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ABSTRACT

Binary CeO,/ZnO nanocomposite was synthesized by combined co-precipitation and hydrothermal
method. The dielectric property of the CeO,/ZnO was investigated. The grain boundaries were responsible
for the increase and decrease of dielectric constant and AC conductivity which is discussed in the dielec-
tric study. The prepared sample was carried out for the thermogravimetric, structural, optical, morpho-
logical investigations. The thermal stability of the sample was examined using the thermogravimetric
analysis. Both the CeO, and ZnO phases were confirmed from the Powder X-ray diffraction analysis
(PXRD). The fourier transform infrared spectroscopy (FTIR) study further affirmed the presence of ceria
and ZnO metal oxides in the nanocomposite is reported in detail. The particle size distribution graph
was plotted from the high resolution-scanning electron microscopic image. CeO,/ZnO nanocomposite
exhibited the spherical like structures which was confirmed from the high resolution transmission micro-
scopy (HRTEM) images.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nanocomposite is a type of nanomaterial which has one or
more phases existing in nano-scale dimension with exceptional
thermal stability, stiffness, and other physical properties
(Kennedy et al., 2017). Combined semiconductor metal oxide
nanostructures as composite materials has been receiving exten-
sive attention nowadays due to their engineered structural, optical,
morphological properties (Hassanpour and Safardoust, 2017). The
existence of more than one phase or constituent material coupling
between transition metal oxides like CuO-NiO (Krishnan et al,,
2022), ZnO-CuO (Zhang et al., 2016), NiO-ZnO (Kim et al., 2017)
has been reported so far for their catalytic, sensor and dielectric
applications. However, rare earth metals in oxide forms are known
for their unique structural, optical and morphological properties.
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Understanding the effect of coupling rare earth metal oxides and
transition metal oxides is quite fascinating. Cerium oxide (CeO,)
is a rare earth metal oxide which is widely used in energy storage
applications when doped with transition metal oxides, was also
reported (Murugan et al., 2017; Ojha et al., 2017). CeO, has also
been considered in applications like electrochemical gas sensors
(Rajgure et al., 2014), photocatalyst (Ahmad et al.,, 2015), and
energy storage devices (Manibalan et al.,, 2019). The bulk CeO,
has a bandgap of 3.2 eV and acts as a potential candidate in photo-
voltaic applications (Montini et al., 2016). Zinc oxide (ZnO), a
hexagonal wurtzite n-type semiconductor material, has a wide
bandgap of 3.37 eV and a large exciton of 60 meV. (Lanje et al.,
2013). Both CeO, and ZnO have comparable bandgaps, and it is
expected that the coupling of these two oxides will results in metal
oxides structures with tunable physical properties (Diao et al.,
2018).

This paper reports the structural, optical, morphological and
mainly dielectric characterization results of core-shell like struc-
tured CeO,/ZnO nanocomposite. The synthesis of Ce0,/Zn0O have
been reported already using several methods like sol-gel (Akbari
et al., 2017), co-precipitation (Fabbiyola et al., 2015), hydrothermal
(Kalubarme et al., 2013), hybridized hydrothermal (Ranjith Reddy
et al., 2016), solid stabilized emulsion route (He et al., 2006), elec-
trodeposition (Hajji et al., 2014) and soft solution chemical route
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(Li Ruixing et al., 2002). The synthesis method of CeO,/ZnO
nanocomposite followed in the current work combines co-
precipitation and hydrothermal method, which is more simpler
and economical, with zero utilization of capping agents and surfac-
tants. We have achieved the core-shell like nanoparticle in the size
of quantum dots. The dielectric measurements have only been per-
formed individually on CeO, and ZnO metal oxides (Lanje et al.,
2013; Prabaharan et al., 2016) but not for CeO,/Zn0O nanocompos-
ite. Therefore, the present work is focused on dielectric properties
of core-shell like structured CeO,/ZnO nanocomposite and their
structural, optical and morphological investigations.

