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Abstract Silver-doped zirconia nanoparticles/thin films

with different doping concentrations 0.03, 0.05 and

0.07 mol% were synthesized by sol–gel route followed by

spin coating. Zirconium (IV) chloride and silver nitrate

were used as precursors. The prepared powdered samples

and thin films were annealed in a programmable furnace at

650 �C for 3 h. XRD spectra showed prominent tetragonal

phase of zirconia and cubic phase of silver nanoparticles.

Structural parameters such as crystallite size, lattice con-

stants, micro-strain, dislocation density, specific surface

area and the number of unit cell in a particle were evalu-

ated. FTIR spectra confirmed the expected functional

groups present in the annealed samples. Optical absorption

spectra of Ag-doped ZrO2 thin films established the tuning

of band-gap with dopant concentration. PL spectra exhib-

ited two broad blue emission bands centered at *340 and

475 nm. TG–DTA thermal analysis of as-prepared sample

was also carried out.

1 Introduction

Metal oxides nanoparticles exhibited unique electronic,

optical, mechanical, magnetic and chemical properties that

are significantly different from those of bulk materials [1].

ZrO2 is a wide band-gap p-type semiconductor that exhibits

abundant oxygen vacancies on its surface. Due to its high

mechanical strength, high thermal expansion co-efficient,

high refractive index, high chemical and photochemical

stability, zirconia is widely used in various electro-optic

and opto-electronic devices. Moreover, silver showed

unique properties related to noble metals: excellent con-

ductivity, chemical stability, catalytic activity besides other

specific ones that can be controlled, depending on particle

size, size distribution and shape, in a cost-effective way

[2]. Silver has been regarded as one of the promising

dopants in metal oxides to act as an effective acceptor in

the host materials such as ZrO2 [3, 4]. Ceramic zirconia

and metallic silver both are technologically employable

material whether they are in the form of bulk or nanos-

tructures. Silver (Ag) doping in metal oxides has been

reported to be viable in changing the electrical and optical

properties of metal oxide thin films [3, 5].

In the present study, Ag doped ZrO2 nanoparticles/thin

films with 0.03, 0.05 and 0.07 mol% dopant concentration

were prepared by sol–gel method followed by spin coating.

The aim of this work is to investigate the structural, optical

and luminescent properties of Ag-doped ZrO2 nanoparti-

cles/thin films.

2 Experimental detail

Sol–gel method has been used to prepare silver (Ag)-doped

zirconia (ZrO2) nanoparticles/thin films with different

molar ratio (0.03, 0.05 and 0.07 mol%) of dopant. Zirco-

nium oxychloride (ZrOCl2�8H2O, Merck) and silver nitrate

(AgNO3, Merck) were used as starting materials. The

aqueous solutions of these precursors were mixed and

stirred for 3 h. The resultant solution was aged overnight.

After that, the ammonia solution was added drop by drop

until composite sol sample has obtained pH *8–9. Some

portion of sol was stored separately for thin film deposition,

while the remaining portion was kept in a desiccator for gel
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formation. Thin film was deposited on cleaned quartz

substrate using spin coating. An appropriate amount of

coating solution was dropped onto the substrate, which was

rotated at 3000 rpm for 1 min. This coating process was

repeated five times to increase thin film thickness. The gels

as well as the thin films were dried in an oven at 100 �C for

24 h. As prepared powders and thin films of Ag-doped

ZrO2 with different dopant concentrations were then cal-

cined in a programmable furnace at 650 �C for 3 h.

XRD patterns of the prepared samples were recorded

using X-ray diffractometer (Philips X’Pert PW3050) hav-

ing Ni filter and CuKa radiation (k = 1.5406Å). FTIR

spectra of samples were recorded on FTIR spectrometer

(Perkin-Elmer 1600) in transmittance mode. PL spectra of

samples were recorded by Fluorescence spectrometer

(Perkin Elmer, LS-50B). UV–visible absorption spectra

were obtained using a double beam UV–visible spec-

trophotometer (Comspec M550). Thermal analysis (TG–

DTA) of as-prepared samples was carried out with a

simultaneous thermal analyzer (Perkin Elmer, STA 6000).

3 Results and discussion

3.1 XRD studies

In XRD patterns, the diffraction peaks of tetragonal,

monoclinic phase of zirconia and cubic phase of silver

nanoparticles have been observed. Phase and (hkl) plane

corresponding to each diffraction peak have been indexed

as shown in Fig. 1. It is found that all the diffraction peaks

are well-matched with JCPDS No. 04-078 (cubic Ag), PDF

No. 79-1769 (tetragonal ZrO2) and ICDD No. 37-1484

(monoclinic ZrO2). Due to large ionic radii of Ag? ion

(126 pm) in comparison to Zr4? (80 pm), it is not possible

for Ag? ions to enter into the lattice of ZrO2 to form a solid

solution. It appears that the rearrangement of tetragonal

phase took place in the annealing duration and hence pre-

viously dispersed Ag? ions would gradually migrate from

the volume of tetragonal grains to the surface of the ZrO2

[6]. The crystallite size of Ag-doped ZrO2 corresponding to

prominent peak of tetragonal phase is estimated by

Scherrer’s formula [7] and given in Table 1. Williamson

and Hall analysis [8], which distinguishes the particle size

induced and the strain-induced broadening of X-ray

diffraction peaks, has been carried out and W–H plots are

shown in the inset of Fig. 1. The micro-strain and average

crystallite size thus determined, are described in Table 1.

The lattice constants corresponding to prominent

tetragonal phase of zirconia and the cubic phase of silver

are calculated using the following relations and are given in

Table 1.

1

d2
¼ h2 þ k2

a2
þ l2

c2
ð1Þ

a ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

ð2Þ

where h, k, l are Miller indices, is spacing between planes

and a, c are lattice constants.

In addition, density, specific surface area and number of

unit cell in a particle have been estimated and summarized

in Table 1.

3.2 FTIR studies

In FTIR spectra (Fig. 2a), a prominent peak centered at

1380 cm-1 corresponds to O–H bonding; a peak at

1553 cm-1 may be due to the adsorbed moisture and an

absorption band in the 3425–3495 cm-1 region is attributed to

stretching of O–H groups, a characteristic of highly hydrated

compound.Thepeaks at 1122, 1112and1097 cm-1 are due to

the bending vibration of hydroxyl groups bound to zirconium

oxide. An absorption peak at*738 cm-1 is ascribed to ZrO2.

The peaks at 586, 580 and 576 cm-1 may be due to metal and

oxygen bonding [9]. From FTIR spectra, it has been observed

that the peaks are shifted towards lower wavenumber region

with increase in dopant concentration.

3.3 Photoluminescence studies

PL spectra of Ag-doped ZrO2 (Fig. 2b) show two broad

emission bands at around 300–370 nm and 420–510 nm.

The band at 340 nm may be attributed to direct radiative

interband recombination of holes in the valence d-band with

electrons in the conduction sp-band. This band is very close

to the PL band observed in bulk silver (*330 nm) [10]. The

blue emission band centered at *475 nm may arise from
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Fig. 1 XRD patterns and W–H plot of Ag doped ZrO2 with different

dopant concentrations

539 Page 2 of 5 S. Rani et al.

123



the singly ionized associated oxygen vacancy defects (F–

F)? in zirconia. It is reported that a band occurred in the

wavelength range 440–500 nm in bulk zirconia. The visible

luminescence of zirconia nanoparticles is due to the exci-

tation of electrons from occupied d-bands into states above

the Fermi level. Subsequent relaxation by the electron–

phonon scattering process leads to an energy loss and

finally, the photo luminescent radiative recombination of an

electron from an occupied sp-band with the hole took place.

It has been seen that PL intensity of samples decreases with

increase in Ag concentration. The higher concentration of

Ag ions forms small silver clusters, that would act as non-

radiative recombination centers, thus reducing the effective

concentration of radiative recombination centers, and hence

the intensity of PL emission. This effect is known as con-

centration quenching.

3.4 UV–visible studies

Optical absorbance spectra of Ag (0.03 mol%)-doped zir-

conia nanoparticles exhibit an absorption edge *430 nm

which may be due to silver Plasmon resonance [11]. On

increase of Ag content, absorption edge showed red shift

which suggests that impurity levels are introduced into the

band-gap by the incorporation of metal ions into the ZrO2

lattice [12]. As zirconia is a direct band-gap material, Tauc

plot has been drawn between (ahm)2 and hm to estimate

band-gap of material. The extrapolations of linear portion

of the curves (Fig. 3, inset) to the photon energy axis

provide, e.g., values which are given in Table 1. It is found

that band gap decreases from 5.32 to 5.06 eV with increase

in Ag doping concentration, which may be due to the

Table 1 Variation of structural parameters of Ag-doped ZrO2 nanoparticles with different dopants concentrations

Doping conc. of

Ag in ZrO2

(mol %)

Crystallite

size (nm)

Micro-

strain

(g)

Dislocation

density

(91015 lines/

m2)

Lattice

constant of

Ag a (Ao)

Lattice

constant of

ZrO2 (A
o)

Density

(g/cm3)

No. of unit

cells in a

particle (n)

Band

gap

(eV)

Specific

surface area

(s ¼ 6
qD) (m

2/g)
D–S W–H

0.03 22.04 27.18 0.0158 13.53 4.107 c = 5.218

a = 3.542

c/a = 1.473

10.34 151,678 5.32 21.34

0.05 23.48 30.01 0.0051 11.10 4.100 c = 5.224

a = 3.548

c/a = 1.472

10.40 205,209 5.16 19.22

0.07 24.17 33.48 0.0043 8.92 4.097 c = 5.282

a = 3.551

c/a = 1.487

10.41 285,567 5.06 17.21
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Fig. 2 a FTIR spectra, b PL spectra of Ag-doped ZrO2 with different

dopant concentrations
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Fig. 3 Absorbance spectra and Tauc plot of Ag-doped ZrO2 with

different dopant concentrations
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formation of impurity bands arising from an overlap of

electron wave function at impurity levels [13].

The particle size can be estimated from the position of

the plasma resonance using Mie theory [14]. According to

this theory, for nanoparticles smaller than the mean free

path of conduction electrons, there is a relationship

between the resonance broadening (c) and the size of

nanoparticles given by:

cðrÞ ¼ co þ
A

tFr
ð3Þ

where r is the size of nanoparticle, A = 3/4 in case of

silver, co is the velocity of bulk scattering (5 9 1012 s-1),

vF is the Fermi velocity (for silver 1.39 9 106 m/s).

