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Sonalika Vaidya, Jahangeer Ahmed, and Ashok K. Ganguli
Indian Institute of Technology Delhi, New Delhi-110 016

ABSTRACT

Monophasic nanosized oxides were synthesised mainly from metal oxalate nanorods obtained
using the reverse micellar method. This paper focuses on the methodology to obtain important
metal oxides like tin dioxide, cerium oxide (CeQ, ), zirconia, and zinc oxide. The effect of oxidation
state of the metal ion on the morphology of the oxalates was studied. Nanorods of zinc (II)
oxalate (120 nm in dia and 600 nm in length) were obtained while spherical particles of size 4—
6 nm were obtained for cerium (III) oxalate. The decomposition of these precursors at higher
temperature led to the formation of their respective oxides. Mixture of nanorods and nanoparticles
of CeO, was obtained while 3—-4 nm sized ZrO, nanoparticles were obtained by thermal
decomposition of zirconium oxalate precursor. The dielectric constant and loss were highly stable
with frequency (at room temperature) for both ceria and zirconia nanoparticles. ZnO nanoparticles
(55 nm sized) were obtained by the decomposition of zinc oxalate nanorods. Three peaks
corresponding to free excitonic emission, free-to-bound, and donor-acceptor transitions were
observed in the photoluminescence studies at 20 K for ZnO nanoparticles.

Keywords: Reverse micelles, monophasic nanosized oxides, metal oxalate nanorods, nano materials,
synthesis of nanomaterials, top-down synthaesis, bottom-up synthesis

microemulsions contain tiny droplets of aqueous

Synthesis of nanomaterials by various routes
have been developed to control the size of grains
in these materials in the range of 1-100 nm. These
materials show interesting properties compared to
their bulk counterparts. Two approaches are being
used for synthesising these materials, namely the
top-down approach and the bottom-up approach.
One of the bottom-up approches is followed where
in the particles are formed as a result of atom by
atom assembly. The method used is called the
reverse micellar route, which involves a surfactant,
co-surfactant, organic solvent, and aqueous solution
mixed in a fixed proportion to form a stable, optically
transparent system called microemulsion. These

core stabilised by surfactant and co-surfactant dispersed
homogeneously throughout the microemulsion. The
size of these aqueous cores lies in the nano-regime.
Thus, these aqueous cores act as nanoreactors
which can be used to synthesise nanomaterials.
This method has an advantage over other methods
since they lead to homogeneous and monodisperse
particles. Moreover, the morphology of the product
can be controlled, through proper choice of the
surfactant aggregates.

Various types of materials, viz., dielectric'?,
magnetic*’, and optical®, have been synthesised
using the reverse micellar route. In addition, nanorods
of a variety of transition metal oxalates*®’ have
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been successfully obtained. These nanorods of transition
metal oxalates lead to the corresponding oxides of
these metals, stabilised in different oxidation states,
(by the decomposition of the transition metal oxalates)*.
In this paper, some aspects of the synthesis of
various nanomaterials and their properties are discussed.

The SnO, is used as a sensing material. It has
awide band gap (3.6 eV) and is a n-type semiconductor.
It has its utility in various applications, viz., gas
sensors®, microelectronics®, solar cells!®, and
photoelectrochemistry'' due to its unique conductance.
It is also used as electrode material for lithium
cells'? and as photocatalysts'. Tin dioxide shows
very high sensitivity towards reducing gases such
as H,, CO, hydrocarbon, and alcohol. Its sensitivity
can be improved by increasing the surface area®'*.
Song, et al. have used homogeneous precipitation
method using urea from SnCI, solution to synthesise
tin dioxide powders". 25 nm SnO, nanoparticles
were synthesised using water-in-oil microemulsion-
assisted hydrothermal process by Chen'é, et al.
Several other methods have also been used for the
synthesis of SnO, nanoparticles such as sol-gel
method'”!'®, precipitation method'®!"”, Pechini-citrate
route®?’, sputtering technique®', chemical vapour
deposition??, surfactant mediated synthesis*, and
hydrothermal method®. A very important method
to synthesise SnO, nanoparticles is the microemulsion
method'*?* in which reverse micelles are used as
nanoreactors to limit the particle growth.