2. Synthesis methods of Ce0,/Zn0O nanocomposite

2.1. Synthesis procedure

Cerium (IIl) nitrate hexahydrate with 99.99 % purity was
obtained from Alfa Aesar, and Zinc chloride (ZnCl,) with analytical
reagent grade was obtained from Sisco Research Lab (SRL). 0.5 M
cerium nitrate and 0.5 M zinc chloride were dissolved in 25 mL
of deionized water. In a beaker, a 99.99 % solution of sodium
hydroxide (NaOH) was dissolved in 10 mL of deionized water.
The prepared acidic precursors cerium nitrate hexahydrate and
zinc chloride solution were stirred in a magnetic stirrer for 1 h to
obtain a clear homogeneous solution and then NaOH solution
was added drop by drop to this solution until a precipitate was
formed. The precipitate was transferred to a 100 mL Teflon beaker
and stored in a stainless steel autoclave. The autoclave was then
heated in the muffle furnace to 180 °C for twelve hours. The
obtained precipitate was washed with distilled water after heating,
to remove volatile compounds. The precipitate was dried for 2 h in
a hot air oven at 120 °C which resulted in a powder sample. The
sample was annealed in a vacuum furnace at 500 °C for 48 h
(Srinivasan and Punithavelan, 2022).

2.2. Characterization details of CeO,/ZnO nanocomposite

The synthesized core-shell like structured CeO,/Zn0O nanocom-
posite was characterized and its studies were reported in the pre-
vious results. The thermal stability of the synthesised
nanocomposite was determined using thermogravimetric analysis
on a Seiko Thermo - Analyzer (7200) instrument at a heating rate
of 10° C/min in an argon atmosphere. Powder X-ray diffraction
(PXRD) of the synthesised nanocomposite was performed using
Rigaku (Smart Lab) with CuKa radiation of wavelength = 0.15406
nm and diffraction angle between 20°—80°. Using a Thermo Scien-
tific Nicolet iS10 infrared spectrophotometer, the Fourier trans-
form IR spectrum (FTIR) was recorded between 400 and
4000 cm~!. UV-Diffuse reflectance spectrometry (DRS-UV)
(Thermo Scientific Evolution 300 UV-vis) was used to examine
the optical properties for 200 nm to 800 nm range of wavelength.
The morphology was analysed using a high resolution scanning
electron microscope (HR-SEM) and a high resolution transmission
electron microscope (HR-TEM). The dielectric data were collected
at various temperatures with the HIOKI HITESTER model 3532-
50 LCR metre.

3. Results and discussion

The thermogravimetric (TG) and differential thermal analysis
(DTA) of Ce0,/ZnO nanocomposite heated from 100 and 800 °C
and at a rate of 10 °C/min in Argon gas atmosphere is shown in
Fig. 1. Both endothermic and exothermic peaks were observed,
which indicated the weight loss of CeO,/ZnO nanocomposite. The
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Fig. 1. TG-DTA pattern of CeO,/ZnO nanocomposite.

weight loss at 146 °C indicated the physisorption of water mole-
cules on Ce0,/Zn0 nanocomposite. On further heating of the sam-
ples another weight loss was observed around 400 °C, attributed to
the loss of OH™ ions and chemisorbed molecules. The weight loss
was due to the synthesis condition, which caused the reduction
in the average particle size. As a result, it increases the efficiency
of thermal conduction.

The X-ray diffraction pattern of CeO,/ZnO nanocomposite is
shown in Fig. 2, and it confirmed the presence of both CeO, phases
with the space group Fm-3 m of cubical fluorite structure and ZnO
phases with the space group P63mc of hexagonal wurtzite struc-
ture. The JCPDS Card No. 00-034-0394 for CeO, and JCPDS Card
No. 00-036-1451 for ZnO were well matched with the observed
Ce0,/Zn0O nanocomposite peaks. The peak positions of 28.64°,
31.81°, 33.18°, 34.53°, 36.35°, 47.62°, 56.55°, 59.22°, 62.93°,
66.36°, 68.02°, 69.54°,76.89° and 78.56° were labelled with the cor-
responding CeO, and ZnO phases as shown in Fig. 2. The corre-
sponding (hkl) planes were (111), (100), (200), (002), (101),
(220),(311),(222),(103),(200),(112),(400),(331) and (420)
were also mentioned. The high-intensity peaks reflected the highly
crystalline nature of the synthesised CeO,/ZnO nanocomposite,
which was due to the 500 °C annealing process. The lattice param-
eters for the corresponding phases of cubic and hexagonal struc-
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Fig. 2. X-ray diffraction pattern of CeO,/Zn0O nanocomposite.
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Table 1
Crystallite size and Lattice parameters measured.
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Ce0,/Zn0O Lattice Parameter

