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INTRODUCTION

Rare earth compounds due to their special electronic
configuration encompass wide applications. Nano-structured
rare earth compounds, show explicit optical, mechanical,
magnetic, chemical activity, chemical reactivity, catalytic and
biomedical properties owing to high surface to volume ratio
and quantum size effect'. Ceria nanoparticles is commonly
believed to exhibit appreciable oxidation activity, exclusive
UV absorbing ability, fair thermal stability, high hardness and
reactivity as catalyst™*. The cerium dioxides have been exten-
sively used as glass polishing material**, oxygen ion conductor
in solid oxide fuel cells (SOFC)®, gas sensor’, UV absorbent®,
catalytic support or promoter for automotive exhaust gas
conversion reaction®!". It is used as a minor additive in silicon
nitride'® and it is also used as an additive to enhance the toughness
of sintered zirconia®. All these applications demand high-
purity cerium oxide in the finest-particulate form.

Combustion synthesis'*'® is swiftly up-coming as one of
the most efficient methods for the preparation of a wide variety
of materials, ranging from non-oxides to simple and complex
oxides due to the self-purifying feature because of the high
temperatures involved and the possibility of obtaining products
in the desired size and shape. An aqueous solution of a redox
system constituted by the nitrate ions of the metal precursor,
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acting as oxidizer and a fuel like urea, glycine, citric acid" or
many others'® is heated upto moderate temperatures and upon
dehydration, the strongly exothermic redox reaction develops,
which is generally self-sustaining and provides the energy for
the formation of the oxide. The present paper is intended to
investigate the optical properties of nanocrystalline cerium
dioxide synthesized by a fast, easy, cost effective and simple
aqueous citric-nitrate gel combustion method™.

EXPERIMENTAL

As per the propellant chemistry, in combustion reaction
the ratio of fuel and oxidant is fixed in such a way that the
net reducing valency of the fuel equals to the net oxidizing
valency of the oxidant*'. AR grade cerium nitrate hexahydrate
[Ce(NOs);-6H,0] and citric acid monohydrate (C¢HsO7,-H,O)
(fuel to oxidant ratio @ =(.7) were mixed in a minimum volume
of de-ionized water to obtain transparent aqueous solutions.
Citric acid is a strong complexing agent and forms stable gel
in nitrate solutions. Adjusting the pH, by addition of liquid
ammonia results in networking of the precursor molecules by
enforced hydrolysis and thereby, justifying the process as gel
combustion method. Ammonia solution was added drop wise
to adjust the pH to ca. 2. The solution was heated on a laboratory
hot plate. With evaporation of water the solution temperature
increased and a transparent gel was formed. Citric acid has
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three carboxylic and one hydroxyl group for coordinating the
metal ions, which facilitate the formation of viscous gel on
heating®. Heating was continued till the start of gel combustion
reaction which resulted in the formation of light yellowish
white powder. No black particle was observed in the combustion
synthesized powder indicating nearly complete removal of
carbon. The obtained ceria nano powders were ground finely
with agate mortar and pestle.

RESULTS AND DISCUSSION

Structural characterization: The typical XRD pattern
of the as-synthesized nano-CeO, is shown in Fig. 1. All the
peaks have been indexed to the face centered cubic structure
(fluorite type) of CeO, (space group Fm3m) with lattice para-
meter, a=5.4113 A (standard data JCPDS 34-0394). More-
over no additional peaks corresponding to any new phase were
observed indicating high purity of the prepared samples. The
crystallite sizes was estimated to be 5 nm from the line broad-
ening of the peak due to (111) plane by using Scherer equation®.
Fig. 2 shows the FTIR spectra of the pure ceria nanoparticles.
The large absorption band located at around 547 cm™ can be
attributed to the (Ce-O-0O) stretching mode of vibration thereby
confirming the formation of CeO,***. The extremely small
bands located at around 1030, 840 and 719 cm™ corresponds
to the CO, asymmetric stretching vibration, COs* bending
vibration and C-O stretching vibration, respectively”. These
bands are linked to the presence of atmospheric CO, adsorbed
on the metallic cation® and the formation of “carbonate-like”
species on the particle surfaces”. The band located around
1374 cm™ is attributed to carbonate species vibrations**?. The
band located at around 1600 cm™ is attributed to the H-O-H
bending vibration™. Ceria has the ability to absorb water mole-
cules from the surrounding environment; thus, the strong peak
at 3427 cm™ corresponds to the physically adsorbed water
(O-H) on the samples®'*.