Using the experimental absorption spectra and this

relation, we can determine the size of nanoparticles. The

calculated values of particle size are found to be *24.8,

26.06 and 28.94 nm corresponding to 0.03, 0.05 and

0.07 mol% of silver, respectively. These values are in

agreement with particle size determined from XRD spectra.

3.5 Thermal studies

Figure 4 illustrates the effect of temperature on the weight

of as-prepared samples. TG curve shows a continuous but

slow weight loss occurred in 20–300 �C temperature

region, in case of 0.03 and 0.05 mol% of Ag doping, and is

attributed to the loss of water absorbed by the precursors

during hydrolysis. An exothermic peak has been observed

at around 150 �C in DTA curves which is attributed to the

evaporation of water and organic components. In case of

0.05 mol% doping, a weight loss also occurred in the range

of 350–500 �C, which is due to the removal of organic

compounds trapped in the structure of gel. DTA plot dis-

plays a broad exothermic peak between 310 and 400 �C
which is mainly attributed to the crystallization of

nanocomposites. Above 600 �C, the thermogram

(0.05 mol%) did not show any significant weight loss, and

hence the material may be considered as thermally stable.

In case of 0.07 mol% doping a sharp and rapid weight loss

has been occurred at 200 �C.

4 Conclusion

Ag-doped zirconia nanopowder/thin films have been suc-

cessively synthesized by sol–gel followed by spin coating.

XRD patterns confirmed the presence of prominent

tetragonal zirconia and cubic silver phases. XRD data

exhibit that crystallite size increase, while lattice parame-

ters decrease with increase in doping concentration. PL

spectra reveal blue emission peaks centered at 340 and

475 nm which indicate the presence of Ag and ZrO2,

respectively. The band-gap of zirconia has been tuned from

5.32 to 5.06 eV. These studies are very much helpful in

assessing the prepared material for its employability in

optoelectronic device fabrication.
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Structural investigations on Nd-doped silica nanocomposites: effect
of sintering temperature and dopant concentration

Surbhi Narang*, Saruchi Rani, Praveen Aghamkar and Sushil Kumar

Materials Science Lab, Department of Physics, Chaudhary Devi Lal University, Sirsa 125055,
India

(Received 12 January 2014; accepted 23 June 2014)

Neodymium-doped silica nanocomposites were prepared from an acid-
catalysed sol–gel solution followed by heat treatment. The structural and
microstructural properties of the prepared samples as a function of sintering
temperature and Nd concentration are reported. Fourier transform infrared
spectra show that phase separation occurs during heat treatment. The presence
of Nd2O3 and α-Nd2Si2O7 phases in the samples was established by X-ray
diffraction (XRD), and transmission electron microscopy (TEM) micrographs
revealed the microstructure of the nanocomposites. From XRD patterns, the
crystallite size was determined using the Debye–Scherrer formula, while the
particle size was estimated from TEM micrographs. The results suggest that
sintering at high temperature enhances the crystallinity and density of
Nd2O3–SiO2 nanocomposites, while the high concentration of neodymium
prevents the crystallization of SiO2.

Keywords: Nd-silica; nanocomposites; sol–gel; sintering; XRD; FTIR; TEM

1. Introduction

The nanostructures of binary oxide systems containing Ln2O3 (Ln, lanthanide) and SiO2

are of great importance in nanotechnology and widely studied owing to their potential
application as building blocks in optoelectronic devices [1,2], photonics [3], catalysts
[4–7], waveguides [8], chemical gas sensors [9], ceramics [10] and in other areas.
Neodymium-doped silica nanocomposites form a class of technologically important
nanomaterials on account of their manifold applications especially in lasers. Several
techniques, such as chemical vapour deposition [11], melt-casting [12] and the sol–gel
method [13,14] have been used to fabricate these glasses. The maximum neodymia
solubility in silica with a homogeneous Nd3+ distribution obtainable by melt-casting is
0.5 wt% [15], which is too low for glasses used in lasers. The sol–gel technique has
attracted large attention as it allows glasses to be prepared at a much lower temperature
[16] and with better control of purity than the other traditional techniques. Moreover, it
allows higher doping concentrations and a more uniform distribution of rare-earth ions
in the glass host matrix. The use of sol–gel-derived silica as a glass host for laser
applications requires the fulfilment of several criteria, including high density, high
mechanical and thermal shock resistance, compositional purity and optical-grade quality.
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Rare-earth ions are used as dopants in glasses owing to their well defined and sharp
energy levels, which may serve as structural probes for the environment of the dopants.
The glass compositions are more favourable for high-density memory devices, because
the inhomogeneous widths of the transition between the energy levels are much broader
than those of crystals. In addition, rare-earth oxides are refractory oxides with high
melting point and their surface energies are most probably higher than that of SiO2.

In this paper, nanostructured silica-gel-derived glasses doped with neodymium were
successfully prepared by the sol–gel method using an acid-catalysed solution. Several
experimental conditions were optimized for synthesizing quality glasses. The effects of
increasing the sintering temperature and the concentration of neodymium on the phase
evolution of the prepared samples were studied. We report the results of studies on the
structure evolution of doped samples by X-ray diffraction (XRD) and Fourier-transform
infrared (FTIR) spectroscopy; and the microstructure by transmission electron
microscopy (TEM).

2. Experimental details

2.1. Synthesis

The solutions were prepared from the high-purity reagents: tetraethyl orthosilicate
(Aldrich, 99.999%), hydrochloric acid (Aldrich, 99.999%), ethanol (Aldrich, 99.5%),
nitric acid (Aldrich, 75%) and deionized water. A two-step acidic solution preparation
procedure was used. In the first step, the solution was prepared in acidic catalysis con-
ditions using a mixture of TEOS, H2O, ethanol and HCl in an appropriate ratio. In the
second step, neodymium nitrate, prepared by dissolution of neodymium oxide (Aldrich
99.9%) in moderately hot nitric acid, was introduced in the pre-hydrolysed solution of
TEOS. Two different Nd concentrations, 5 wt% (sample 1) and 8 wt% (sample 2), were
fixed in order to study the effects of dopant concentration on the crystal structure and
phase development of the glasses. The overall process in terms of chemical reactions
can be written as:

SiðORÞ4 þ H2O ! HO-SiðORÞ3 þ R-OHðR=CH2CH3Þ (1)

SiðO-RÞ4 þ 4H2O ! SiðOHÞ4 þ 4R-OH (2)

SiðOHÞ4 ! SiO2 þ 2H2O (3)

Nd2O3 þ 6HNO3 ! 2NdðNO3Þ3 þ 3H2O (4)

NdðNO3Þ3 ! Nd3þ þ 3NO3 (5)

Si-OHþ Nd3þ ! Si-O-Nd2þ þ Hþ and so on (6)

2 S. Narang et al.
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The chemical reaction, written in Equation (1), is called hydrolysis because a hydroxyl
ion is being attached to the metal atom. Depending on the amount of water and catalyst,
hydrolysis proceeds to completion so that all the OR groups are replaced by OH groups
as depicted in Equation (2). The polymerization results from the formation of 1-, 2- or
3-dimensional network of siloxane bond [Si–O–Si] accompanied by the production of
H2O and ROH species as written in Equation (3). In Equation (4), neodymium oxide
reacts with nitric acid to form neodymium nitrate molecules, which further react with
the developing network. Neodymium nitrate gets ionized into Nd3+ and NO�

3 ions as
shown in Equation (5). Nd3+ cations are incorporated into the Si–O–Si network and
occupy the proton site of a silanol species in Equation (6). The solution was stirred
continuously for 3 h at 40 ± 2 °C. The pH of the resultant solution was maintained at 5
approx. It was observed that the gelation started after approximately 3 days. After the
gelation, the gel was kept inside the desiccator for 25 days at room temperature
(~28 °C). During this period, the samples underwent ageing, which allowed further
shrinkage and stiffening of the gel. It was found that the shrinkage of samples was very
gradual after 20 days. It was noticed that the colour of the doped samples was violet-
purple owing to the presence of neodymia. These samples were dried at 120 °C for 3 h
in vacuum oven. Furthermore, heat treatment was performed at temperatures of 800 °C
(3 h), 900 °C (4 h) and 1000 °C (5 h) in a muffle furnace in air with a ramp rate of
10 °C/min. A weight loss due to calcination was observed.

2.2. Characterization

The XRD patterns of the prepared samples were obtained using an X-ray diffractometer
(X’pert Philips, PW/1710) with Ni-filtered monochromatic CuKα radiation of wave-
length 1.5406 Å and operating at 50 kV and 40 mA. The crystallite size of the sample
was calculated by the familiar Debye–Scherrer formula. The FTIR transmission spectra
were recorded at room temperature with a spectrophotometer (Perkin Elmer, 1600) in
the wave number range 4000–500 cm−1. For FTIR studies, the samples were mixed
homogeneously with KBr and pellets of the desired dimensions made. The microstruc-
tural observations were performed in a TEM (JEOL JEM-1010), operating at an
accelerating voltage of 80 kV. Specimens for TEM were prepared by dispersing the
powder samples in ethanol and placing a droplet of suspension on a copper grid coated
with perforated carbon.

3. Results and discussion

3.1. X-ray diffraction

To examine the effect of the temperature of the heat treatment on the structure of the
prepared silica-gel-derived glasses doped with different concentrations of Nd2O3, XRD
patterns were recorded. Figure 1a shows the structural evolution of sample 1 with a low
dopant concentration annealed at 800 °C (3 h), 900 °C (4 h) and 1000 °C (5 h). Some
strong, as well as weak, reflection peaks are observed in the range of 2θ to 27°–32°,
which show that different phases are present in the sample. As the sintering temperature
is increased to 900 °C (4 h), a new weak peak appears at about 22° which corresponds
to crystoballite phase, while the peak corresponding to Nd2O3 phase observed at about
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Figure 1. XRD patterns of prepared samples with (a) lower and (b) higher concentrations of
neodymium annealed at 800 °C (3 h), 900 °C (4 h) and 1000 °C (5 h).
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40.4° disappears. The intensity and position of the peaks are also slightly changed. On
further increasing the temperature to 1000 °C (5 h), the peak at 22° becomes very sharp
and intense. A new peak also appears at 36.2° which corresponds to tetragonal crysto-
ballite phase [JCPDS card No. 82-1403]. The well-defined and sharp peaks observed at
2θ – 27.8°, 28.7° and 29.5°, and a split peak at 31.2°, can easily be utilized for phase
identification. The reflection peaks corresponding to 2θ – 27.8° (0 1 0) and 29.5° (4 0 2)
are assigned to monoclinic Nd2O3 [JCPDS card No. 28-0671] and cubic Nd2O3 [JCPDS
card No. 45-0087], respectively. The peak appeared at 28.7° can be indexed as the (1 1
1) diffraction principal line of tetragonal α-crystoballite [JCPDS card No.82-1403]. At
800 °C, the peak at 30.8° (0 1 1) is assigned to hexagonal Nd2O3 [JCPDS card No. 75-
2255]. On further increase in sintering temperature, it is observed that this peak shifted
slightly towards a higher reflection angle and becomes split. The split peak observed at
31.2° may be ascribed by (1 0 2) plane of monoclinic Nd2SiO5 [JCPDS card
No. 40-0284] as also suggested by Duhan et al. [17]. These observations indicate that
the heat treatment at 1000 °C of silica with a low doping of Nd produces an initial crys-
talline structure of crystoballite and neodymium silicates but weakens the monoclinic
and hexagonal phases of Nd2O3 nanocrystallites.