Crystallite Size (nm)

a b c d-spacing Unit Cell Volume Scherrer formula
(A) (A) (A) (A) (Ay
Actual Observed Actual Observed Actual Observed Actual Observed Actual Observed

CeO,, (Cubical Fluorite) 54113 5.3884 54113 53884 54113 5.3884 3.1233  3.1101 158.46 156.45 14.49

ZnO (Hexagonal Wurtzite) 3.2498  3.24470 3.2498 3.24470 52066 5.1845 24759  2.4688 47.62 47.26 3241

tures were calculated using the following equations: where d is the
inter-atomic spacing, a, b and c are the lattice constants:

1 4K +hk+ K n?

£ 3\ e e (1)
1 K+IkP+P

S _ Ak Al 2)

& @
In Table 1, we observed that the a, b, ¢ and unit cell volume (V)
(Morris et al., 2006) values are slightly lesser than the actual values
which may be attributed to the surface tension while preparing the
sample. The increase in surface energy of nanoparticles tends to
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Fig. 3. FTIR Spectra of CeO,/ZnO nanocomposite.
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contract their sizes by elastically distorting their crystal lattices
(Qi et al., 2003). The Debye Scherrer formula was used to calculate
crystallite sizes (Cullity, n.d.),

089/

~ pCoso (3)

where D is the crystallite size, 0.89 is the Debye Scherrer constant
value, g is the full width half maximum value of the peaks, 0 is
the Braggs angle. The crystallite sizes were calculated with the max-
imum intensity peaks. The average crystallite size was calculated to
be 37.87 nm from the above equation (3). The volume fraction with
the corresponding relative intensity of the prepared sample has
been calculated from the formulae given below (Juma et al., 2017):

Iceo
R = 2 100 4
Ce0, Teo, + Iono X % (4)
Rono = — 22 100% (5)

Iceo, + Izno

From Egs. (4) and (5), the concentration of CeO, was found to be
45 %, and ZnO is 55 % for Zinc oxide of the volume occupied from
the synthesized sample. The values were calculated with the
prominent peaks (i) 28.65° with the corresponding plane (111)
for CeO, and (ii) 36.35° with the corresponding plane (101) for
ZnO. The FTIR measurements of the CeO,/Zn0O nanocomposite in
the form of KBr pellet is as shown in Fig. 3. The bands around
720 and 903 cm~! are due to CeO, stretching modes (Harish
etal., 2018), and the band around 453 cm™! is the ZnO’s vibrational
mode (Arif et al.,, 2018). The band at a higher frequency around
1390 cm™! is attributed to CO, molecules absorption. The rise in
the peak around 1638 cm™! is a result of the absorption of water
molecules, and the increase in the peak around 2360 cm™! is owing
to the presence of CO, in the atmosphere. The presence of O—H
stretching vibrations is also indicated by the wide peak at
3495 cm™! (Zamiri et al., 2015). Diffuse reflectance spectroscopy
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Fig. 4. DRS (UV-vis) spectra: (a) absorbance and; (b) Bandgap formation of CeO,/ZnO nanocomposite.
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(DRS) was used to examine the optical properties of the synthe-
sized nanocomposite in the electromagnetic spectrum’s UV and
visible region. The bandgap was measured using the Kubelka-
Munk function model. (Zhu et al., 2010),

5.0kV 7.9mm x90.0k SE(M)
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F(R) is the Kubelka-Munk function, o - absorbance coefficient
and R - Reflectance value.
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Fig. 5. (a). HR-SEM image of 500 nm; (b) Particle size distribution and; (c¢) EDAX analysis of CeO,/Zn0O nanocomposite.
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F(R)hv = A(hv — Eg)" (7)
where n = 2 and n = 1/2 provide direct and indirect transitions,
respectively, giving the indirect and direct bandgaps. The direct
bandgap value was calculated using a tauc plot of linear extrapola-

tion between [F(R)hv)* and hv. Two maximum absorption peaks
were observed at 265 nm and 330 nm, while absorption decreased
to 410 nm (Cerrato et al., 2018). There is no further increase in the
absorption as noticeable in the graph Fig. 4(a). This shows the elec-
tron transportation phenomenon that occurred in the UV-visible
junction region. The bandgap of 3.02 eV for Ce0,/Zn0O nanocompos-
ite was obtained from the direct interband transition shown in
Fig. 4(b). As previously stated, ZnO has a bandgap of 3.37 eV and
Ce0O, has a bandgap of 3.2 eV; however, when these metal oxides
are coupled together, the bandgap decreases to 3.02 eV, which is
near the beginning of the visible region. Therefore, the synthesized
Ce0,/Zn0 nanocomposite shows absorptions both at UV and visible
regions. Hence, this material is suitable for a visible photocatalyst
without the requirement of UV light.

