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Abstract. Nanocrystalline Co doped CeO, particles were synthesized using simple sol-gel
method. The structural, vibrational and photoluminescence properties of synthesized
nanoparticles were investigated using X-ray power diffraction (XRD), UV-visible
spectroscopy, Raman spectroscopy and Photolumiscence (PL) spectroscopy. XRD showed that
the lattice shrink and crystallite size decreases with doping which leads to lattice distortion and
generation of strain. The bandgap is red shifted due to formation of defects states between
bandgap as confirmed by urbach energy calculation. The PL intensity of Co doped CeO,
reduces which is due to the non radiative emission centres. Raman analysis showed
characteristic peak at 460.8 cm™ of Ce-O vibrational unit. A weak peak emerges with doping at
~ 540-640 cm’' hints generation of oxygen vacancies related defects which also acts as
emission quenching center.

1. Introduction

Cerium is one of the most abundant rare earth elements (66.5 ppm in earth crust) and its oxide (CeQO,)
has high dielectric constant and bandgap. Nanocrystalline CeO, generally shows different physical and
chemical properties than its bulk form and has superior physical and chemical properties which make
it useful for various applications. It is used as electrolyte in solid oxide fuel cells (SOFC), as catalysis
to controlling emission from vehicles, solar cells, as gas sensor, as phosphors, as polishing material
etc. [1-6]. For tailoring the properties of material doping is one of the efficient tools. It is well
observed that transition element doping in CeO, enhance its properties and increase its functionality.
Among transition element doping Co doping has attracted much interest. As Ranjith et al reported
enhancement in ferromagnetism at room temperature with Co doping in CeO, [7], Saranya et al
reported increase in photocatalytic behavior of CeO, with Co doping using UV and visible light [8],
Abbas et al found differential cytotoxicity of Co doped CeO, nanoparticles i.e does not affect healthy
cell but inhibit the viability of Neuroblastoma cancer cell [9].
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Different methods are used for preparing CeO, nanoparticles as wet chemical method, solution
evaporation and decomposition method, solgel method, etc. We have used simple solgel method for
synthesis of all samples since it is cost effective, low temperature and effective method for getting
better homogeneity. The synthesized Ce;Co,0, nanoparticles were characterized for structural,
vibrational and photoluminescence properties using XRD, UV-visible absorption, Raman and
Photoluminescence spectroscopy. XRD shows generation of strain with doping which may be due to
generation of defects and lattice distortion. Co doping affects bandgap and PL emission, the effect of
oxygen vacancies discussed.

2. Experimental

Solgel method was used for synthesizing Ce;Co.O, samples. Cerium nitrate (Ce(NOs);.6H,0) and
Cobalt nitrate (Co(NOs),.6H,0) of analytical grade were obtained from Alfa Aesar. These precursors
were dissolved in double distilled de-ionized water and stirred in magnetic stirrer for 1 h. After that
these two solutions were mixed and stirred for 2 h for homogeneous mixing. A solution of citric acid
and glycerol was used for forming chelating chain and burning of the gel. This solution was mixed
with the precursor’s solution. The resulted solution was stirred and heated for 2 h at 80°C which
finally gives a black powder which was calcined at 450°C for 6 h to get rid of carbon and nitrogen
compounds. Ce;.,Co,0, samples were obtained for x=0 and x=0.05, which were further characterized.

X-ray Diffractometer (Bruker D2 Phaser) was used for investigating structural properties. UV-vis
spectrophotometer (Shimadzu (UV-2600)) used for analyzing optical bandgap energy.
Photoluminescence study was done using Perkin Elmer fluorescence spectrometer LS55, excitation
wavelength 340nm. Vibrational properties were assessed using High Resolution Raman Micro
Spectrometer, (HORIBA Scientific, 632.8nm).

3. Result and discussion
Fig. 1(a) shows the XRD spectra for synthesized Ce,Co,O, samples. All Peaks matches with

prescribed CIF file-4343161 (Crystallography open database) confirming single phase cubic fluorite
structure formation of CeO,. No peaks correspond to oxide of Co or other impurities are present.
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Fig.1. (a) XRD spectra of undoped and Co doped nanoparticles; (b) Rietvild refinement of Co doped
CeOg; (c) Lattice parameter and crystallite size variation with doping.