The structural phase evolution of sample 2 with high dopant concentration is shown
in Figure 1b. Reflection peaks appear at 27.7°, 28.7°, 31.2°, 32.1°, 40.4° and 49.6°.
The diffraction peak at 27.7° (0 1 0) confirms the presence of monoclinic Nd2O3

[JCPDS card No. 28-0671]. The diffraction peaks at 28.7° (1 1 1) and 32.1° (1 0 2) are
assigned to tetragonal crystoballite phase [JCPDS card No. 82-1403]. At 800 °C, a dif-
fraction peak is not observed at 31.2° but, on increasing the temperature, a split reflec-
tion peak appears at 31.2° (1 0 2), which may be ascribed to Nd2SiO5 [JCPDS card
No.40-0284] [17]. The peaks observed at 40.4° and 49.6° are ascribed to the formation
of Nd2O3 [18]. As the temperature of the sample increases, the intensity of the peaks
increases considerably and some new peaks also appear, corresponding to the mixed
phase of Nd–Si compound. The size of the crystallites corresponding to prominent
peaks has been determined using the Debye–Scherrer formula for the peak width D:

D ¼ kk
b cos h

(7)

where k is a constant (=0.9), β is the full width at half maximum in radians, θ is the
Bragg angle at which the reflection peak occurs and λ is the wavelength of the CuKα

radiation (1.5406 Å).
The calculated crystallite sizes for the Nd2O3 phase of sample 1 heat-treated at 800°

and 1000 °C are about 21.7 and 31.5 nm, while that of sample 2 are 24.1 and 32.4 nm.
For the crystoballite phase, the size of the crystallites is found to be 41.3 and 42.6 nm
for sample 1 annealed at 800° and 1000 °C, and for sample 2 it is 18.1 and 21.2 nm.

A comparison of Figure 1a and b confirms the formation of different phases of sili-
cates and neodymia. As we proceed from low to high concentration of dopant in silica,
we observe that the intensity of the prominent peak corresponding to the crystoballite
phase decreases considerably, while the intensity of the peaks corresponding to Nd2O3

phases increases. It is found that the crystallite size in the crystoballite phase, as well as
in the Nd2O3 phase, increases with increase in temperature of the sample, which is in
agreement with reported results [19]. The crystallite size of crystoballite increases with
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increase in concentration of dopant (neodymium), which may be due to the fact that the
incorporation of a small amount of neodymium in the silica network is sufficient to
prevent its crystallization [20].

3.2. Fourier-transform infrared

Even after densification of the porous gel, residual organic and hydroxyl impurities
remain in the glass. These impurities are strongly believed to be responsible for devia-
tion from conventional behaviour and can be detected easily by their infrared absorp-
tion. Therefore, FTIR spectra of the sintered gels were recorded and analysed. The
effect of increasing heat-treatment temperature and the concentration of dopant on the
structure of the prepared samples was studied. The temperature evolution of FTIR
spectra of samples 1 and 2 having different (low and high) dopant concentrations are
shown in Figure 2a and b. The spectra were observed in the wave number range
4000–500 cm−1. Figure 2a shows various absorption peaks and bands present in sample
1. The absorption peaks observed at 3605.8 cm−1 and 3605.3 cm−1 are assigned to
stretching vibrations of the SiO–H bond [21]. Weak absorption bands are observed at
3426.5 and 3459.4 cm−1 in samples annealed at 800 °C (3 h) and 900 °C (4 h), respec-
tively. In the FTIR spectra, the 3450–3400 cm−1 band is associated with the stretching
vibration of the O–H bond of hydrogen-bonded molecular water [15] and the band at
3459.4 cm−1 may arise from the overlapping of the water band and a surface hydroxyl
group vibration [22]. This reveals that Si(OH)4 is not converted into SiO2 in the initial
stage of preparing the material, which is in agreement with the results obtained previ-
ously [23]. This 3459.4 cm−1 band almost vanished in the sample sintered at 1000 °C
(5 h), which confirms the removal of hydroxyl content at higher temperature. A small
peak is observed at 2518.2 cm−1 in the sample sintered at 900 °C, which may be
assigned to a CH3 out-of-plane stretching mode [24]. In the sample annealed at 800 °C,
a weak peak at 2359.5 cm−1 appears and is assigned to the first overtone of Si–O vibra-
tions [15]. The presence of adsorbed water is indicated by a band at 1634.5 cm−1,
which arises from the bending mode of water molecules [20]. As the sintering tempera-
ture is raised, this band disappears confirming the removal of adsorbed water. A strong
and broad peak appears at 1432.5 cm−1; in general, a peak at 1430 cm−1 is associated
with the stretching of a CH3 in-plane bend mode [24,25]. In addition, a broad absorp-
tion peak is assigned to the Si–O–Si asymmetric stretching mode, appearing at 1090.1
cm−1 [26]. Furthermore, the peaks observed at 1103.1 cm−1 and 1104.2 cm−1 are
ascribed to symmetric stretching modes of Si–O–Si [27]. In the FTIR spectrum of the
sample annealed at 1000 °C, an absorption peak appears at 908.1 cm−1, which may be
explained by the absorption associated with an asymmetric stretching mode vibration of
Si–O–Nd bonds [6]. The sharp peaks at 815.2, 800.3 and 792.3 cm−1 arise from sym-
metric Si–O–Si stretching or vibration modes of a ring structure [20]. The absorption
peaks observed at 877.5, 837.6, 685.2 and 667.9 cm−1 are assigned to the characteristic
bands of tetragonal A-type Nd2Si2O7 [6]. The sharp peak observed at 620.6 cm−1 is
associated with I-type Nd2Si2O7 [6]. Also, sharp peaks are observed at 467.5 and
493.0 cm−1, which may be associated with the bending mode vibrations of Si–O–Si, as
these are close to 470 cm−1 are reported in the literature [28].

Figure 2b shows the structural changes in sample 2 with increase in sintering tempera-
ture. An absorption peak is observed at about 3605 cm−1, which is assigned to the
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stretching vibration of the SiO–H bond [21]. Its sharpness is increased considerably with
temperature, which may arise from the densification of the glass samples. A weak
absorption band, observed at 3427.9 cm−1 in the sample annealed at 800 °C, disappeared
at higher temperatures. It occurs owing to the removal of entrapped water molecules.
Another weak band, associated with the bending mode of water molecules absorbed at the
silica surface, appeared at 1652.3 cm−1 [29]. This band vanished completely in the highly
dense glass because of desorption of water as the temperature and/or the duration of
calcinations increased. The bands observed at 1427.6 and 1431.7 cm−1 may be assigned
to the stretching of the CH3 in-plane bend [24,25]. The absorption bands observed at
1179.1 and 1085.4 cm−1, which are ascribed to Si–O-Si asymmetric stretching modes
[15,26], disappeared at higher temperature. The absorption peak observed at 1028.1 cm−1

may arise from Nd2O3, as a band at 1040 cm−1 has been suggested for the same [19,26].
The absorption bands appearing at 1104.7 and 1106.5 cm−1 are associated with the
symmetric stretching mode of Si–O–Si [27]. The weak band at 990.9 cm−1 is assigned to
amorphous SiO2 [6], while the one at 932.2 cm−1 is ascribed to an asymmetric
vibration mode of the Si–O–Nd bond. The peaks obtained at 873.3, 841.8, 690.5, 678.3
and 671.9 cm−1 are associated with tetragonal A-type Nd2Si2O7 [6]. The sharp peak at
817.1 cm−1 is confirmed as the symmetric Si–O–Si stretching or vibration modes of the
ring structure [20]. The absorption peaks at 493.3, 473.3 and 470.7 cm−1 may be ascribed
to the bending mode of Si–O–Si [28].

After comparing the spectra of Figure 2a and b, it was concluded that, as the sinter-
ing temperature is increased, hydroxyl groups and residual organic impurities are
removed successively and hence the glass become more and more dense and homoge-
nous. The peak at 1088.3 cm−1 is shifted towards higher wave number (1106.5 cm−1) as
the concentration of dopant is increased. Almeida et al. [30] explained the 1088 cm−1

position of Si–O–Si bonds in terms of strains in the Si–O–Si bridging bonds present at
the surface of the pores. When densification proceeds, pores collapse slowly, leading to
strain relaxation and a band wave number increase. On increasing the concentration of
neodymia, the intensity of the peak corresponding to the stretching vibrations of the
SiO–H bond increases significantly. An absorption peak at 1431.7 cm−1 appears while
the peaks at 837.6 and 792.3 cm−1 were not obtained. The peaks at 685.2 and
620.6 cm−1 merge together and give a well-defined peak at 690.5 cm−1, which corre-
sponds to A-Nd2Si2O7.