The morphology of the Ce0,/Zn0O nanocomposite was investi-
gated using high resolution scanning electron microscopy. This
clearly identified spherical agglomerated particles in the 500 nm
image as shown in Fig. 5(a). The particle size distribution analysis
was measured using Imagej software in an average range of parti-
cles size with 23.5 nm as shown in Fig. 5(b). In Fig. 5(c), the EDAX
analysis shows the presence of Ce, Zn and O peaks with their cor-
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responding composition and atomic weight percentages. The
appearance of carbon peak in the spectra at 0.277 keV is due to
the carbon coating in the process of analysis of the sample. The
peak positioned at 2.1 keV indicates Au’s presence, which could
be traced from the sputter coating process of the sample prepara-
tion required for the morphological studies. No other impurities
were present in the synthesized nanocomposite sample. For fur-
ther thorough study about the particle size the high-resolution
transmission electron microscope images of the synthesized
Ce0,/Zn0 nanocomposite was captured and as shown in Fig. 6
(a). The formation of nanoparticles was confirmed as a core-shell
like structure, and the sizes were measured in the range of 2 nm.
The darker portions correspond to the CeO, core, while the lighter
portion shows the presence of ZnO shell. The d-spacing values for
both CeO, and ZnO were well matched with the significant value
shown in Fig. 6(b). The d-spacing value 0.31 nm matched with
the high-intensity peak of CeO, with the corresponding Bragg’s
angle of 28.64°. The SAED pattern in Fig. 6(c) is the evidence of
the polycrystalline nature of the CeO,/ZnO nanocomposite. The
measured lengths of 6.40 and 7.84 nm shows the corresponding
CeO, (111) and ZnO (100) (hkl) planes. The grain boundaries were
tiny, and average particle sizes were measured in the range of 10-
20 nm, as shown in Fig. 6(d). Combined semiconductor metal oxide
structures (CSMOS), as are potential dielectric material that is
more suitable for barrier layer capacitors (BLC) applications due
to their layered conducting grain boundaries (Giirbiiz and

Fig. 6. HR-TEM images of Ce0,/ZnO nanocomposite; (a) 5 nm image; (b) d-Spacing marked; (c) SAED pattern and; (d) Particle size.
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Okutan, 2016). The transfer mechanism of microwaves into these
materials is difficult to understand since electric polarization of
molecules or ions electrical polarization occurs through many con-
tributions (Lanje et al., 2013). When a microwave electric field is
applied, the atoms or molecules in the nanomaterials become
polarized and rotate with microwave energy that is transferred
into the material (Santha et al., 2004). CeO,/ZnO nanocomposite
dielectric properties at different temperatures (32-300 °C) and fre-
quencies (5 Hz—5 MHz) were studied in their pellet form with
10 mm diameter in size. The dielectric constant was measured
using the Eq. (8) as follows below:

L
r_SoA

(8)

where ¢,- dielectric constant, C- Capacitance value, &- permittivity
of free space, d- the thickness of the sample and A- Area of the
sample.