CeO, is a well known refractory material and
has immense industrial importance. It has a high
refractive index, strong adhesion, and stability towards
high temperature, chemical attack, and mechanical
abrasion. It is used for a variety of applications such
as fuel cells?, gas sensors?, NO removal®, counter
electrodes in smart window devices, and humidity
sensors®. Nanocrystalline CeO, particles with varied
morphology, from square-like faces to hexagonal
faces were formed when the temperature was increased,
(hexagonal-shaped particles were also observed in
an atmosphere with low oxygen content) have been
synthesised earlier by precipitation method’. The
size of the particle increased with temperature and
decreased with increase in the oxygen content in
the atmospheric condition.
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Zirconia exists in three different structures,
viz., monoclinic (thermodynamically most stable form,
exists below 1170 °C), tetragonal (1170-2370 °C)
and cubic (above 2370 °C). Zirconia is used as
dielectric material in metal-oxide-metal capacitors
for dynamic random access memory devices?'. It
has been used to replace Si in this case because
of its high dielectric constant, thermal stability and
large band gap. Tetragonal ZrO, shows good ionic
conductivity and possesses high strength. Tetragonal
ZrO, with minor impurity of the monoclinic phase
has been synthesised via the sol-gel process from
zirconyl oxalate?®?.

ZnO is a wide band gap II-VI semiconductor
due to which it is used as phosphor in field emissive
displays®**, in cathodoluminescent devices®, and
dye-sensitised solar cells (DSSCs). It is used as
an alternative to 7iO, for solar cell application *°.
ZnO also finds a wide variety of applications in
varistors®’. A number of synthetic routes have been
employed to synthesise ZnO nanoparticles, like sol-
gel chemistry***2, spray pyrolysis*}, metal-organic
chemical vapour deposition****, cathodic electro-
deposition,*4” and plasma pyrolysis*:.

2. EXPERIMENTAL

Two processes were used for synthesis of tin
dioxide nanoparticles. In process I, two microemulsions
I and II were used®. A colourless transparent
solution was obtained after mixing the two microemulsions
under constant stirring. NaOH solution (0.1 M)
was added to the resulting solution till the nucleation
takes place and stirred overnight on a magnetic
stirrer. The resulting precipitate was separated from
the surfactant and apolar solvent by centrifugation
and washing it with 1:1 mixture of methanol and
chloroform. The precipitate was dried in an oven
at 60 °C for 2 h to obtained SnO, powder. In
process II, the SnO, nanoparticles were synthesised
using aqueous NH, as the precipitating agent. The
composition of the microemulsion was same as
used in process I except that microemulsion II
contained 0.1 M solution of NH, (25 %) instead of
ammonium oxalate. The two microemulsions were
mixed and stirred overnight. The resulting precipitate
was washed as given above. The precipitate was
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dried in an oven at 60 °C for 2 h. Monophasic
SnO, nanoparticles were formed by heating the
precursor in air at 500 °C for 5 h.

CeO, nanoparticles were synthesised by
decomposing cerium oxalate precursor at 500 °C.
The methodology followed was the reverse micellar
(microemulsion) route with CTAB (cetyl trimethyl
ammoniumbromide) as the surfactant’. For the
synthesis of cerium oxalate precursor two different
microemulsions, one containing cerium nitrate
hexahydrate and the other containing ammonium
oxalate, were slowly mixed and stirred for 15 h.
The centrifuged product was washed with 1:1
mixture of chloroform and methanol and dried at
room temperature. The product was decomposed
at 500 °C for 6 h to obtain CeO,.

ZrO, nanoparticles were also obtained by the
thermal decomposition of zirconium oxalate. The
procedure followed for the synthesis of zirconium
oxalate was same as discussed for the synthesis
of cerium oxalate. The two microemulsions contained
aqueous solution of zirconyl oxychloride and ammonium
oxalate, respectively. The precursor was decomposed
at 500 °C for 6 h to obtain ZrO, nanoparticles.
Effect of temperature on the structural transformation
was studied by further heating the oxides at higher
temperatures.

