 Å with C-M2O3 type struc-
ture and space group Ia3 (T 7

h ) [18]. The single peak of
crystalline silica has been observed at 25.64◦. The sam-
ple (b) annealed at 900 ◦C illustrated the same pattern
as that of (a) in which no other phase has been observed
which reveals that no reaction occurred between yttrium
oxide and silica even annealing after 900 ◦C. Here, it is
worth pointing out that the literature showed that if the
samples were annealed at 1000 ◦C or higher temperature
a reaction between Y2O3 and SiO2 occurred, resulting in
the formation of impurities like Y2SiO5 [19]. Therefore,
we have limited the annealing temperature at 900 ◦C in
this work.
We expect that during annealing at 900 ◦C, individ-

ual nanostructures merge together and the activation en-
ergy becomes much larger. Therefore cross-grain bound-
aries di�usion dominates over surface and volume di�u-
sion process and eventually crystallinity increases. The
prepared samples were agglomeration of many primary
particles and it results in increase in crystalline size as

Fig. 1. XRD patterns of the Y2O3:SiO2 sample an-
nealed at 500 ◦C (a) and 900 ◦C (b).

well as the intensity of characteristic peaks increases. It
is also observed that broadening of peaks decreases with
the increase in temperature. The sharp and strongest
di�raction peak around 2θ ≈ 29.25◦ was employed to es-
timate the mean crystallite size of the prepared samples
from the well known Debye�Scherrer (D�S) equation [20]:

Dhkl = Kλ/(β cos θ), (1)
where λ is the X-ray wavelength, θ is the di�raction
angle, K is the shape factor which is 0.9 for uniform
small size crystal, and Dhkl means the size along (hkl)
plane. Here we have calculated average crystallite sizes
of Y2O3:SiO2 sample which is ≈ 10 nm for the sample
annealed at 500 ◦C and ≈ 30 nm for that annealed at
900 ◦C and details are given in Table.

TABLE

Calculation of particle size at di�erent temperatures.

Temperature D�S formula W�H plot TEM/histograms Strain (ε)

500 ◦C 10 ± 2 nm 13 nm 0.4 ± 2 nm 1.41 × 10−3

900 ◦C 30 ± 2 nm 33 nm 27 ± 2 nm 1.05 × 10−3

The XRD pro�le shown in Fig. 1 shows some broad-
ening which may be due to lattice strain [21]. When the
sample was annealed at higher temperature, the lattice
strain is reduced. Due to the small crystallite size and
strain present in the materials, the XRD peak broadening
can be distinguished from the Williamson�Hall (W�H)
plot. Here, the crystallite size has also been estimated
using W�H equation given as

βhkl cos θhkl = Kλ/d+ 4ε sin θhkl, (2)
where K, λ, and θhkl are having their usual meaning as
mentioned in Eq. (1), d is the average crystallite size.
The graph has been plotted between 4 sin θhkl and βhkl
cos θhkl as shown in Fig. 2. The value of the strain was
estimated from slope of the line and the crystallite size
from the intersection with the vertical axis. The esti-
mated crystallite size of the composites from this method
was in agreement with the Debye�Scherrer equation and
TEM morphological results. From the W�H plot, it was
observed that the strain values are very small and hence
the strain has negligible e�ect in XRD broadening.
The above result suggests that the thermal treatment

Y2O3:SiO2 composites system, synthesized by sol�gel
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Fig. 2. W�H plot for the Y2O3:SiO2 sample annealed
at 500 ◦C (a) and 900 ◦C (b).

technique, at temperature of 900 ◦C produces Y2O3:SiO2

nanocomposite system with increased crystallite size and
distinct grain boundaries.

3.2. FTIR analysis

Figure 3 shows FTIR spectra of Y2O3:SiO2 compos-
ite sample annealed at 500 ◦C (a) and 900◦ (b). The
infrared absorption spectra of the heat treated samples
provide some important information about the structural
changes. Figure 3 shows broad absorption bands nearly
at 1098, 804, and 445 cm−1. These bands are attributed
to the asymmetric, symmetric stretching vibration, and
bending vibrations of the Si�O�Si bond [17] in both the
samples. While characteristic absorption peaks of Y�O
(metal-oxygen) appeared at 405 and 506 cm−1 in the
FTIR spectra [22]. The absorption band of O�H stretch-
ing vibrations appears around 3550 and 1625 cm−1 of
absorbed water. As the temperature was increased, the
intensity of the absorption band becomes less, may be
due to vaporization, and a characteristic peak of Y�O
becomes strong and sharp in well agreement with XRD
results.