Morphological and compositional characterization:
The SEM images shown in Fig. 3(a) and (b) reveal the surface
morphology of pure CeO, nanoparticles. The combustion
synthesized powders are porous spongy agglomerates of
primary particles with voluminous foamy structure. The bonds
between the particles in this foamy structure appear to be
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Fig. 1. XRD pattern of as-synthesized CeO, nanopowders
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Fig. 2. FT-IR spectrum of as-synthesized CeO, nanopowders

weaker and the sponge can thus be very easily crumbled,
thereby giving rise to small distinct particle aggregates as seen
clearly in TEM in Fig. 3(c). It is evident from the TEM image
that the particles are smaller in size and uniform spherical in
shape. The estimated particle size is around 5 nm. The electron
diffraction pattern of the CeO, nanocrystals consistently
matches with the cubic cerium dioxide with fluorite structure
confirming high purity and nano-crystallinity. The ring pattern
can be indexed to the (111), (200), (220), (311), (222), (400),
(331) and (420) planes which are consistent with the peaks
observed in the XRD spectrum.
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(a,b) SEM micrograph, (c) TEM image with SAED pattern (shown
as insets) and (d) EDX spectrum of pure CeO, nanoparticles

As observed from the EDX spectrum in Fig. 3(d) there is
no impurity content in the as-synthesized product which can
be attributed to the fact that the heat released during the com-
bustion reaction is lesser for the fuel lean composition thereby
yielding powders without any carbonaceous residue. More-
over, a good amount of oxygen will be available for combustion
when fuel deficient composition is used™.

Optical characterization: Fig. 4(a) illustrates a typical
UV-Visible absorption spectrum of the sample dispersed in
ethanol. The absorbance curve of the CeO, pure sample is
composed of one large band, whose maximum is located at
around 270 nm. Pure CeO, distinctly exhibits a strong absorption
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band (below 400 nm) at the UV region due to the charge- Tauc developed the following equation to calculate the
transfer transitions from O 2p to Ce 4f which overruns the band gap energy.
well-known f-f spin—orbit splitting of the Ce 4f state’*. As

n_ —
Fig. 4(a) shows most of the UV light (200-350 nm) was blocked (¢hv)” = B(hv —E,) (D
by ceria nanoparticles. Therefore, ceria can be used as a UV where E, is the band gap energy, B is a constant, hv is the
blocker™. photonic energy, n is a constant. Plotting (othv)* as a function
(b)
a
0.8 - @
__ 06
e
8
g , e
© 04 2
8 2
2
Qo
< 02
0.0 -
T 4 T T T T T T
200 300 400 500 600
Wavelength (nm)
’ (d)
o~
3
w
*
3
-
/
]
/
......... e —
200 300 400 500 goo 2 3 4 5 6
Wavelength (nm) Eq (V)
4x10° f
@] 1o 0
= 3x10° o 08 ﬂ
= ] -~
o =)
g ]
% 2x10° 4 ‘:; 0.6 4
: g
c 2
£ £ 044
.g 1x10° 4
&
w
0.2
04
T T T T T T T T 0.0 T T d T ¥ T )
200 300 400 500 600 350 400 450 500 550
Wavelength (nm) Wavelength (nm)
Fig. 4. (a) UV-Visible absorbance spectrum, (b) Tauc plot, (c) Kubelka-Munk function versus wavelength (d) Determination of energy band gap (e) Wavelength

dependent extinction co-efficient (k) and (f) photoluminescence spectra of as-prepared pure CeO, nanoparticles
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of photon energy and extrapolating the linear portion of the
curve gives the value of the direct band gap energy. The band
gap energy for allowed direct transitions of CeO, nanoparticles
is 3.4 eV as from the Tauc plot in Fig. 4(b). The band gap
energies of samples are much greater than that of the bulk
whichis 3.19 eV. As we go from bulk materials to the nanoscale
materials, electron energy levels are altered from continuous
to discrete levels. Therefore, the radiation from nanoparticles
is proposed to be “‘blue shifted” reflecting the fact that electrons
must fall a greater distance in terms of energy and produce
radiation of a shorter wavelength®’. Since the size-related band
gap energy of nano-semiconductor can be quantified, it is
possible to calculate an optical particle size using the band
gap shift measured from absorption spectrum®. The relation
between the particle size and effective band gap energy of a
nanomaterial can be written as:

2,2 2
h 1 1 1.
Egn =Eg,b+n_2 —t— | ge 2)
2R" {m, my eR

where E,, and E,, are the bulk and nanoparticles band gap
energies, R is the particle radius, m." and m;" are the effective
masses of the electron and hole, respectively which are m." =
my = 0.4 m,, m, is the mass of a free electron, h is Plank’s
constant and € is the bulk optical dielectric constant. When R
is very small (comparable to the Bohr radius), the 1/R* term is
dominant and the band gap energy increases with decreasing
size'. The particle size estimated using eqn. 2 is ca. 4 nm.

Another important optical parameter is the extinction
co-efficient (k), which can be determined by the formula given
below.

o - Ak .
. 3)

where o is the absorption co-efficient and A is the wavelength
of the incident light. The plot of extinction co-efficient (k)
against wavelength is drawn in Fig. 4(e).

The standard deviation of the band gap energy values is
quite small, not exceeding 0.015 eV, indicating the good repe-
tition of the UV absorption measurements and the reliability
of the band gap energies determined. To test the stability of
the colloidal solution measured, the solution was allowed to
stand for 24 h. Strikingly, no precipitation took place and the
determined value of E, remained unchanged. Therefore, the
blue-shifting appearing in the UV spectra in the CeO, nano-
crystals indeed was due to the quantum size effect.

The sample was characterized by UV-diffuse reflectance
spectroscopy. Fig. 4(c) presents the plot of Kubelka-Munk
function against wavelength. Using the Kubelka-Munk function
F(R), the (hv F(R))* was plotted against the hv as in Fig. 4(d).
Here the unit for hv is eV and its relationship to the wave-
length A (nm) becomes

_ 1239.7 4
x 4)

The band gap energy E, of ceria nanoparticles is 3.4 eV
as obtained by extrapolating the linear portions of the Kubelka-
Munk function curve in Fig. 4(d) and noting the intercepts
with the energy axis.

hv

The Gaussian fit of the room temperature photolumi-
nescence spectra recorded by 327 nm light excitation is given
in Fig. 4(f). Hitherto, limited studies have been reported on
photoluminescence study of CeO, pure systems. The intrinsic
defects, such as oxygen vacancies, which act as luminescent
centers, can form defect levels located highly in the gap, trap-
ping electrons from the valence band to contribute to the
luminescence. The spectrum depicts a strong violet-light
emission peak around 415 nm, a blue-band around 448 nm
and a bluish-green emission at 492 nm. The sharp bluish-green
emission is due to the density of oxygen vacancies. The results
show three photoluminescence peaks that are in good intensity
in contrast to earlier reports*®*' where one or two emissions
are observed. Moreover, it is essential to note that the intensity
of violet and blue emission is almost equal and the bluish-
green emission intensity is dominant among the three bands.
The emission of these sharp intensity photoluminescence bands
can be attributed to the fact that the synthesized nanoparticles
posses very small particle size and better crystallinity thereby
revealing wide band gap of 3.4 nm dissimilar to its bulk coun-
terpart due to quantum confinement effect. Cerium dioxide
semiconductor nanocrystals with wide direct band gap possess
unique optical properties and their emission colour can there-
fore be tuned across the visible spectrum. This allows optical
quantum dot light emitting diodes to create almost any colour.
This provides more colour options and better colour rendering
than traditional light emitting diodes.

Conclusion

Combustion synthesis yields pure ultrafine nanocrystals
of ceria free of residual carbonaceous matter. The XRD and
TEM studies suggest that the average particle size is 5 nm,
with cubic fluoride structure. The nanoparticle showed a strong
UV-Visible absorption below 400 nm with a well-defined
absorption peak at 270 nm and the direct band gap was found
to be 3.4 eV. The band gap determined from UV-DRS by using
Kubelka-Munk function was also 3.4 eV. The band gap values
determined by two different ways concur well with each other.
The CeO, particles also exhibited strong room temperature
photoluminescence.
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