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Abstract In this paper, we report the synthesis of
tetragonal zirconium oxysulfide -ZrOS nanopowder by the
sol-gel method using water solution of a precursor con-
taining thiourea [CS(NH,),] and zirconium in the form of
an anionic oxalate complex [Zr(C204)]4_. The tetragonal #-
ZrOS structure with space group P4/nmm revealed by
X-ray patterns showed preferred orientation along (101)
plane. For surface morphology, compositional and optical
absorption studies, scanning electron microscopy, energy
dispersive X-ray and ultraviolet—visible spectroscopy were
employed for characterization of the powder respectively.
A nearly constant value of the refractive index at higher
wavelength A > 1,100 nm was found to be 2.19. High
indirect and direct optical band gap of ~2.0 and 2.50 eV
with absorbance <40 % were obtained for the powder.

Keywords Tetragonal ZrOS nanopowder - Anionic
oxalate complex - Sol-gel technique - Absorbance

1 Introduction

The exhibition of both metallic and covalent bonding

characteristics by fourth column transition metals have
been considered as semiconductors with layered structure.
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Three polymorphic forms of zirconia exist at atmospheric
pressure depending on temperature. They are monoclinic,
m-ZrO,  (baddeleyite, a=5.121A, b=5.19A,
c=15.316 A, p= 98.830), tetragonal, 7-ZrO, with lattice
parameters a = 3.632 10%, c=5075A and cubic, ¢-ZrO,
(a =5.128 10%). Their transition temperatures are not
accurately known but it is assumed that the monoclinic
form is stable up to ~ 1,100 °C, while above 2,300 °C the
stable form is cubic structure [1]. However, appearance of
both cubic and tetragonal metastable phases at low tem-
perature (LT) has been observed by numerous authors and
this situation is ascribed to precursor materials, preparative
condition, presence of impurities and dopants.

Even though, preparation of pseudo-tetragonal ZrOg 75S
and its electric responses on temperature and frequency
related to microstructural relaxation has been reported [2],
recently a considerable amount of work has been reported
on the properties of rare earth-doped ZrO,, such as
ZrO,:Eu [3, 4], ZrO,:Er [5, 6] and ZrO,:Sm [7-9]. The
lanthanide ions incorporation into zirconia materials can
achieve special optical properties due to structural modi-
fications, thereby impacting the electronic structure of the
lattice host material [10]. Notwithstanding the conjugate
form (pure or mixed with other oxides), zirconium based
materials have formed basis for high-performance struc-
tural engineering ceramics, ceramic electrolytes used in
oxygen monitors [11] and fuel cells [12] which have been
developed. It is widely applied as catalyst especially in
cases when durability to chemical attack is required [13].
Thick and thin films of zirconia are used as thermal oxi-
dation and corrosion barrier coatings for protection of
stainless steel [14], overcoats for thin film media of
magnetic recording discs and buffer layers in processing
of high-temperature superconducting thin film devices
[15].
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Fig. 1 Structures of a c—ZrO,
b ZrS, and ¢ ZrOS. The red
spheres are oxygen ions, green
spheres are zirconium ions, and
yellow spheres are sulfur ions
(Color figure online)

Now, considering metal oxide, metal sulfide and metal
oxysulfide such as the ZrO,, ZrS, and ZrOS, they have
different structures (Fig. la—c) and different properties
even though the oxygen and sulfur belong to same group in
periodic table. We know well the sulfur is larger in size,
less electronegative, and the d-orbital of sulfur is available
for bonding. ZrOS with cubic structure has been first pre-
pared by passage of H,S over Zr(SQO,), at red heat [16], by
passing H,S through a graphite tube containing ZrO, at
1,300 °C [17], and formation and migration of oxygen and
zirconium vacancies in cubic zirconia and zirconium
oxysulfide [18] but no exhaustive optical properties of the
material have been studied yet, although optical properties
of ZrO, and ZrS, have been well known. Particles of ZrOS
have been synthesized by different chemical techniques/
routes but the advantages offered by sol-gel method have
shown superiority to the conventional solid state reaction
because of possibility of mixing starting materials at the
molecular level and resulting product expected to be
homogenous [19].