3.3. Transmission electron microscopy

Figure 3a and b show the transmission electron microscopic images of Nd-doped silica
samples used to study the microstructure evolution of samples 1 and 2 annealed at
800 °C (3 h), 900 °C (4 h) and 1000 °C (5 h). In case of sample 1, it was observed that
the size of the nanocrystallites increases with increase in sintering temperature. Semi-
crystalline phases of samples 1 and 2 were observed at 800 °C; these contain clusters
with almost undefined shape and randomly distributed. The appearance of the aggre-
gates might be as a result of the low solubility of neodymium in silica [31]; while on
increasing the heat-treatment temperature up to 1000 °C, structural particles grow and
develop and become closer to each other. These observations might be due to the fact
that, at lower temperature, there remains some residual water and hydroxyl groups
which prevent the density from increasing. The sample gradually loses some of its
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Figure 2. FTIR spectra of prepared samples with (a) lower and (b) higher concentrations of
neodymium annealed at 800 °C (3 h), 900 °C (4 h) and 1000 °C (5 h).
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weight on increasing the sintering temperature, causing an increase in its density and
giving rise to the change from a semi-crystalline to a crystalline phase. The average
crystallite sizes measured for sample 1 heat-treated at 800 and 1000 °C are about 24.3
and 36.6 nm, respectively. The average sizes of the nanocrystallites for sample 2
annealed at 800 and 1000 °C are 18.3 and 31.7 nm, respectively. For both samples 1
and 2, the crystallite size increases as the sintering temperature increases. In addition,
as the concentration of dopant increases, the crystallite size decreases. These results are
in agreement with the XRD results. It is difficult to distinguish neodymium silicates
and neodymium oxide nanoparticles through TEM, although XRD and FTIR spectra
clearly confirm the existence of both types of phases in the samples, as illustrated in
Figure 1 and 2.

4. Conclusions

The sol–gel technique has been successfully used to prepare silica-gel-derived glasses
doped with Nd2O3 using tetraethyl orthosilicate as a precursor. The relationships
between the sintering temperature, dopant concentration and the microstructural
properties of the Nd-doped silica nanocomposites were investigated. Heat treatment in

Figure 3. TEM micrographs of prepared samples with (a) lower and (b) higher concentrations of
neodymium annealed at 800 °C (3 h), 900 °C (4 h) and 1000 °C (5 h).
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air of as-prepared samples ranging from 800 to 1000 °C resulted in a structural phase
evolution. XRD analysis showed that the amorphous phase changed to the α-crystoba-
lite phase as the sintering temperature is increased. Doping the silica matrix with
Nd2O3 increases the crystallite size. The XRD results confirmed the advantages of the
sol–gel process for obtaining amorphous phases of materials at lower temperature; and
dense as well as homogeneous materials with crystalline phases at higher temperature.
The FTIR spectra elucidated the bonding system of the constituent atoms and groups
such as Si, O, Nd and OH, which threw light on the sample structures. TEM
micrographs confirmed the XRD observations regarding the crystallite/particle size of
different phases developed in the Nd-doped silica nanocomposites.
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Abstract— Nanocrystalline powders of ZrO2-SnO2 system 

with molar ratio 0.75/0.25 were prepared at room temperature 

by sol-gel wet chemical route. The as-prepared samples were 

annealed at 500, 700 and 850 
0
C for 3 h. Structural parameters of 

annealed powdered samples were determined by X-ray 

diffraction (XRD). The crystallite size was calculated using 

Debye-Scherrer formula as well as Williamson-Hall relation and 

then compared. Other structural parameters such as lattice 

parameters, micro-strain, dislocation density and activation 

energy were also estimated. The functional groups present in the 

samples were confirmed by Fourier transform infrared 

spectroscopy (FTIR). 

Index Terms— Nanocrystalline material, sol-gel route, 
Structural parameters. 

I.  INTRODUCTION 
 

Metal oxides play an important role in many areas of 
chemistry, physics, and materials science [1-5].  In the 
emerging field of nanotechnology, a goal is to make 
nanostructures or nanoarrays with unique properties with 
respect to those of bulk or single particle species [6-10]. 
Zirconia is a very important engineering ceramic material for 
high-temperature applications because of its intrinsic physical 
properties such as high hardness, low wear resistance, low 
coefficient of friction, high elastic modulus, chemical 
inertness, low thermal conductivity, high melting temperature, 
etc. [11]. Due to significant properties of zirconia it can be 
used for a variety of applications, such as: electrodes for flat 
panel display and electro-chromic devices; solar cells; heat 
mirrors; and smart windows [12]. SnO2 ceramics are n-type 
semiconductors that have many uses such as gas sensors, 
electrodes for electric glass melting furnaces, electrochromic 
devices, crystal displays, photodetectors, solar cells and 
protective coatings [13-15]. Various growth techniques such 
as chemical vapour deposition, sol–gel process, pulsed laser 
deposition and rf magnetron sputtering have been used for 
synthesizing   SnO2-ZrO2 system. Sol-gel process has been 
widely used due to its simplicity, easy control of film 
composition, safety and low cost of the apparatus and raw 
materials. 

In the present study, we synthesized SnO2-ZrO2 system 
by Sol–gel process followed by heat treatment. Annealed 
samples have been characterized by X-ray diffraction and 
FTIR spectroscopy to determine structural parameters.  
 

II. EXPERIMENTAL DETAILS 
 

The sol–gel method has been used to prepare ZrO2- SnO2 
nanoparticles. Zirconium oxychloride (ZrOCl2·8H2O, Merck) 

and tin (IV) chloride (SnCl4·5H2O, Merck) were used as 
starting materials with molar ratio of 0.75:0.25. The diluted 
nitric acid solution was added drop by drop under vigorous 
stirring until these solutions became clear and then mixed and 
stirred. The final solution was aged overnight (called “sol”). 
After that, the ammonia solution (1:1) was added drop by 
drop until composite gel sample was at pH ~ 8–9.  After 
overnight aging, gel of Zr0.75Sn0.25O2 was dried at 100 0C for 
24 h and as-prepared powder samples were then calcined in a 
programmable furnace at 550, 700 and 850 0C for 3h. In this 
way, we obtained white ZrO2-SnO2 nanopowder.  

The prepared samples have been characterized using 
techniques like X-ray Diffraction (XRD) and Fourier 
Transform Infrared spectroscopy (FTIR). The XRD patterns 
of prepared samples have been obtained using X-ray 
diffractometer (X’Pert-Philips) having Ni filter and CuK  
radiation of wavelength 1.5406Å in the 2  range 4-700. The 
FTIR spectra of samples have been recorded in the wave 
number range of 4000-450cm-1 with the FTIR 
spectrophotometer (Perkin-Elmer 1600) using sample-KBr 
pellets.  

 
III.  RESULTS & DISCUSSIONS 

 
XRD patterns show the reflections of monoclinic phase of 

ZrO2 (m-ZrO2) at about 2  ~ 24.10, 28.10 and 31.40 with 
preferred orientations in (110), (111) and (200) planes 
respectively [ICDD No. 37-1484]; and some reflections peaks  

 

 
 
 
FIG.1. . XRD spectra of prepared samples calcined at different 
temperatures for 3 h. 
 



are observed corresponding to tetragonal phase of ZrO2, 
which are centered at about 30.30 (111), 35.20 (200), 50.40 
(220) [16] and 60.20 with preferred orientation in (111) plane 
[17]. A peak of orthorhombic phase of ZrSnO4 (o-ZrSnO4) is 
found at 2  ~62.70. Stefanic et al.[18] reported that metastable 
ZrSnO4 phase appears in systems when calcined at 
temperature 1000 °C. However, in our study, ZrO2–SnO2 
systems showed the growth of o-ZrSnO4 phase along with 
tetragonal ZrO2 and monoclinic ZrO2 at annealing 
temperatures 550, 700 and 850 0C which are in good 
agreement with K. Joy et al. [19]. No significant reflections 
corresponding to the phase of SnO2 are noticed which may be 
due to low concentration of tin precursor. The grain size 
corresponding to most prominent peak ~28.10 (111) is 
calculated by Debye Scherrer equation D= k /  cos  [20], 
where k is a constant (0.94),  is the wavelength (CuK  
1.54060 Å) of X-ray used,  is linewidth and  is the Bragg’s 
diffraction angle. The particle size comes out to be 13.7, 19.2 
and 32.1 nm corresponding to annealing temperature 550, 700 
and 850 0C respectively. The average grain size is determined 
by Williamson- Hall relation [21]. The average crystallite size 
(D) is estimated to be 15.6, 20 and 28 nm for samples 
annealed at 550,700 and 850 0C respectively. It has been 
observed that the grain size increases with annealing 
temperature. 

The unit cell parameters corresponding to tetragonal 
phase are calculated by following relations  
    

 
    

 
where,d is spacing between the planes, h,k,l are Miller 
indices, a,b,c are lattice constants and V is volume of unit cell. 
Cell parameters for the samples annealed at 850 0C are 
c=5.0856Å, a=3.5955 Å and unit cell volume V= 65.27Å3, 
which are in good agreement with C.J. Howard et al. [22].  
Unit cell parameters corresponding to monoclinic phase are 
estimated by the relations:  
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FIG. 2. Lattice parameter vs temperature. 
 
Cell parameters for the samples annealed at 850 0C are        
a=5.18Å, b=5.27Å, c=5.22Å, =82.70 and unit cell 
volume V=140.55 Å3.  

Variation of lattice parameters with temperature 
corresponding to tetragonal phase is shown in Fig.2 The 
change in lattice constants indicates a change in the stress 
[23] with the increase in temperature. 

The dislocation density ( ) provides information 
about its crystal structure in terms of the length of 
dislocation lines per unit volume of the material. It is 
given by the relation = 1/D2. Dislocation density for 
samples annealed at 550,700 and 850 0C are found to be 
4.125 x103, 2.495 x103 and 1.273x103  nm-2

. Microstrain 
is estimated by Williamson-Hall plot and its values are 
0.005, 0.007 and 0.009 for samples annealed at 550,700 
and 850 0C respectively. 

 Activation energy ( E) to initiate a chemical 
reaction may be determined by the Scott relation: 

 

 
where, D is grain size, C is a constant, R is Rydberg 
constant, T is annealing temperature of the sample.  
When a graph between ln D and 1000/T is plotted, a 
straight line is obtained. The value of activation energy 
can be estimated from the slope of this line and found to 
be 10.7KJ/mole. 
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FIG. 3. Plot of lnD vs 1000/T. 
 

 
FIG. 4. FTIR spectra of prepared samples calcined at different 
temperatures for 3 h 
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A band at 1382 cm-1 is attributed to the absorption of 
non-bridging -OH group. An absorption peak at~738 cm-1 
starts developing and become stronger as the annealing 
temperature is increased, which is the characteristic of m-
ZrO2. The peak corresponding to metal and oxygen 
bonding (Zr-O) is situated at 578 cm-1[24] and peak at 
497cm-1 is attributed to Zr–O stretching in tetragonal 
ZrO2 [25-26]. These results are in agreement with that of 
XRD. 