To observe the effect of Co doping in CeO,, Reitveld refinement [fig. 1 (b)] was done using Fullprof
suite software. Co doping cause lattice shrinkage as lattice parameter decreases with doping [fig. 1 (¢)]
this may be due to smaller ionic radii of Co®"** (0.75-0.9A) than that of Ce** (0.97A).
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Fig. 2. (a) Williamson-Hall plot; (b) Strain variation with doping

This shrinkage should lead to lattice distortion and strain. Strain is calculated using Williamson-Hall
(W-H) equation [10]; pCos6/A = 1/D + nSin6/A, where B is the full width half maxima (FWHM), 0 is
the angle of diffraction, A is the wavelength of X-rays and D is crystallite size. A plot between fCos6/A
and Sinb/A plotted, slope n gives strain [Fig. 2 (a)]. It is found that strain is increasing with doping as
expected [Fig. 2 (b)]. Crystallite size is calculated using formulae; D = kA/Bcos® (k=0.9), found
decreasing with doping this may be due to strain which restrict crystallite growth.

Optical properties of CeO, are of great interest in tuning its catalytic, biomedical and other
activities. UV-visible spectroscopy depicts the absorption spectra of Ce;Co,0, (x=0 and x=0.05)
nanoparticles samples [Fig. 3 (a)]. Kubelka-Munk function [11], F(R) = (1-R)*/2R used for calculating
the bandgap as previously reported [12]. Co doping cause reduction of bandgap from 3.05 (x=0) to
2.52 eV (x=0.05) [Fig. 3 (b)]. This lowering of bandgap may be due to formation of some impurities
band due to defects between valance band (VB) and conduction band (CB) [13]. Urbach energy (Ey):

a = dp*exp(E/Eu) accounts for defects in lattice, where o is coefficient of absorption, E is energy in
eVvV.
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Fig. 3. (a) UV-visible absoption spectra; (b) Change in bandgap and urbach energy with doping (-inset
shows urbach fitting)
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The inverse of the slope of the plot between Ina and E give urbach energy. Urbach energy is increases
with doping which confirm that defect states are increasing with doping [Fig. 3 (b)]. The effective gap
between VB and CB reduces due to the deformation of electronic state.

Raman spectroscopy is very effective tool for obtaining structural information of fluorite structure
because it is very sensitive to oxygen lattice vibration. [Figure 4 (a)] shows the Raman spectra of
undoped and Co doped samples. A peak at 460.8 cm™ is a characteristic F 2, Ssymmetrical stretching
mode of Ce-O vibrational unit [14]. This peak becomes broader and shift to lower wave number this
may be due to generation of strain and reducing of Ce-O vibrational unit [Fig. 4 (b)]. A weak broad
peak ~ 540-640 is due to generation of oxygen vacancies related defects Figure 4 (a)] [15]. Raman
analysis supports urbach energy calculation regarding generation of defects which increases with
doping.
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Fig. 4. (a) Raman spectra of Ce,;_Co,0, samples; (b, ¢) Variation in FWHM and peak position with
doping.

The photoluminescence (PL) is an effective tool for analyzing defects and recombination process.
Fig.5 shows the PL spectra of CeO,, the peaks lying in between 395 and 529 are due to oxygen
vacancies, surface defects and switching of charge between conduction band Ce*" (4f) and valance
band O™ (2p) [16]. The emission bands are at ~424 nm correspond to surface defects, the band at ~457
nm and a feeble band at ~485 nm are considered as transition from ionized oxygen vacancies to the
valance band and a band at ~528 nm reported as band due to defects as oxygen vacancies [17]. The PL
emission intensity decreasing with doping, this infers the formation of defects states between valance
and conduction band as confirmed by Raman and urbach calculation. The defects presents on surface
and in bulk have different emissions one has non-radiative and other is having radiative emissions
which affect the PL emission which depend on the nature of the oxygen vacancies. With Co doping in
CeO,, on the surface and on grain boundaries there is increase in oxygen vacancies which acts as trap
centers leads to non-radiative recombination center and repress the emission intensity. Co doping
causes high oxygen vacancies in CeO, matrix due to which spatial overlapping of electron and hole
wave function obstructed which in turn prolong the recombination of charge carriers. Hence with Co
doping surface defects increasing which cause non radiative emission and reduces the PL emission.
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Fig. 5. Photoluminscence (PL) spectra of Cel-xCoxO2 samples.

4. Conclusion

Ce1xCo0, (x=0 and x=0.05) nanoparticles have been successfully synthesized by simple sol-gel
method. XRD and Raman analysis confirms the formation of cubic fluorite structure of undoped and
Co doped CeO,. Lattice shrinks and strain increases with doping. The estimated bandgap of undoped
Ce0, is 3.05 eV which decreases to 2.52 eV with Co doping. Urbach energy shows defects states are
increasing which causes reduction of bandgap. A weak and broad peak ~540-640 pointing out that
oxygen vacancies related defects are increasing with doping. The PL spectrum of CeO, has emission
band from ~395-529 nm. The PL emission decreases with Co doping due to formation of oxygen
vacancies related defects which act as non radiative emission center.
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