Zinc oxalate precursor was prepared using the
reverse micellar route by a similar methodology as
above. Microemulsion I contained zinc nitrate solution
while microemulsion II contained ammonium oxalate
solution. The two microemulsions were slowly mixed
and stirred overnight. The centrifuged product was
then washed with 1:1 chloroform/methanol mixture
to remove the surfactant and and dried in an oven
at 120 °C for 1 h. Zinc oxalate nanorods were heated
at 450 °C for 6 h to obtain nanoparticles® of ZnO.

The compounds were characterised using powder
x-ray diffraction (PXRD), dynamic light scattering
(DLS), FTIR spectroscopy, transmission electron
microscopy (TEM), scanning electron microscopy
(SEM), and thermogravimetric/differential thermal
analysis (TG/DTA). The characteristic properties
such as photoluminescence (PL) for ZnO and dielectric
properties for CeO, and ZrO, were also studied.

The PXRD studies were carried out on a Bruker
D8 Advance diffractometer with Ni filtered Cu Ko
radiation with a scan speed of 1s and scan step of
0.05 °. The particle size was determined from the
x-ray line broadening using Scherrer’s Formula® [t
= 0.9 A/ (B cos 0)], where, ¢ is the diameter of the
particle, A is the wavelength of Cu Ko radiation
(1.5418 A) and B is the line broadening which is
calculated by the Warren’s formula®'**; B>= (B, *~B %)
where B,, is the full width at half maximum of the
sample and B, is the full width at half maximum of
the standard quartz with a grain size of around 2
pm. The TGA/DTA experiments were carried out
on Perkin Elmer Pyris Diamond TGA/DTA system
on well ground samples in flowing nitrogen with a
heating rate of 10 °C/min.

The light-scattering experiments were performed
on a particle size analyser, model nano ZS90 (Malvern
Instruments, UK). A He-Ne laser with a power of
4 mW was used as a light source. All the measurements
were carried out at a scattering angle of 90° and
at 25 °C, which was controlled by means of a
thermostat. A dilute solution of the sample was
prepared by dispersing the powder in water followed
by ultrasonic treatment for 10 min. The IR studies
were carried out on a Nicolet Protege 460 FTIR
spectrometer. The data was recorded (with KBr
disk) in the range of 400-4000 cm'. The SEM
studies were carried out on Carl Zeiss EVO 50
WDS electron microscope.

The TEM studies were carried out using the
Tecnai-20 G2 TEM. The TEM specimens were
prepared by dispersing the powder in acetone by
ultrasonic treatment, dropping onto a porous carbon
film supported on a copper grid, and then dried in
air. Mossbauer measurements for SnO, were carried
out at room temperature with a conventional system
operating in constant acceleration mode®. Dielectric
measurements were carried on disks of CeO,
nanoparticles sintered at 800 °C and 1000 °C and
ZrO, nanoparticles sintered at 1000 °C The
measurements were carried out using Hewlett Packard
4284L multifrequency LCR meter in the range of
50 Hz to 500 kHz. For PL studies on ZnO, the
samples were housed in optical cryostat with front
surface excitation and emitted radiation was collected
for PL spectroscopy®.
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3. RESULTS AND DISCUSSION

3.1 $n0, Nanoparticles

The PXRD patterns of SnO, nanoparticles®,
obtained by process I (experimental section) is shown
in Figs 1(a) and 1(b). All the reflections in the
pattern could be indexed on the basis of a tetragonal
cell (cassiterite) reported for SnO, (JCPDS # 21—
1250). Particles with a crystallite size of 3—4 nm
(60°C) and 12 nm (500 °C) were obtained from the
x-ray line broadening studies. Some agglomeration
could be seen in the TEM micrograph of the samples
heated at 60 °C (Fig. 2(a) and 500 °C (inset of Fig.
2(a). The grain size was found to be 70 nm (60 °C)
and 150 nm (500 °C). The XRD pattern of the
powder sample obtained by using NH, (process II)
at 500 °C for 5 h is shown in Fig. 1(c). The particles
were found to be 6-8 nm from TEM studies (Fig.
2(b)) which matches with the crystallite size calculated
by the Scherrer’s equation. Dynamic light scattering
studies (Inset of Figs. 2(a) and 2(b)) show the
uniform particle size distribution of the samples.
However, the size is much larger (80—100 nm) than
obtained by x-ray line broadening studies (5-8 nm)
or by TEM. This may be due to aggregation of the
particles in water during the DLS measurement. It
may be noted that gas sensing properties are preferred
on grains with 3—4 nm as grains less than 6 nm in
dia as they have high sensitivity33.
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Figure 1. PXRD patterns of SnO, nanoparticles from:
(a) process I (60 °C), (b) process I calcined at
500 °C, and (c) process II calcined at 500 °C.
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Figure 2. TEM micrograph of Sr0O, obtained by: (a)
process I (60 °C), (Inset: micrograph of SO, obtained
by process I calcined at 500 °C and the size
distribution plot obtained by the DLS studies, and
(b) process II calcined at 500 °C (Inset: size
distribution plot obtained by the DLS studies).