In Fig. 7(a), the variation of the dielectric constant with Log F
was shown. The dielectric constant is higher at lower frequencies,
decreases steadily towards the higher frequencies, and becomes
almost constant at the higher end of frequency. The Maxwell-
Wagner (M—W) model predicts that the layered conducting grain
boundaries are poor in conducting grains. (O’Neill et al., 2000).
An external electric field’s application migrates the charge carriers
and accumulates them at the grain boundary regions, leading to
high polarization and dielectric constants (Bellino et al., 2006).
The ionic conductivity is weaker at the grain boundary regions,
increasing the space charge effect in nanocomposite particles.
Hence, the dielectric constant is higher at lower frequencies
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(Singh et al., 2014). However, it is not the same over the entire fre-
quency regions; as the frequency increases, the dielectric constant
decreases and reaches saturation. Polarization occurs via space
charge effect, and the rotation direction at the interfaces could
explain the high dielectric constant at lower frequencies (Orug
and Altindal, 2017). A chance of induced dipole moment occurs
at the CeO,/Zn0O nanocomposite interface region upon the applied
external electric field, which allows the rotations of atoms or ions
towards the applied electric field direction which in turn causes
rotation direction polarization. In general, the atoms in nanocom-
posite or nanocrystalline materials prefer to occupy the grain
boundary regions. The charge trapping makes them electrically
tuned up within the grains (Sagadevan et al., 2017). The dipole
moment can be induced easily at the lower frequencies upon
applying an external electric field. Summarizing, both the space
charge and the rotation direction polarization were very active in
lower frequencies. Therefore, a high dielectric constant occurs at
the lower frequencies and decreases at higher frequencies. Hence,
it is expected that the materials show a higher dielectric constant
in their nano form over the conventional bulk materials. The well-
structured grain boundary interfaces will increase the space charge
polarization at a higher temperature, and therefore, a high dielec-
tric constant was observed at 300 °C.

The dielectric loss in dielectric materials was due to the produc-
tion of absorption current. The tan ¢ and dielectric loss were shown
in Fig. 7(b) and 7(c) decreases when the frequency increases,
reaches saturation. The dielectric loss is due to the following rea-
sons: Only an inevitable part of electrical energy is needed for the
molecules to orient along the electric field’s direction to minimize

25
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204 —a— 100 °C
H —v— 150 °C
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Fig. 7. (a) Dielectric constant; (b) Dielectric loss in terms of tan J; (c) Imaginary loss and; (d) Conductivity in AC.
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the internal friction (Mangalam et al., 2016). The other amount of
electrical energy is required for rotations and transfer of molecules.
The presence of defects like oxygen vacancies may also produce an
absorption current. The AC conductivity of CeO,/ZnO nanocompos-
ite shows zero value at lower frequencies and increases sharply at
higher frequencies, as displayed in Fig. 7(d). The hopping mecha-
nism of charge carriers in the poorly conducting grains trapped
by oxygen vacancies could be responsible for rise in conductivity
at higher frequencies. The space charge polarization dominates at
the lower frequencies, resulting in very low AC conductivity
(Singh et al., 2015). The increased electrical conductivity in CeO,/
Zn0 nanocomposite could also be due to the increase in electron
concentration when the extra electrons were generated in order
to compensate the charge balance by adding Ce** for Zn?*, thus
the increased concentration of electrons slightly increases the elec-
trical conductivity.

4. Conclusion

The current report has reported the synthesis of core-shell-like
structured CeO,/ZnO nanocomposite powder using the combined
co-precipitation - hydrothermal method. This synthesis method
is observed to be more economical, and the synthesized nanopar-
ticle sizes were in the quantum dots range with a core-shell like
structure. In thermogravimetric analysis, the weight loss was pos-
sibly due to the synthesis conditions, which could have caused the
reduction in the average particle size. As a result, it increases the
efficiency of thermal conduction. The Powder X-ray diffraction pat-
tern of CeO,/ZnO nanocomposite confirmed the presence of both
CeO, phase with the space group of Fm-3 m of cubical fluorite
structure and ZnO phase with the space group P63mc of the hexag-
onal wurtzite structure. The bandgap of 3.02 eV for CeO,/ZnO
nanocomposite was obtained from the direct interband transition.
This showed the electron transportation phenomenon would occur
in the UV-visible junction region. The average particle size distri-
bution of the nanocomposite is 23.5 nm. According to the
Maxwell-Wagner (M—W) model, the dielectric properties showed
a trend in which the layered conducting grain boundaries are poor
in conducting grains. Both the space charge and the rotation direc-
tion polarization were very active in lower frequencies. Therefore,
a high dielectric constant and dielectric loss occurs at the lower
frequencies and decreases at higher frequencies. The hopping
mechanism of charge carriers in the poorly conducting grains
trapped by oxygen vacancies could be responsible for increased
conductivity at higher frequencies. The space charge polarization
dominates at the lower frequencies, resulting in very low AC
Conductivity.
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