 
IV. CONCLUSIONS 

 
Samples of SnO2-ZrO2 system have been prepared 

successfully by sol-gel route. The results of our study 
showed that particle size increases with increase in 
temperature. XRD patterns confirmed the existence of 
mixed phase such as m-ZrO2, t-ZrO2 and o-ZrSnO4, while 
the lattice constants for tetragonal phase decreases with 
increase in temperature. FTIR spectra elucidate the 
presence of monoclinic and tetragonal phase of ZrO2 

which are in agreement with that of XRD. 
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Abstract— The thermal evolution of nanodimensional 

mixed metal oxides prepared by sol-gel route through 

structural characterization is reported. ZrO2-SiO2 sol-gel 

powders were produced using zirconium propoxide and 

tetraethoxysilane (TEOS) as precursors. The gel was dried 

at 110°C for 6h in air. After drying, thermal treatment of as 

prepared samples was carried out at 650, 875 and 1100°C 

for 4 h. The crystallization of samples and the crystalline 

phases evolved are related to annealing temperature. The 

phases of zirconia and silica are identified, and the lattice 

parameters are calculated using X-ray diffraction. The 

results suggest that annealing at higher temperature 

enhances the crystallinity and hence crystallite size of 

nanodimensional samples. 

 
      Index Terms—Thermal evolution, ZrO2-SiO2, Sol-gel,  

    XRD, FTIR. 

 
 

I.  INTRODUCTION 
 

The application of sol-gel chemistry to the preparation of 
binary oxides has been widely described. Sol-gel provides 
new possibilities for achieving desired compositions, high 
homogeneity, as well as control of particle size [1]. Contrary 
to the conventional synthesis methods, which generally 
require high temperatures, the sol-gel process [1, 2] makes the 
development of nanocrystals possible at room temperature. 
Mixed oxides approach homogeneity throughout the bulk at 
the molecular scale, and show a peculiar behaviour compared 
to the original pure oxide components.  

There has been an increase in the use of zirconium, 
aluminium, or titanium alkoxides in order to obtain novel 
materials. Most studies performed in this field focused on the 
synthesis of materials with mixed composition [3-7]. The 
nanosized binary oxide systems of ZrO2-SiO2 are useful and 
widely studied due to their potential applications as building 
blocks in optoelectronic devices, chemical gas sensors, alkali-
durable glasses, catalyst support, dye sensitized solar cells, 
and as advanced ceramic materials [8-11]. Combinations of 
silica with a large number of other oxides have been reported 
[12].  Composite metal oxides exhibit different chemical and 
physical properties (such as crystal structure, pore structure, 
refractive index and morphology of surface etc.) than single 
metal oxides.  

Pure ZrO2 is a material with wide synergetic applications 
because of its high refractive index, optical transparency, 
chemical resistance, high mechanical toughness and non-
toxicity. It has very small specific area, low thermal stability 
that makes it unsuitable for industrial applications. In order to 
overcome these drawbacks, increasing attention has been paid 
to the development of mixed oxides by combining ZrO2 with 

silica which has higher surface area and thermal stability. 

 
II. EXPERIMENTAL DETAILS 

 
Nanosized ZrO2-SiO2 systems were prepared employing 

the sol-gel method followed by thermal treatment. The 
starting precursors were alkoxides, TEOS (Aldrich, 98% in 
EtOH) and Zr(OPr)4 (Aldrich, 70% in PrOH). The mixed 
oxides were produced through co-gellation, a procedure with 
four stages: prehydrolysis of TEOS, addition of Zr(OPr)4, 
complete hydrolysis and gelation. Firstly, TEOS and EtOH 
were mixed at room temperature. The prehydrolysis was 
carried out by adding water and HNO3 into TEOS mixture 
drop by drop. As the prehydrolysis was attained, the mixture 
of Zr(OPr)4, acetylacetone and EtOH was added into it. The 
acetylacetone was added to reduce the rate of reaction of 
Zr(OPr)4 as its rate of reaction is much faster than that of 
TEOS. This solution was kept at 60°C under strong agitation 
for 3h and HNO3 was added drop by drop to complete the 
hydrolysis of the solution. Gellation was achieved by adding 
small amount of water under agitation. The composition 
synthesized was 90:10 molar ratio of ZrO2-SiO2. 

The opaque gel produced was dried at 110°C for 6h and 
then milled in an agate mortar. The powder samples were 
subjected to thermal treatment at temperatures 650, 875 and 
1100°C separately for 4h with ramp rate 4°C/min in a muffle 
furnace.  

The XRD patterns of prepared samples were obtained for 
phase identification and examination using CuK  radiation 

with X-ray diffractometer (X’pert-Philips). The FTIR 
transmission spectra were recorded by FTIR 
spectrophotometer (Perkin Elmer, 1600) in the wavenumber 
range 4000- 450 cm-1 for identifying the chemical groups. For 
FTIR analysis, the samples were mixed homogeneously with 
KBr and the pellets of desired dimensions were made. 

 
III.  RESULTS & DISCUSSIONS 

X-ray diffraction 
 

The thermal evolution of samples annealed at 650° 
(sample A), 875° (sample B) and 1100°C (sample C) for 4h 
has been reported and is shown in Fig.1. The spectra indicate 
the presence of a mixture of tetragonal and monoclinic forms. 
A weak and broad reflection peak has been observed at 
2 ~25° in case of as-prepared sample, which confirmed the 
amorphous nature of ZrO2-SiO2 system (fig. not shown here). 
This reflection peak became sharper and shifted towards 
higher 2  with temperature. The development of tetragonal 

ZrO2 phase has been confirmed from the peak observed at 
about 2 ~30.2° [JCPDS card no. 17-0923]. A small peak is 
started developing at ~28°, which became significant at higher 
temperatures. This peak has been assigned to monoclinic 
phase of ZrO2 with hkl values (111) which has also been 



confirmed by B. Jongsomjit et. al [14]. At 2  ~ 35.2°, 50.3° 
and 59.1°, the mixed peaks of tetragonal phases have been 
observed. The coexistence of phases of ZrO2 and tetragonal 
crystoballite has been confirmed. On close examination, it has 
been seen that there is initialization of monoclinic phase at 2  

~ 40.8° and 44.7° in sample B and clearly appeared in sample 
C. Some additional peaks of monoclinic phase have also been 
observed as shown in Fig.1. The monoclinic phase has 
dominated over tetragonal phase in sample C. It has also been 
confirmed by Aguliar et. al [15] that the monoclinic phase 
dominates over tetragonal phase as the annealing temperature 
is raised above 1000°C. 

 
FIG.1. XRD pattern of annealed samples. 

 
The particle size of tetragonal and monoclinic phases 

was determined by Debye-Scherrer formula and Williamson-
Hall equation; and compared. The lattice constants were 
calculated by solving the system of equations obtained for 
different hkl values. The values of a and c for tetragonal phase 
were found to be 5.087 Å and 5.192 Å respectively, which are 
in agreement with values calculated by H. Ding et al [16]. The 
average size of crystallites was determined from the W-H plot 
which is shown in Fig. 2 and found to be 16.08 nm and the 
dislocation density was found to be 0.0039 nm-2. Also, the 
micro-strain present in the sample was determined from the 
same W-H plot and was found to be 0.0073. The particle size 
calculated by D-S formula was smaller due to strain 
broadening. 

 

 
 
FIG. 2. Williamson-Hall plots of annealed samples. 

 
FTIR 

 
Fig. 3 shows the spectra obtained by means of FTIR 
spectrophotometer for the analysis of ZrO2-SiO2 system annealed 
at temperatures 650°C (sample A), 875°C (sample B) and 1100°C 
(sample C) for 4h. A strong absorption band was observed at 3396 
cm-1 in the sample A which became slightly weaker and shifted 
towards higher wavenumber (3400 cm-1 for sample B and 3423 
cm-1 and 3450 cm-1 for sample C) as the temperature was 
increased. In the FTIR spectra, 3450 - 3400 cm-1 band is 
associated with the stretching vibration of O-H bond of hydrogen 
bonded molecular water [17]. This broad band was observed 
regardless of the annealing temperature in this case. The weak 
bands observed at 2928 and 2860 cm-1 corresponds to CH2 
asymmetric and symmetric stretching vibrations respectively [18].  
 

 
FIG.2. FTIR spectra of annealed samples 
 

An isolated absorption peak in sample A observed at 2336 cm-1 
became weaker (sample B) and almost disappeared (sample C) as 
the annealing temperature was increased. In general, an isolated 
weak-to-moderate intensity absorption typically between 2700 and 
2400 cm-1, is not normally associated with a multiply bonded 
compound. These absorptions are usually from hydride vibrations, 
such as from silanes (Si-H) [19]. A weak absorption band 
observed at 1380 cm-1 is associated to Zr-OH deformation, which 
disappears as temperature rises. Above 600°C, the absorption 
bands between 450 and 1200 cm-1 characterized only the metallic 
connection M-O-M, O-M-O or M-OH, where M is the zirconium 
or silicon; Agoudjil and his co-workers also confirmed the above 
said results [20]. It has been reported that pure silica absorbs 
infrared radiation near 1100 cm-1 with a shoulder at ~ 1200 cm-1 
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due to Si-O stretching vibration. A shift of the Si-O band (1095 
cm-1) position has been observed on the introduction of metal 
oxide i.e. ZrO2 to a silica matrix, due to the formation of Si-O-Zr 
bond [18]. In sample C, the absorption peaks observed at ~740 and 
580 cm-1 are due to stretching vibrations of Zr-O bond [17, 21]. 
The strong absorption peak observed at 470 cm-1 is due to Si-O-Si 
bending vibrations, shifted towards lower frequencies with rise of 
temperature [21].  The modifications of vibration bands show that 
even after densification and heat treatment of porous gel, residual 
organic and hydroxyl impurities remain in the sample. 