FTIR studies of SnO, shows peaks at ~3341 cm!
and ~1630 cm™ corresponding to the stretching
vibration of -OH group and the bending vibration
of adsorbed molecular water, respectively**. Stretching
vibrations of Sn-O is indicated by a strong band at
633 cm™'. This indicates that SnO, is well crystalline.
The weak bands at 1393 cm™and 2921 cm™ indicate
the bending vibration of -CH, and stretching vibration



VAIDYA, et al.: CONTROLLED SYNTHESIS OF NANOMATERIALS USING REVERSE MICELLES

of -C-H band™ arising due to the surfactant molecules
associated with SnO.,.

The Mdossbauer spectrum (Fig. 3) of SnO,
nanoparticles obtained by process II shows the
SnO, nanoparticles show a very small isomer shift
(0.04 mm/s) with respect to bulk SnO, along with
a quadrupole splitting (QS) of 0.49 mm/s. Negligible
QS (0.06 mm/s) is observed in bulk SnO,. The
small isomer shift is detected in the nanoparticles
of SnO,. This indicates an enhancement of
s-electron density in comparison with the same in
the bulk which indicates a small variation in the
Sn-Obonding scheme in nanometric SnO,. Lowering
of the symmetry around the tin atoms is indicated
by moderate QS (0.49 mm/s) in the nanometric
SnO, which may be attributed to the oxygen
vacancies®®. Because of the characteristic broad
line width of $n0O,, the changes in the isomer shift
observed in the nano form are not clearly visible
but the fitting gave the difference.

3.2 Cerium Oxide Nanoparticles

The PXRD studies of the product obtained
after centrifugation of the microemulsion with Ce(I11)
ions and C,0,” ions (dried at room temperature)
show that all the reflections could be indexed on
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Figure 3. Maossbauer spectra of SnO, nanoparticles (obtained
by process II).
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the monoclinic cell of cerium oxalate decahydrate?
(JCPDS No. 20—0268) (Inset of Fig. 4). The refined
lattice parameters are a = 11.311(3) A, h=9.653(3) A,
c = 10.390(3) A and B = 114.5°. SEM studies
(inset of Fig. 5(a)) show agglomerated cerium oxalate
particles which are spherical in shape. HRTEM
studies (Fig. 5(a)) show that the particle size obtained
for the cerium oxalate precursor varied between
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Figure 4. PXRD pattern of cubic cerium oxide (Inset: PXRD pattern of monoclinic cerium oxalate decahydrate).
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(b)

Figure 5. (a) TEM images for cerium oxalate synthesised at
room temperature (Inset: SEM image for cerium
oxalate synthesised at room temperature), and (b)
HRTEM images of cerium oxide showing the growth
of nanorods (Inset: Presence of nanorods and
nanoparticle).

4 nm to 6 nm. Note that cerium oxalate particles
are spherical in shape where as the transition metal
(Cu, Ni, Mn, and Zn) oxalates form as nanorods*®’,
Note that the metals used, belong to the first row
of transition series, and were all divalent whereas
in this case Ce is trivalent. The divalent metal ion
allows a 1:1 stoichiometry with the oxalate ion and
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hence probably prefers to form a linear geometry
between the oxalate and the divalent metal ion.