Fig. 3. FTIR spectra of Y2O3:SiO2 sample annealed
at 500 ◦C (a) and 900 ◦C (b).

The three parts of spectra undergo the expected mod-
i�cations due to the thermal treatment, i.e. exhibiting
a decrease in the shoulder at 960 cm−1, due to the
stretching of silanol groups, and a less evident increase
in the band at 795 cm−1, ascribed to the bending of
Si�O�Si [15]. In particular, the band at 960 cm−1 dis-
appears in the spectrum of sample (b). This behavior is
typical of the silica condensation process with heat treat-
ment. Moreover, the water signals are visible in the IR
spectra of the nanocomposite even after a treatment up
to 900 ◦C. It is likely that the presence of water is par-
tially due to the hydrophilicity of the samples or impure
KBr used in sampling for FTIR. However, these signals
attenuate but do not disappear after heating the sam-
ples at 1000 ◦C (drying temperature) during the spectra
collection, suggesting that some water molecules remain
inside the pores of the material.

3.3. TEM analysis
Figure 4 shows the TEM micrographs of the

Y2O3:SiO2 sample annealed at 500 ◦C (a) and 900 ◦C (b).
Highly agglomerated nanocrystallites are clearly visible
in both the micrographs. Several nanocrystallites are ag-
glomerated to form a single particle and therefore the
particle size distribution of samples lies in the broad
range as shown in the histograms 4c and d. The TEM im-
ages con�rm the large particle size distribution and grain
growth process in the annealed samples. The sample (a)
annealed at 500 ◦C for 6 h produces 3�7 nm nanocrystal-
lites with narrow size distribution, as shown in Fig. 4a.
Sample (b) annealed at 900 ◦C for 6 h gradually grew
into large and almost spherical particles, about 27 nm
(average) in diameter, as shown in Fig. 4b.

Fig. 4. TEM micrograph for the Y2O3:SiO2 sample
annealed at (a) 500 ◦C and (b) 900 ◦C. (c) Particle size
distribution at 500 ◦C, (d) 900 ◦C.

One may notice that some nanocrystallites are very
small ≈ 18 nm and few are having size ≈ 41 nm range.
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In sample (b), the grain growth indicated the di�usivity
of grain boundary of obtained nanocrystallites. The aver-
age nanocrystallites sizes indicated in the micrographs 4a
and b have been measured by inbuilt software in Hitachi-
-4500 Transmission Electron Microscope. It is evident
from Fig. 4 that thermal treatment of the sample at com-
paratively high temperature (900 ◦C) provides much im-
proved dispersion of Y2O3 in the silica matrix. The above
result infer that the crystallite structure of Y2O3:SiO2

composite obtained by sol�gel method can be controlled
by selecting correctly both the thermal treatment and
used precursors.

4. Conclusion

Using sol�gel method Y2O3:SiO2 nanocomposite was
successfully obtained upon thermal treatment in air at
two di�erent temperatures. XRD data analyzed that the
cubic phase of Y2O3 crystal structure was well grown
within the silica matrix. The nanocrystallites size have
been calculated using D�S formula, W�H plot and TEM
micrographs and compared at two di�erent temperatures
(a) 500 ◦C and (b) 900 ◦C. The histograms for parti-
cle size distribution have been plotted in the range 2.5�
5.5 nm and 15�45 nm, respectively. The Gaussian �t
was employed in these histograms to obtain the average
nanocrystallite size. In XRD with rise in temperature
the peak broadening increases which emphasizes the in-
creased particle size due to agglomeration of nanoparti-
cles which was further con�rmed by transmission electron
microscope. Functional groups have been investigated by
FTIR spectra and it shows that the absorption bands
broadened as the particle size decreases. The character-
istic absorption peaks of Si�O�Si symmetric, asymmetric
and bending vibrations are nearly at the position in both
the annealed samples. Yttrium-oxygen characteristic ab-
sorption band appeared at 405 and 506 cm−1.
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