 
IV. CONCLUSIONS 

 
The nanostructured ZrO2-SiO2 powders were synthesized 

by sol-gel process using alkoxide precursors followed by 
thermal treatment. Crystallization behaviour and phase 
evolution of the samples have been analyzed via XRD and 
FTIR. XRD technique has been very effective in analyzing the 
crystallization stages of tetragonal zirconia, its stabilization 
and its transformation into monoclinic phase etc. The 
crystallization of tetragonal zirconia has been occurred at low 
temperature due to high concentration of ZrO2. The average 
size of crystallites was found to be 16.08 nm. The calculated 
lattice constants a and c for tetragonal phase were 5.087Å and 
5.192 Å respectively. The dislocation density was found to be 
0.0039 nm-2. Also, micro-strain was determined from W-H 
plot, and its value was 0.0073. FTIR analysis elucidated the 
modifications of vibration bands and the presence of Si-O-Si, 
Zr-O-Zr and O-Zr-O bonds in the samples.  
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Annexure – A 
 
11. OBJECTIVES OF THE PROJECT:   
  
The investigations of sol-gel derived nanosized metal oxides and their binary systems  

such as TiO2-ZrO2, ZrO2-SiO2, SnO2-ZrO2, TiO2-SiO2 etc. using XRD, FTIR, SEM, TEM, 

UV-vis, PL and DTA/TGA have become particularly prevalent for the determination of 

structural, optical and thermal properties of these systems. These techniques provide 

relevant information on physical parameters such as phase evolution, crystal structure, 

lattice constants, crystallite size, surface morphology, particle size, shape, size 

distribution, absorption coefficient, optical bandgap, excitation and emission 

wavelengths, exothermic/endothermic reactions, weight loss etc. The study of these 

parameters is important from technological applications point of view. Such studies may 

be useful in predicting the structural, optical and thermal behavior of these prepared 

systems and also for tailoring their properties as per the requirement/development of 

desirable device fabrication. 

The objectives of the proposed project were as follows: 

1. Synthesis of nanosized metal oxides and their binary systems using sol-gel 

technique by optimizing the growth parameters (pH, reaction temperature, stirring 

rate etc.). 

2. Preparation of thin film samples using spin coating technique. 

3. Study the effect of composition of precursors and heat treatment temperature on 

the properties of synthesized samples. 

4. Study of dopant induced changes in the properties of prepared samples. 

5. Study the effect of particle/crystallite size on the properties. 

6. Investigations on synthesized materials to study their structural, optical and 

thermal properties as:  

(a) To determine the crystal structure and crystallite size using XRD. 

(b) To observe the structural evolution of prepared samples using FTIR.  

(c) To study the morphology and micro structural properties employing SEM      

and TEM. 



(d) To determine the optical parameters such as band gap, absorption 

coefficient, emission wavelength etc. by UV-visible Spectroscopy and 

photoluminescence. 

(e) To study some thermal parameters with the help of DTA/TGA

 thermograms. 

12. WHETHER OBJECTIVES WERE ACHIEVED:   YES  

The objectives of project have been achieved upto a large extent. The metal oxides and 

their binary systems have been successively synthesized by sol-gel route followed by 

heat treatment. Four series of binary metal oxide systems have been synthesized in 

powder as well as thin film form. In addition, two series of rare-earth doped metal oxides 

and one series of metal oxide doped with transition metal has been prepared to observe 

the altered behaviour of pure metal oxide due to doping. The structural, micro-structural, 

optical and thermal properties of prepared samples have been studied through various 

complementary characterization techniques namely XRD, FTIR, SEM/EDX, TEM, UV-

vis, PL and TG-DTA. The modifications in the properties have been studied by varying 

the growth parameters such as precursor concentration, annealing temperature, dopant 

concentration etc. It has been observed from analysis that the results obtained are in 

good agreement with reported work in literature. The properties of synthesized materials 

have been successively altered and published/communicated in the form of research 

papers. The results are employable for desirable applications in technologically 

important device fabrication.  

13. ACHIEVEMENTS FROM THE PROJECT:  

The results obtained have been analyzed and arranged systematically in the form of 

research papers. A few research papers have been published in different international 

journals and an edited book. Also, a number of papers have been communicated to 

reputed international journals for publication. In addition, the research work has also 

been presented in international as well as national conferences.  

During the full tenure of the project, the project fellow, Ms. Surbhi was enrolled as Ph. 

D. research scholar in the department (Reg. No. 11580007). The research work carried 



out by her during the project has been included in her Ph. D. thesis work, which is to be 

submitted shortly in the university. One M. Phil. scholar and one M. Sc. student have 

been trained about the synthesis techniques and characterization tools available in the 

lab.  

Publication of results: ( Reprints attached at Annexure-C) 

 

Papers in International Journalrs 

1. Saruchi, Surbhi Verma, Sushil Kumar, ‘Tailoring the structural and optical 

parameters of zirconia nanoparticles via silver’, Applied Physics A: 

Materials Science and Processing, Volume 123, Issue 7-9, 2014,   1558-

1561. 

 

2. Surbhi, Saruchi, P. Aghamkar, Sushil Kumar, ‘Structural investigations on 

Nd-doped silica nanocomposites: Effect of sintering temperature and dopant 

concentration’, Philosophical Magazine Letters, Volume 94, Issue 8, 2014, 

503-513.  

 

3. Surbhi, Saruchi, Sushil Kumar, ‘Effect of annealing temperature on 

structural, photoluminescence and thermal properties of nanosized zirconium 

silicates’, Advanced Science Letters, Volume 20, Issue 7-9, 2014, 1504-

1508. 

 

4. Saruchi, Surbhi, Sushil Kumar, ‘Structural and optical studies of Sn1-xZrxO2 

nanocomposites’, Advanced Science Letters, Volume 20, Issue 7-9, 2014, 

1558-1561. 

Papers in edited book: 

5. Surbhi, Saruchi, Sushil Kumar, ‘Thermal evolution of mixed oxides of 

Zirconia-Silica prepared by sol-gel Route’, Physics of Semoconductor 

Devices, Environmental Science & Engineering, V. K. Jain and A. Verma 

(Eds), 2014, 749-751, Springer International Publishing, Switzerland. 



6. Saruchi, Surbhi, Sushil Kumar, ‘Studies on structural parameters of ZrO2–

SnO2 binary system’, Physics of Semoconductor Devices, Environmental 

Science & Engineering, V. K. Jain and A. Verma (Eds), 2014, 717-719, 

Springer International Publishing, Switzerland. 

Papers Communicated: 

7. Surbhi Verma, Saruchi Rani, Sushil Kumar, M. A. Majeed Khan ‘Tetragonal 

zirconia quantum dots in silica matrix prepared by a modified sol-gel protocol’, 

in. 

8. Surbhi Verma, Saruchi Rani, Sushil Kumar, ‘Rietveld refinement, micro-

structural, optical and thermal properties of zirconium titanate composites’, in. 

9. Saruchi Rani, Surbhi Verma, Sushil Kumar, M. A. Majeed Khan, ‘Sol-gel 

deived Sn1-xCexO2: Structural and optical investigations’ in Materials Science 

and Engineering B.  

10. Saruchi Rani, Surbhi Verma, Sushil Kumar, ‘Temperature dependence of 

opto-structural parameters of ZrO2-SnO2 system’ in Optik: International 

journal for Light and Electron Optics.  

Papers Under Preparation: 

11. Surbhi Verma, Saruchi Rani, Sushil Kumar, ‘Effect of composition on 

structural, optical and thermal properties of titania quantum dots in silica’. 

12. Surbhi Verma, Saruchi Rani, Sushil Kumar, ‘Tailoring the structural and 

optical parameters of titania nanoparticles by rare earth (Pr, Sm) doping’. 

13. Surbhi Verma, Saruchi Rani, Sushil Kumar, ‘Modified structural and optical 

properties of zirconia doped by rare earth (Pr, Sm)’. 

 

 



Papers Presented in International conferences: 

14. Surbhi, Saruchi, Sushil Kumar, ‘Structural and optical properties of sol-gel 

derived nanosized Zirconium silicates: Compostional effect’ presented in 

International conference on Materials Science and Technology (ICMtech-

2016), organized by University of Delhi, New Delhi. 

15. Saruchi, Surbhi, Sushil Kumar, ‘Investigations on structural and optical 

properties of ZrO2 nanoparticles’ presented in International conference on 

advances in nanomaterials and nanotechnology (ICANN-2016) organized by 

Jamia Millia Islamia, A central University, New Delhi 

16. Surbhi, Saruchi, Sushil Kumar, ‘Structural and thermal characterization of 

sol-gel derived nanodimensional Zirconium Silicates’ presented in 

International conference on soft materials (ICSM-2014), organized by Malviya 

National Institute of technology, Jaipur. 

17. Surbhi, Saruchi, Sushil Kumar, ‘Structural studies on nano-sized ZrO2–

SiO2 mixed oxides synthesized by sol-gel method’ presented in an 

international conference on Nanoscience and Nanotechnology (ICNN-2013), 

organized by Babasaheb Bhimrao Ambedkar University, Lucknow. 

18. Saruchi, Surbhi, Sushil Kumar, ‘Composition effect on structural parameters 

of SnxZr1-xO2 (0≤x≤1) system’, presented in an international conference on 

Nanoscience and Nanotechnology (ICNN-2013), organized by Babasaheb 

Bhimrao Ambedkar University, Lucknow. 

 

 

 

 

 



14. SUMMARY OF THE FINDINGS:     

The proposed work involved the synthesis of nanosized oxides with mixed compositions 

such as TiO2-ZrO2, ZrO2-SiO2, SnO2-ZrO2, TiO2-SiO2. In addition, the rare-earth (Pr, 

Sm) doped TiO2 and ZrO2; and transition metal (Ag) doped ZrO2 have been 

synthesized. The structural, micro-structural, optical and thermal properties of prepared 

samples have been studied. The proposed samples were prepared through sol-gel 

route followed by spin coating technique. The prepared samples have been 

characterized by a number of sophisticated techniques namely X-ray powder diffraction, 

Fourier transform infrared spectroscopy, scanning electron microscopy, energy-

dispersive X-ray spectroscopy, transmission electron microscopy, UV-visible absorption 

spectroscopy, photo-luminescence spectroscopy and thermo-gravimetric 

analysis/differential temperature analysis.    

In case of first series i.e. ZrO2-SiO2 system, the formation and stabilization of tetragonal 

zirconia quantum dots embedded in silica has been observed. The variation in 

composition of precursors altered the structural, optical and thermal properties of 

zirconia QDs. The monoclinic phase of ZrO2 transformed to metastable tetragonal 

phase in the matrix of silica. The optical band gap and PL emission wavelength have 

been modified by varying the concentration of starting precursors.  

The second series of mixed oxides i.e. ZrxSn1-xO2 (0<x<1) contains phases of individual 

oxides (SnO2 and ZrO2) as well as traces of orthorhombic SnZrO4. However, as the 

concentration of ZrO2 increases, the phases of tin oxides diminished and tetragonal 

ZrO2 dominated. The band gap increased with increase in concentration of zirconia; 

while the emission wavelength shifted to large values with increase in zirconia content.   

In the third series of mixed oxide i.e. TiO2-ZrO2 nanocrystals, the disappearance of 

phases of individual oxides (TiO2 or ZrO2) and formation of orthorhombic phase of 

zirconium titanate (ZrTiO4) has been confirmed from the results. The desired 

modifications in the crystal structure, crystallite size, lattice parameters, band gap, 

emission wavelength etc. has been carried out by employing a modified sol-gel route. 