In the case of Ce, due to its trivalent oxidation
state, a 1:1 stoichiometry is not possible with oxalate
ion and this probably affects the formation of nanorods
of cerium oxalate. The cerium oxalate precursor
was decomposed at 500 °C to obtain nanocrystalline
CeO, with a crystallite size of 15 nm. The PXRD
pattern (Fig. 4) could be indexed on a cubic cell
with @ = 5.411(3) A (JCPDS No. 81-0792). The
HRTEM studies show the formation of both, particles
(10 nm) and nanorods (7 nm in width and around
30 nm) in length for CeO, (inset of Fig. 5(b)). It
seems that the particles are aggregating to form
rods as observed in Fig. 5(b). An earlier study®’
reported the synthesis of spherical particles of cerium
oxide (3.7 nm) (with no sign of any rods). Note
that this study employed different microemulsion
systems®’. The PXRD pattern of CeO,, taken after
sintering at 800 °C and 1000 °C, showed the presence
of cubic CeO,.

The dielectric properties on sintered disks of
CeQ, at 800 °C show that the dielectric constant (~19
at 500 kHz) and dielectric loss (~ 0.11 at 500 kHz)
were stable with frequency at room temperature.
The dielectric constant was stable with temperature
at 500 kHz, however the dielectric loss shows a
minimum at 150 °C with a value of 0.028. The CeO,
disks sintered at 1000 °C, the dielectric constant (15
at 500 kHz) and the loss (0.08 at 500 kHz) were
found to be stable with frequency. The dielectric
constant was stable with temperature, while the dielectric
loss showed a constant value till 200 °C beyond which
it rose sharply. An earlier report® on CeO, mentions
a dielectric constant of 26. However, there was no
mention of the grain size and the sintering temperature.

3.3. Zirconium Oxide Nanoparticles

The zirconium oxalate precursor, obtained using
reverse micellar method was found to be amorphous?.
The TGA/DTA studies for zirconium oxalate shows
loss of one water molecule at 125 °C and a second
loss at ~ 340 °C corresponding to the decomposition
of the oxalate to form oxide. However, the oxide
formed at this temperature was amorphous. The
first endothermic peak in the DTA curve corresponds
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Figure 6. PXRD pattern for ZrO, obtained by the decomposition
of zirconium oxalate and at 500 °C for 6 h.

to loss of water molecule. The second peak in the
DTA corresponds to the formation of oxide by the
decomposition of its oxide. The peak in the DTA
curve (at ~ 475 °C) could be related to a phase
transition. No loss is seen in the TGA curve at
475 °C. Tetragonal ZrO, (crystallite size 12 nm)
with 10 per cent impurity of monoclinic phase
was obtained when the oxalate precursor was
heated at 500 °C for 6 h (Fig. 6). The refined unit
cell parameters were calculated for the tetragonal
cell as @ =3.957(9) A, ¢ = 5.16(3) A. The higher
temperature tetragonal phase was successfully
stabilised (tetragonal phase is normally stabilised
between 1170-2370 °C) at low temperature. A
minor amount of monoclinic phase appears on the
decomposition of oxalate® (synthesised by the
sol-gel method) in an earlier report on the synthesis
of zirconia from zirconium oxalate. Further heating
at 800 °C led to increase in the monoclinic phase
and at 1000 °C only the pure monoclinic phase
was obtained. TEM studies show the spherical
grains of 3-5 nm (Fig. 7).

The dielectric constant of sintered disks
(1000 °C) of ZrO, nanoparticles was found to be
~ 12 and the loss ~0.31 at 500 kHz. The dielectric
constant and loss were highly stable with frequency
at room temperature. Temperature variation studies
show that the dielectric constant was stable after
100 °C, however the dielectric loss falls to ~ 0.03
at 100 °C from 0.31 at room temperature. Thompson®,
et al. reported that the dielectric constant for
pure monoclinic zirconia is ~ 22 at 10 kHz.

Figure 7. TEM images for ZrO, synthesised by the
decomposition of zirconium oxalate.

3.4 Zinc Oxalate Nanorods and Zinc Oxide
Nanoparticles

The PXRD pattern of zinc oxalate dihydrate
(Fig. 8) could be indexed on the basis of a monoclinic
cell as reported earlier® (JCPDS # 25-1029). The
TEM studies showed the formation of nanorods
(120 nm in dia and 600 nm in length) of zinc
oxalate dihydrate (inset of Fig. 8). AFM micrograph
(Fig. 9) also show the formation of rods of zinc
oxalate dihydrate nanorods. The size distribution
plot from DLS studies gives an average size of
~ 375 nm (inset of Fig. 9). Zinc oxalate nanorods
show a size distribution in the range of 200-500
nm. It is known that the DLS technique does not
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Figure 8. PXRD of zinc oxalate (Inset: TEM micrograph of
the nanorods of zinc oxalate).
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give the distribution of lengths or widths of the
nanorods. It averages out the dimensions in the
form of an equivalent sphere.