Therefore, in this paper, we report the preparation of
zirconium based powder from a solution of thiourea and
zirconium oxychloride octahydrate (ZrOCl,-8H,0) in the
form of an anionic oxalate complex using a low cost and
simple wet-chemical method, sol-gel. Morphological
evolution, optical absorption studies and structural prop-
erties of the calcinated ZrOS powder is equally presented.

2 Experimental details
2.1 Material synthesis

Analytical reagent grade zirconium oxychloride, ZrOCl,-8H,O
(Aldrich, 98 %) and oxalic acid, (COOH),-2H,O (Aldrich,
99 %) were used for the preparation of the precursor as an
anoionic oxalate complex, while thiourea, (CS(NH,),)
(Aldrich, 99 %) was the sulphiding agent. ZrOS powder was
synthesized by adding soluble inorganic salt, 1 M 30 mL
ZrOCl,-8H,0, 1 M 30 mL CS(NH,), and stoichiometric
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quantity of 1 M 30 mL oxalic acid at ambient temperature.
Then the overall solution was heated by means of magnetic
heater/stirrer for 30 min at 80 °C. Silicate substrates were
degreased in acetone solution and ultrasonically cleansed in
deionized water for 20 s. Optical absorption studies were
carried out by dip-coating of silicate substrates in the gel for
5 min. After rinsing in deionized water, they were drip-dried
in air. Later the bath content was evaporated to dryness at
100 °Cfor?2 h. Then, a white xerogel is formed. This xerogel
is the precursor of the hydrated ZrOS powder. ZrOS powders
were then obtained after calcination of the xerogel in air
atmospheric pressure and at a bit high temperature (450 °C,
2 h). The milled powder obtained after calcination appeared
whitish-ash in color showing complete decomposition of the
oxalate ligands.

2.2 Characterization of ZrOS powder

Crystallinity of the obtained powder was studied using
X-ray diffraction (XRD). The patterns were obtained on a
PANalytical diffractometer equipped with a graphite
monochromator using CuKa radiation (A = 1.5406 A).
These patterns were scanning in steps of 0.05  within the
20 range 20 —80° with the constant counting time. Scanning
electron microscopy (SEM) with the SEM 515 Philips
instrument was applied in surface morphology observation
of the particles, while its elemental composition was
investigated by energy dispersive X-ray (EDX) spectros-
copy. Absorption spectra studies were recorded using
UNICO-UV-Vis-NIR 2102 PC spectrophotometer in the
range of 300-1,100 nm with sample in the radiation path.

3 Results and discussion
3.1 X-ray diffraction analyses

Figure 2 shows an overview of XRD patterns for sol-gel
grown ZrOS powder, which was exposed to 2 h isothermal
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Fig. 2 XRD pattern of tetragonal ZrOS powder calcinated isother-
mally at 450 °C for 2 h

calcinations at 450 °C. As it can be seen, the pattern pos-
sesses peaks which would be evident if calcination tem-
perature were increased beyond 450 °C. However, thermal
treatment of the xerogel reveals an amorphous to poly-
crystalline material accompanied by a tetragonal zirconia,
t-ZrOS which is stable in this temperature region. This is
supported by the literature [20-23] asserting that the for-
mation of metastable tetragonal zirconia occurs in all cases
during LT calcination of powdery material films and
coatings. However, there is a significant composition of the
amorphous domain in the calcinated powdery zirconia.
The tetragonal #-ZrOS in space group of P4/nmm with
cell dimensions of @ = 3.55 A and ¢ = 6.31 A against the
cubic ¢-ZrOS in space group P2,3 with cell dimension of
a = 5.696 A is known as the alternative phase of ZrOS,
and it is an iso-structure of PbFCl-type which is a layered
structure with C1-Cl Van der Waals interactions between
layers [24]. The XRD pattern of the isothermal calcinated
ZrOS powder revealed peak values around 30.50°, 50.60°
and 60.99° with preferred orientations at (111), (220) and
(311) respectively [ICSD 01-085-1081]. The indexing at
the aforesaid orientations is in strong agreement with the
report of Mik¢ et al. [25]. XRD line broadening was used
to estimate the particle size of the powder by employing
inverse proportional relation of full width at half maximum
(FWHM) as predicted by Debye—Scherrer’s equation [26]:

kA
P = fescond Y

where k = 0.89 is a correction factor, 4 is the wavelength
of X-ray (CuKa radiation A = 1.5406 A), ¢ the Bragg’s