The rietveld refinement analysis has been performed and the values of R-factors as 



determined by authors are less than 10%, as well as matching of observed and 

calculated patterns, confirmed the goodness of refinement. 

In case of fourth series i. e. TiO2-SiO2, the anatase phase of titania has been formed 

and stabilized over rutile phase as in case of pure titania. The degree of crystallization 

as well as size of crystallites increased with increase in concentration of titania 

precursors. The alteration in the structure, band gap, emission wavelength has been 

achieved by optimizing the growth parameters such as precursors concentration, pH, 

reaction temperature, annealing temperature etc.  

The rare earth and transition metal doped metal oxides (Pr/Sm-TiO2, Pr/Sm-ZrO2, Ag-

ZrO2, Nd-SiO2) have been prepared to study the effect of dopants on their structural, 

micro-structural, optical and thermal properties. The XRD analysis confirmed the phase 

transformation of oxides due to incorporation of dopants. The crystallization of the 

system increases as the annealing temperature is increased. FTIR spectra elucidate the 

presence of various functional/vibrational groups. TEM images of doped oxides contain 

agglomerates which are composed of individual particles. The blue shifting of band gap 

and red shifting of emission wavelength with the increase in dopant concentration has 

been occurred in UV-vis and PL spectra respectively. 

 

15. CONTRIBUTION TO THE SOCIETY:    

The project fellow was enrolled for Ph. D. programme in Physics. The research work 

carried out by her during the project is being utilized for the thesis of project fellow. The 

spin coating unit, hot plate stirrer and pH tester purchased under the project were also 

used for the synthesis of samples for the dissertation work of a M. Phil. Physics scholar 

of department and also for the project work of a M.Sc. Physics student of Banasthali 

University, Rajasthan. In order to develop technical skills, other students of the 

department were trained about the functioning/working of lab equipments dealing with 

synthesis and characterization of samples as some of them were keen to pursue 

research after their PG course.  
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1. Project report No.  Final 
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3. Period of report:   From 01-04-2013 to 31-03-2017 
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ii. Work done so far and results achieved and publications, if any, resulting from the 

work (Give details of the papers and names of the journals in which it has been 

published or accepted for publication): Annexure –B 
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study. One bound copy of the final report of work done may also be sent to University 
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vii. Any other information which would help in evaluation of work done on the project. At 

the completion of the project, the first report should indicate the output, such as  

 
(a) Manpower trained: 
 

1. One M. Phil. scholar (Dissertation work)  

2. One M. Sc. Student (Project work) 

 
(b) Ph. D. Awarded/Enrolled: 
  
The project fellow has been enrolled for Ph. D. programme in Chaudhary Devi Lal 

University, Sirsa. She has completed her research work dealing with Ph. D. and now 

she is writing her Ph. D. thesis and research papers for publications in reputed 

international journals. 

 

(c) Publication of results: (Reprints at Annexure-C) 
 

Papers in International Journals 

5. Saruchi, Surbhi Verma, Sushil Kumar, ‘Tailoring the structural and optical 

parameters of zirconia nanoparticles via silver’, Applied Physics A: 

Materials Science and Processing, Volume 123, Issue 7-9, 2014,        

1558-1561. 

 

6. Surbhi, Saruchi, P. Aghamkar, Sushil Kumar, ‘Structural investigations on 

Nd-doped silica nanocomposites: Effect of sintering temperature and dopant 

concentration’, Philosophical Magazine Letters, Volume 94, Issue 8, 2014, 

503-513.  

 

7. Surbhi, Saruchi, Sushil Kumar, ‘Effect of annealing temperature on 

structural, photoluminescence and thermal properties of nanosized zirconium 

silicates’, Advanced Science Letters, Volume 20, Issue 7-9, 2014,        

1504-1508. 

 



8. Saruchi, Surbhi, Sushil Kumar, ‘Structural and optical studies of  Sn1-xZrxO2 

nanocomposites’, Advanced Science Letters, Volume 20, Issue 7-9, 2014, 

1558-1561. 

Papers in Edited Book: 

11. Surbhi, Saruchi, Sushil Kumar, ‘Thermal evolution of mixed oxides of 

Zirconia-Silica prepared by sol-gel Route’, Physics of Semoconductor 

Devices, Environmental Science & Engineering, V. K. Jain and A. Verma 

(Eds), 2014, 749-751, Springer International Publishing, Switzerland. 

12. Saruchi, Surbhi, Sushil Kumar, ‘Studies on structural parameters of ZrO2–

SnO2 binary system’, Physics of Semoconductor Devices, Environmental 

Science & Engineering, V. K. Jain and A. Verma (Eds), 2014, 717-719, 

Springer International Publishing, Switzerland. 

Papers Communicated: 

13. Surbhi Verma, Saruchi Rani, Sushil Kumar, M. A. Majeed Khan ‘Tetragonal 

zirconia quantum dots in silica matrix prepared by a modified sol-gel protocol’, 

in New Journal of Chemistry. 

14. Surbhi Verma, Saruchi Rani, Sushil Kumar, ‘Rietveld refinement, micro-

structural, optical and thermal properties of zirconium titanate composites’, in 

RSC Advances. 

15. Saruchi Rani, Surbhi Verma, Sushil Kumar, M. A. Majeed Khan, ‘Sol-gel 

deived Sn1-xCexO2: Structural and optical investigations’ in Materials Science 

and Engineering B.  

16. Saruchi Rani, Surbhi Verma, Sushil Kumar, ‘Temperature dependence of 

opto-structural parameters of ZrO2-SnO2 system’ in Optik: International 

Journal for Light and Electron Optics.  

Papers Under Preparation: 

14. Surbhi Verma, Saruchi Rani, Sushil Kumar, ‘Effect of composition on 

structural, optical and thermal properties of titania quantum dots in silica’. 

15. Surbhi Verma, Saruchi Rani, Sushil Kumar, ‘Tailoring the structural and 

optical parameters of titania nanoparticles by rare earth (Pr, Sm) doping’. 



16. Surbhi Verma, Saruchi Rani, Sushil Kumar, ‘Modified structural and optical 

properties of zirconia doped by rare earth (Pr, Sm)’. 

Papers Presented in International conferences: 

19. Surbhi, Saruchi, Sushil Kumar, ‘Structural and optical properties of sol-gel 

derived nanosized Zirconium silicates: Compostional effect’ presented in 

International conference on Materials Science and Technology (ICMtech-

2016), organized by University of Delhi, New Delhi. 

20. Saruchi, Surbhi, Sushil Kumar, ‘Investigations on structural and optical 

properties of ZrO2 nanoparticles’ presented in International conference on 

advances in nanomaterials and nanotechnology (ICANN-2016) organized by 

Jamia Millia Islamia, A central University, New Delhi 

21. Surbhi, Saruchi, Sushil Kumar, ‘Structural and thermal characterization of 

sol-gel derived nanodimensional Zirconium Silicates’ presented in 

International conference on soft materials (ICSM-2014), organized by Malviya 

National Institute of technology, Jaipur. 

22. Surbhi, Saruchi, Sushil Kumar, ‘Structural studies on nano-sized ZrO2–

SiO2 mixed oxides synthesized by sol-gel method’ presented in an 

international conference on Nanoscience and Nanotechnology (ICNN-2013), 

organized by Babasaheb Bhimrao Ambedkar University, Lucknow. 

23. Saruchi, Surbhi, Sushil Kumar, ‘Composition effect on structural parameters 

of SnxZr1-xO2 (0≤x≤1) system’, presented in an international conference on 

Nanoscience and Nanotechnology (ICNN-2013), organized by Babasaheb 

Bhimrao Ambedkar University, Lucknow. 

 (d) other impact, if any: 

The instruments purchased under UGC Major Research Project namely Spin 

Coating Unit (Milman Series 2000), Hot plate magnetic stirrer (IKA C-Mag) and 

pH/EC/TDS/TEMP tester (Sigma Aldrich) are of high quality and necessary for 

synthesis of nanomaterials through sol-gel and other chemical routes. These 

instruments will be helpful for future Ph. D., M. Phil and and M. Sc. Students to perform 

experiments. 
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Annexure-B 

Report of the work done:  

i. Brief objective of the project: 

 

7. Synthesis of nanosized metal oxides and their binary systems using sol-gel 

technique by optimizing the growth parameters. 

 

8. Preparation of thin film samples using spin coating technique. 

 

9. Study the effect of composition of precursors and heat treatment temperature on 

the properties of synthesized samples. 

 

10. Study of dopant induced changes in the properties of prepared samples. 

 

11. Study the effect of particle/crystallite size on the properties. 

 

12. Investigations on synthesized materials to study their structural, optical and 

thermal properties as:  

 

a. To determine the crystal structure and crystallite size using XRD. 

 

b. To observe the structural evolution of prepared samples using FTIR.  

 

c. To study the morphology and micro structural properties employing SEM 

and TEM. 

d. To determine the optical parameters such as band gap, absorption 

coefficient, emission wavelength etc. by UV-visible Spectroscopy and 

photoluminescence. 

e. To study some thermal parameters with the help of DTA/TGA 

thermograms. 