TGA of the oxalate precursor showed two
weight losses. The first weight loss at 120 °C
corresponded to loss of two water molecules. The
second weight loss at around 400 °C led to the
conversion of anhydrous zinc oxalate to zinc oxide.
Two weight losses, corresponding to the weight
losses in TGA studies, were also observed in the
DTA studies. With these results the precursor was
calcined at 450 °C for 6 h for the conversion of
zinc oxalate to zinc oxide.

PXRD pattern of zinc oxide nanoparticles, with
a crystallite size of 48 nm, is shown in Fig. 10. The
pattern was indexed on the basis of a hexagonal cell
with the refined lattice parameters of a = 3.2498(4)A
and ¢ = 5.209(1) A.

Inset of Fig. 10 shows the TEM micrograph
of the spherical particles of ZnO nanoparticles
with an average grain size of 55 nm. A uniform
size distribution of ZnO nanoparticles (40-100
nm) with an average size of 60 nm is obtained

from DLS studies (Fig. 11). Detailed PL studies
were carried out on these 55 nm ZnO. Three band
edge transitions were observed in the deconvoluted
PL spectra (Fig. 12) of ZnO nanoparticles. The
first at 3.34 eV corresponded to free excitonic
transition, the second at 3.04 eV corresponded to
free-to-bound transitions and the third at 2.78 eV
was observed due to donor-acceptor pair transition®'.
A weak peak at 2.5 eV was also observed which
could be due to the chromium present in the quartz
substrate. Strong PL intensity was observed from
the sample which suggests excellent sample quality.
However there is no quantum confinement effect
as is normally present in 2-3 nm-sized nanoparticles®*
% because the particle size of ZnO in this study
is much larger (~55 nm).

The temperature dependence of the PL spectra
is shown in the inset of Fig. 12. The PL intensity
should decrease with increase in temperature due
to thermal quenching of free excitons. However,
in present work a non-monotonic temperature
dependence of the excitonic spectra is observed,
which could be due to exchange splitting of the
excitonic level between threefold degenerate triplet

40
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.g 20
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Figure 9. AFM micrograph of the nanorods of zinc oxalate. (Inset: Size distribution plot obtained by DLS study for

nanorods of zinc oxalate).
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Figure 10. PXRD of zinc oxide nanoparticles (Inset: TEM micrograph of zinc oxide nanoparticles).
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Figure 11.Size distribution plot for zinc oxide nanoparticles
using DLS studies.

state and the higher singlet state. A similar observation
of the dependence of PL intensity on temperature
has been observed in porous silicon®. The radiative
decay rate is small because at low temperature
only the lower lying triplet state is occupied.
This is because the optical transition from a
pure triplet state is forbidden, but, due to spin-
orbit interaction (mixes triplet and singlet states)
the optical transition becomes allowed though
with a very low quantum yield. At higher
temperatures, the higher singlet state is occupied
and the quantum yield of the optical transition
increases and attains a maximum, but, further

increase in temperature leads to thermal quenching
of the bound states resulting in the decrease of
PL intensity.
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Figure 12. PL spectra at 20 K (empty circles). Three deconvo-
luted Gaussian peaks centered at 3.34 eV, 3.04 eV,
and 2.78 eV are also shown (Inset: Integrated PL
intensity plot versus temperature), connecting line
is guide for eyes.
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4. CONCLUSIONS

Nanorods of various transition metal oxalates
and their corresponding oxide nanoparticles are
synthesised using the reverse micellar route. The
role of the oxidation state of the metal ion on morphology
and size of particles were investigated. With different
oxidation state of the metal ions, the morphology of
the product changed. The oxalates were used as a
precursor to synthesise oxide nanoparticles with variable
oxidation states. The present work shows that this
methodology is quite suitable to synthesise nanoparticles
of different sizes (3—60 nm).
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