2um EHT =20.00 kv
WD = 7.0 mm

Signal A = VPSE G3
Mag= 5.00 KX

Date :8 Jun 2011
Time :15:28:08

Fig. 3 Scanning electron microscopy of a as-deposited isothermally
calcinated tetragonal ZrOS powder, b isothermally calcinated milled
tetragonal ZrOS powder

angle of reflection, f,, is the FWHM of most intense
diffraction plane.

The average particle size of +-ZrOS powder deduced was
found to be ~13.6-15.2 nm which is in agreement with
the report of Miké et al. [25] and Joy et al. [27]. The
interplanar spacing as proposed by Bragg’s law is equated
with the interatomic spacing for the tetragonal phase
crystalline structure yielding an interatomic distance of
0.152 nm as given by the equation:

na {h2+k2 12}5

(2)

dpg =

2sin ¢ & 2

3.2 Morphological characterization
The SEM (5000x) of isothermally treated sulfur mediated
zirconium oxide #-ZrOS powder is displayed in Fig. 3a. It

shows that the dense surface appears slightly granular
having different sizes and shapes of grains with many
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Fig. 4 EDX spectroscopy of a ZrOS coated on silicate substrate,
b isothermally calcinated ZrOS powder showing complete removal of
chlorine

cracks generated on the surface. This effect exhibited by
photomicrographs may be due to rise in calcination tem-
perature accompanied by crystallization and this culmi-
nates in roughening of the surface with proliferated cracks.
The as-deposited particulates (before milling) (Fig. 3b) has
a non-uniform rough surface without structural order,
which suggests amorphous nature of the powder. The
average measured diameter of randomly distributed grains
was distributed in the range of 800-900 nm.

3.3 Energy dispersive X-ray analysis

Energy dispersive X-ray of tetragonal ZrOS as well as
isothermal calcinated #-ZrOS powder is examined. An
EDX patterns Fig. 4a, b shows the presence of sulfur in
zirconium oxide of sol-gel dip-coated silicon substrate and
calcinated powder. The complete removal of chlorine in
EDX of powdery ZrOS is also confirmed in Fig. 5b. The
EDX spectrum shows the presence of two peaks associated
with the O (11.49 %) and Zr (65.49 %) by weight. The

@ Springer
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Fig. 5 a Absorbance spectrum of sol-gel dip coated tetragonal ZrOS
on silicate substrate, b reflectance spectrum of sol-gel dip coated
tetragonal ZrOS on silicate substrate

sulfur, S~ ions percentage in the matrix is about 23.02 %.
In general, the molecular computation agrees with stoi-
chiometry of ZrOS.

3.4 Optical absorption studies

The optical properties and the possible electronic transi-
tions of tetragonal ZrOS powder were determined from the
recorded transmission and reflection spectra. The ambient
temperature optical absorbance and reflectance spectra of
tetragonal sulfur mediated zirconia powder recorded in
wavelength range 300-1,100 nm are shown in Fig. 5a, b.
From the absorption spectrum, it is clear that sol—gel dip-
coated #-ZrOS on silicate substrate has slightly less-than-
average absorbance of light in the visible region, indicating
applicability as fairly absorbing material. This develop-
ment (low absorbance), suggests that the dip-coated film of
ZrOS is not fully oxidized or affected by silicon substrate.
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Fig. 6 The spectral variation of a refractive index with wavelength of
sol—gel dip coated tetragonal ZrOS on silicate substrate, b extinction
coefficient with wavelength of sol—gel dip coated tetragonal ZrOS on
silicate substrate

Again, the cracks observed by SEM support the fact that
the films was not of optical quality. The reflectivity of a
material of refractive index n, and extinction coefficient, k
is given by [28]:

7n2—1+k2

2+ 1+ R ®)

The transmission in the absence of interference fringes
of a thin film deposited on perfectly smooth substrate is
given by [29, 30]:

1 —R)e™
T “)
where o = # is the absorption coefficient. By using these
relations, n and k may be determined from the measure-
ment of 7 and R using suitable computer program.