 

ii. Work done so far and results achieved and publications, if any, resulting from the 

work (Give details of the papers and names of the journals in which it has been 

published or accepted for publication): 

The equipments and chemicals proposed in project proposal submitted to UGC were 

purchased to start the synthesis work. The literature survey has been carried out to 

understand the basic concepts of synthesis and characterization techniques. Different 

internet search engines such as Google, Yahoo etc. have been used to locate various 

websites to find research materials related to my research problem. A number of 

downloaded research papers published in reputed journals have been arranged and 

studied in a systematic way for all the series to be synthesized as mentioned in project 

proposal. In addition, I visited libraries of Panjab University, Chandigarh, University of 

Delhi, Delhi, Jamia Millia Islamia (A Central University), New Delhi and Chaudhary Devi 

Lal University, Sirsa to consult text books, reference books and journals on 

Nanoscience and Nanotechnology, Sol-gel, Spin coating, Metal oxides and various 

characterization techniques. The literature reviewed helped me a lot to increase my 

knowledge and understanding to perform the experimental work in a right way and to 

analyze the results. I also consulted some researchers working in the field of materials 

science and nanotechnology personally during conferences and by visiting materials 

science labs of various universities. The samples of different series have been prepared 

by sol-gel method followed by heat treatment and by coating the sol on substrate using 

spin coater. The synthesis and characterization of different series of metal oxides have 

been discussed as follows: 

 

1. Synthesis and characterization of ZrO2-SiO2 System: 

 

The first objective of proposed research is synthesis of nanosized metal oxides and 

their binary systems using sol-gel technique. Firstly, the series of zirconia-silica (xZrO2 - 

(100-x)SiO2) was prepared by predetermining the molar compositions of zirconia and 

silica precursors where x varies as 0, 10, 20, 30, 50, 70, 90 and 100. A part of this work 

has been published as research papers in reputed journals. A research paper entitled 



“Thermal evolution of mixed oxides of zirconia-silica prepared by sol-gel route”  

has been published in Physics of Semiconductor Devices, Environmental Science & 

Engineering, By V.K. Jain & A. Verma (eds.) 2014 published by Springer International 

Publishing, Switzerland. Also, a research paper entitled “Effect of annealing 

temperature on structural, photoluminescence and thermal properties of 

nanosized zirconium silicates” has been published in Advanced Science Letters 

published by American Scientific Publishers. A paper entitled “Tetragonal zirconia 

quantum dots in silica matrix prepared by a modified sol-gel protocol” has been 

communicated in New Journal of Chemistry for publication.  

 

Brief details of the study: 

The samples have been prepared by sol-gel protocol by optimizing the growth 

parameters to obtain tetragonal phase of zirconia. Acetylacetone was used as chelating 

agent to avoid precipitation of zirconium propoxide. In case of mixed compositions, it 

reduces the rate of hydrolysis of zirconia precursor to achieve homogeneous and 

simultaneous hydrolysis of zirconium and silica precursors.  The powders as well as thin 

film samples have been prepared and annealed at 650, 875 and 1100°C. The micro-

structural, optical and thermal properties have been studied using sophisticated 

characterization techniques namely X-ray diffraction, Fourier transform infrared 

spectroscopy, Transmission electron microscopy, Scanning electron microscopy with 

energy dispersive spectroscopy, photoluminescence, UV-visible spectroscopy and 

thermo gravimetric analyzer. 

The XRD analysis confirmed the formation of tetragonal phase of zirconia particles 

stabilized over a large range of temperature. The tetragonal zirconia has potential 

applications in diverse fields such as alkali durable glasses, catalyst support, advanced 

ceramic materials etc. But the tetragonal phase transformed to monoclinic phase as the 

temperature rises. The stabilization of tetragonal zirconia has been achieved in case of 

mixed compositions in the present work. The silica matrix remained amorphous even 

after annealing at 1100°C. It acts as an inert support for the tetragonal zirconia particles. 

The SEM images show the presence of micro-grains with faceted morphology. A 

number of homogeneously dispersed zirconia particles embedded in silica matrix with 



uniform size distribution ranging size 3-7nm have been seen from TEM images. The 

optical band gap of zirconia particles showed a blue shift (3.65 to 5.58eV) as the 

concentration precursor increased; while we have observed a red shift of emission 

wavelength  (443 to 470nm) of tetragonal zirconia particles with increase in zirconia 

content. TGA/DTA analysis showed the weight loss and steps of crystallization of 

tetragonal phase of zirconia. 

 

2. Synthesis and characterization of SnO2-ZrO2 System: 

 

ZrxSn1-xO2 (x=0, 0.25, 0.5, 0.75, 1) system has also been prepared by sol-gel route 

followed by thermal treatment. The research paper entitled “Composition effect on 

structural parameters of SnxZr1-xO2 (0≤x≤1) system” was presented in an 

International conference on Nanoscience and Nanotechnology (ICNN-2013), which was 

organized by Babasaheb Bhimrao Ambedkar University, Lucknow.  The research paper 

entitled “Studies on structural parameters of ZrO2-SnO2 system” was presented in 

17th International Workshop on the Physics of Semiconductor Devices (IWPSD-2013) 

organized by Amity University, Noida. The paper has been published in the book 

entitled “The Physics of Semiconductor Devices: 17th International Workshop on 

the Physics of Semiconductor Devices 2013” published by Springer International 

Publishing, Switzerland. Another research paper entitled “Structural and optical 

studies of SnxZr1-xO2 nanocomposites” was presented in a National conference on 

Nanotechnology and Renewable Energy (NCNRE-2014), which was organized by 

Jamia Millia Islamia, New Delhi. The paper has been published in international journal 

Advanced Science Letters published by American Scientific Publishers. A paper 

entitled “Temperature dependence of opto-structural parameters of ZrO2-SnO2 system” 

in Optik: International journal for Light and Electron Optics.  

 

Brief details of the study: 

Zirconium oxychloride (ZrOCl2·8H2O, Merck) and tin (IV) chloride (SnCl4·5H2O, Merck) 

were used as starting materials. The gel of ZrxSn1-xO2 was dried, grinded and then 

calcined at different temperatures. Also, thin film samples of ZrxSn1-xO2 have been 



prepared by Spin coating process. The characterization of powdered and thin film 

samples via XRD, FTIR, PL, SEM with EDX, UV-vis and TGA/DTA have been carried 

out and the results obtained have been analyzed. SnO2-ZrO2 nanocomposites with 

different compositions, such as SnO2, Sn0.5Zr0.5O2 and ZrO2 have been prepared by sol-

gel route. XRD patterns confirmed the presence of mixed phases such as t-SnO2, t-

ZrO2, m-ZrO2 and o-ZrSnO4. Results of XRD show that average particle size increases, 

while lattice parameters slightly decreases with increasing zirconia content.  FTIR 

spectra reveal the presence of t-SnO2 and t-ZrO2 phases. The band gap of SnO2 and 

ZrO2 thin films is estimated to be 3.93 and 6.10 eV respectively; and that of SnO2–ZrO2 

nanocomposite thin film is 4.25 eV. Irregular tetragonal phase has been observed 

through SEM micrographs. Photoluminescence (PL) spectra revealed an intense 

emission peak at 422 nm in SnO2-ZrO2 sample which indicates the presence of oxygen 

vacancies in ZrSnO4. The prepared samples may be employed in optoelectronic 

devices, sensors etc. 

 

3. Synthesis and characterization of TiO2-ZrO2 System: 

 

The system of titania-zirconia was prepared by predetermining the molar compositions 

of xTiO2 - (1-x)ZrO2 where x varies as 0.3, 0.5, 0.7 and 1.0. The structural, optical and 

thermal properties of zirconium titanate (ZrTiO4) nanocomposites after annealing at 

different temperatures have been investigated and compared with the properties of 

titania. A paper entitled “Rietveld refinement, micro-structural, optical and thermal 

properties of zirconium titanate composites” has been communicated in RSC 

Advances for publication.  

 

Brief details of the study: 

 

The nanocomposites of zirconium titanate have been obtained using sol-gel route 

followed by thermal treatment at 650, 875 and 1100°C for 4h in programmable muffle 

furnace. The Rietveld refinement, micro-structural, optical and thermal properties of 

prepared composites has been studied. The refinement of diffraction data has been 



carried out using Fullprof software. The background was refined using cosine Fourier 

series with twelve refinable coefficients and the profile shape refinement was described 

by pseudo-voigt function. 

The incorporation of ZrO2 in titania modifies the crystal structure and caused the 

formation of zirconium titanate composites. The increase in zirconium concentration 

decreased the degree of crystallization of composites. The values of R-factors as 

determined by authors are less than 10%, as well as matching of observed and 

calculated patterns confirmed the goodness of refinement. The blue shifting of PL 

emission wavelength (420 nm) has been ascribed to defect levels below conduction 

band. The optical band gap of zirconium titanate composites has been tailored in the 

range 3.24-3.64 eV by controlling the crystallite size.  

 

4. Synthesis and characterization of doped SiO2, ZrO2 and TiO2 System: 

 

A few samples have been prepared to study the effect of dopants on the structural, 

optical and thermal properties of pure oxides. Rare earth oxides, namely 

Praseodymium, Samarium and Neodymium have been doped in pure oxides of silica, 

zirconium and titanium. Neodymium doped silica was synthesized by varying the 

composition of neodymium and annealed at 800, 900 and 1000°C. A research paper 

entitled “Structural investigations on Nd-doped silica nanocomposites: effect of 

sintering temperature and dopant concentration” has been published in 

Philosophical Magazine Letters published by Taylor & Francis. To study the effect of 

transition metal, silver was doped in zirconia to tailor the structural and optical 

properties of zirconia nanoparticles. A research paper on this study entitled “Tailoring 

the structural and optical parameters of zirconia nanoparticles via silver” has been 

published in Applied Physics A published by Springer. 

 

Brief details of the study: 

 

Also, rare earth group elements namely Praseodymium and Samarium were used to 

dope zirconia and titania separately. Two concentrations of dopants were taken and the 



doped samples were annealed at 650, 875 and 1100°C. All the samples of doped 

zirconia and titania were characterized to study the structural, optical and thermal 

properties via X-ray diffraction, Fourier transform infrared spectroscopy, Transmission 

electron microscopy, photoluminescence, UV-visible spectroscopy and thermo 

gravimetric analyzer. The XRD analysis confirmed the phase transformation of oxides 

due to incorporation of dopants. The crystallization of the system increases as the 

annealing temperature is increased. FTIR spectra elucidate the presence of various 

functional/vibrational groups. TEM images of doped oxides contain agglomerates which 

are composed of individual particles. The blue shifting of band gap and red shifting of 

emission wavelength with the increase in dopant concentration has been occurred in 

UV-vis and PL spectra respectively. 

 

5. Synthesis and characterization of TiO2-SiO2 System: 

 

The samples of last system TiO2-SiO2 have been synthesized and characterized to 

study structural, optical and thermal properties. The molar compositions of   xTiO2 - (1-

x)SiO2 has been predetermined as x= 0.0, 0.3, 0.5, 0.7 and 1.0. The mixed oxides have 

been produced through co-gellation, a procedure with four stages: prehydrolysis of 

TIPT, addition of TEOS, complete hydrolysis and gelation. The gel was dried at 110°C 

for 6h in air. The dried gel has been grinded finely using pestle mortar. The grinded 

powder sample has been divided into four parts and annealed at 650, 875 and 1100°C 

respectively for 4h with a ramp rate of 4°C/min. The analysis of results has been done, 

and they are discussed systematically in the form of research paper. The research 

paper entitled “Effect of composition on structural, optical and thermal properties 

of titania quantum dots in silica” is under preparation and to be communicated in an 

international journal of repute. 
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