Figure 6a, b show the spectral variation of the refractive

index and extinction coefficient versus wavelength, A. The
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Fig. 7 Plot of real part of dielectric constant &, in the wavelength
range 300-1100 nm

variation assumes a rapid increase within the UV region.
However, there is slight stability of this variation in the
visible region and NIR. It is seen that the refractive index
has peak in the dispersion region near ~ 340 nm. There-
after, n tends to decrease slightly with increasing wave-
length. The nearly constant value of refractive index, n, at
higher wavelengths (A > 1100 nm) was found to be 2.19.

According to Spitzer and Fan [31], the real component
of the dielectric constant, g, is related to the square of
wavelength, A% by Eq. 5:

212 SIN ,
& =n"—k —830—[?}%2 (5)
where e is the electronic charge, ¢ the speed of light, N the
carrier concentration and m* the effective mass. Plotting
g =n> — k* versus A as shown in Fig. 7 for t-ZrOS
powder, the intercept on &, axis (i.e. A% = 0) for the linear
part at higher wavelengths gives the high frequency
dielectric constant ¢.,, and the slope gives the carrier
concentration to effective mass ratio, N/m”. The estimated
values of ¢, and N/m” were found to be 2.22 and
9.72 x 10”em ™.

It is observed that the dielectric constant varies in the
range 2.20-2.30, with its minimum in the visible region
making it a prospective candidate for dielectric material.
Upon comparison, the dielectric constant (2.22) under
study shows agreement with the report of Reyna-Garcia
et al. [32].

Using the average value of extinction coefficient k, at
certain wavelength A, the absorption coefficient o can be
calculated. Inset of Fig. 8a shows the variation of absorp-
tion coefficient as a function of photon energy. The
absorption coefficient changes from 5.56 x 10 to
3.43 x 10°cm™" in the photon energy range 1.0-4.25 eV.

@ Springer
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Fig. 8 The plot of a (cthv)* against photon energy hv. Inset shows the
spectral variation of absorption coefficient as a function of the photon
energy, b (othv)'”? against photon energy hv

The plot reveals continuous decreases in absorption coef-
ficient with corresponding increase in photon energy. The
data were analyzed using the following relation for optical
absorption in a semiconductor material [33]:

oho = k(ho — Eg)% (6)

where k is a constant, E, is the separation between the
valence and conduction bands, and n is a constant which
determines the type of the optical transition. Extrapolating
the straight line portion of the plots of (ahv)® and (athv)'?
against hv to energy axis for zero absorption coefficient
gives optical band gap energy. For n = 1, the photon
energy range 1.0-5.0 eV indicates a direct transition, and
for n = 4, the photon energy range 1.0-3.25 eV indicates
an indirect transition. Figure 8a, b depict the variation of
both (ochu)2 and (OLhU)l/ 2 versus photon energy (hv). The
estimated values of indirect (E;;,"d) and direct (E,) band gaps
were found to be 2.0 and 2.50 eV respectively, which is in
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good agreement with the reported gap value (Eg) for ZrOS
structure obtained by density functional theory calculations
[18].

4 Conclusion

In summary, we have obtained with success the #-ZrOS
powder by sol-gel method. The xerogel isothermally
treated at 450 °C for 2 h shows the tetragonal sulfur
mediated zirconia, ZrOS which was examined by XRD.
The XRD evidently indicated formation of the aforesaid
crystalline structure with particle size, of a few nanometers
(<16 nm). Optical absorption studies confirmed low
absorbance <40 %, indirect and direct optical band gap
energy close to 2.0 and 2.50 eV respectively. The high
frequency dielectric constant ¢,, and concentration to
effective mass ratio was determined to be 2.22 and
9.72 x 10>’cm™ respectively. The refractive index
showed a peak at ~340 nm in the dispersion region. EDX
showed the complete removal of chlorine after heat treat-
ment with phase formation of ZrOS powder at different
peaks in the energy spectrum. We hope that the work can
lead to the acceptance of chemically deposited ZrOS as a
prospective component in thin film photovoltaic applica-
tions and as dielectric material.
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