Romanian Reports in Physics 73, 504 (2021)

STRUCTURAL, MORPHOLOGICAL AND OPTICAL BEHAVIOR
OF Zn2+:CeO2 NANOPARTICLES ANNEALED UNDER Ar
ATMOSPHERE
K. RAJESH1,3, P. SAKTHIVEL2,*, A. SANTHANAM3,*, J. VENUGOBAL4
1

Mannai Rajagopalaswamy Government Arts College, Department of Physics,
Mannargudi – 614 001, Tamilnadu, India
2
Karpagam Academy of Higher Education, Faculty of Engineering, Department of Physics,
Coimbatore – 641 021, Tamilnadu, India
*
Corresponding author E-mail: sakthi1807@gmail
3
Rajah Serfoji Government Arts College (Autonomous), Department of Physics,
Thanjavur – 613 005, Tamilnadu, India
*
Corresponding author E-mail: jeevaben2003@gmail.com
4
Sir Issac Newton College of Engineering and Technology, Department of Physics,
Nagapattinam – 611 102, Tamilnadu, India
Received June 01, 2020
Abstract. Zn-doped CeO2 nanoparticles were synthesized via co-precipitation
route. The as-prepared nanoparticles were investigated through X-ray diffraction, HRTEM,
FESEM, EDX, UV-vis, FTIR, photoluminescence, and photocatalytic measurements.
Spherical shaped particle size was calculated (~ 7 – 10 nm). FESEM picture depicts the
surface morphology of samples. The optical band gap was red-shifted due to Zn-doping.
Zn (2 wt[%]) doped CeO2 nanoparticles shown better optical transmittance. The EDX
and FTIR results ensured the presence of dopant. Photoluminescence results revealed
the intensity of red-band emission was suppressed due to Zn-incorporation. Photocatalytic
absorbance behavior was enhanced when Zn substituted in CeO2 lattice.
Key words: CeO2, Zn, co-precipitation, photocatalysis.

1. INTRODUCTION

For the past two decades, we can find out a lot of research initiatives regarding
the role of the rare-earth element on electrical, optical, luminescent properties, and
its fabrication for engineering applications [1]. Cerium (Ce4+) is a well known rareearth element and belongs to the lanthanide series. Cerium is available in different
forms and cerium oxide (ceria) can be obtained from cerium (III) and cerium (IV)
[2]. The oxidation states of cerium exhibit strong absorption characteristics for UV
light [3]. Ceria has a cubic fluorite structure and it offers some special characters like
acid-base and oxidation-reduction behavior, oxygen mobility and thermal stability
[4]. The CeO2 is identified as an indirect band gap, II-VI semiconductor, and its
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estimated band gap value is 3.2 eV [5]. CeO2 nanoparticles have robust applications
as fuel cells [6], catalyst [7], sensor [8], and UV blockers [9], and sunscreen cosmetics
[10]. CeO2 material acts as a luminescent layer since it offers excellent compatibility
with silicon-based optoelectronic devices. Modern developments produce more
impacts on UV light-emitting diodes by the utilization of wide-gap semiconductors
for its construction. These devices can facilitate as white lighting sources using blue,
green, yellow, orange, and red phosphors [11]. Many works of literature were shown
that the CeO2 nanoparticles were prepared by conventional methods [12–16]. In the
present work, Zn-incorporated CeO2 nanoparticles were prepared by the chemical
precipitation method. The as-prepared nanoparticles were characterized by X-ray
diffraction (XRD), Ultraviolet-visible spectroscopy (UV–Vis), photoluminescence
(PL), photocatalytic and Fourier transform infrared (FTIR) techniques, scanning
electron microscopy (SEM), high-resolution transmission electron microscopy and
energy dispersive X-ray analysis (HRTEM with EDX) techniques. The properties
were analyzed for tuning the application towards imaging and optoelectronic
application.
2. EXPERIMENTAL TECHNIQUES

Zn-doped CeO2 (Zn = 0 to 8 wt[%]) nanoparticles were synthesized using
the co-precipitation method. Cerium (III) nitrate hexahydrate [Ce(NO3)3 · 6H2O]
(434.22 g/mole; 99.9% purity), Sodium hydroxide (NaOH) (40.00 g/mole; 99.9% purity)
and Zinc acetate dehydrate [Zn (CH3COO)2 · 2H2O], (219.51 g/mole; 99.9% purity)
was purchased from M/S Merck Pvt. Ltd. All reagents had an analytical reagent
grade and these chemicals were served without any further purification. Double
distilled water was used in the whole synthesis process and ethanol was utilized as
a solvent for the washing process.
Initially, 0.2 M of Cerium (III) nitrate hexahydrate was dissolved in 50 ml
aqueous. Zinc acetate dehydrate with various concentrations (2 wt[%]) was taken
into the above solution. The mixture was stirred using a magnetic stirrer at room
temperature till homogeneity is obtained in the solution. Then 0.2 M of (NaOH) in
50 ml of water was added drop by drop into the above solution. After (NaOH)
injection a yellow voluminous precipitate appeared. That precipitate is purified by
using the distilled water and ethanol several times to remove impurities. The end
product was dried using a microwave oven at 70°C for 30 min. The end products
were annealed at 400°C using a muffle furnace for 4 hours under Ar atmosphere.
This procedure was repeated to synthesize CeO2 nanoparticles with various composition
rates of Ag. The characterization techniques used for structural, morphological,
compositional, optical, photoluminescence, and photocatalytic analysis in the paper
were reported earlier [17].
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3. RESULTS AND DISCUSSIONS
3.1. STRUCTURAL AND SURFCAE MORPHOLOGICAL ANALYSIS

The crystalline nature of synthesized pure and Zn (2 wt[%], 4 wt[%], 6 wt[%],
8 wt[%]) doped CeO2 nanoparticles were investigated by powder X-ray Diffraction
technique (XRD) and their spectra are shown in Fig. 1. The diffraction peaks at
28.46, 47.55, 56.19, 59.00 are indexed to (111), (200), (220), (311) planes of the
cubic fluorite phase (JCPDS; 12-0797). This crystalline phase is having a perfect
agreement with the literature reports [18, 19]. The broad peaks identified that the
dimension of the sample is in the nanometer range due to the different doping
concentration. Figure 1 shows that the absence of diffraction peak and shifting of
diffraction peaks associated with successful doping of dopant (Zn2+) into CeO2
lattice site, and high purity of the sample.

Fig. 1 – XRD pattern of pure and Zn-doped CeO2 nanoparticles.

The average crystallite size is calculated through Debye-Scherrer’s formula [20]
D

k
 cos

(1)

where D is crystallite size, k is the shape factor (0.9) and λ is the wavelength of Cu
Kα radiation. β is the full width at half maximum and θ denotes Bragg diffraction
angle. The peak position (2θ), d-value, FWHM (β) value, the average crystallite
size (D) of Zn-doped CeO2 nanoparticles were listed out in Table 1. First, the
particle size was an increase for 2 wt[%] and decreased for further addition of Zn.

Article no. 504

K. Rajesh et al.

4

Table 1
The peak position (2θ), FWHM (β) value, d-value, average crystallite size (D)
of Zn doped CeO2 nanoparticles
Samples
CeO2
Ce0.98Zn0.02O2
Ce0.96Zn0.04O2
Ce0.94Zn0.06O2
Ce0.92Zn0.08O2

Peak position
2θ ( ̊ )

FWHM
(β)

d(111)
[Å]

28.59
28.70
28.52
28.87
28.54

1.180
0.782
0.980
1.026
1.178

3.121
3.113
3.124
3.091
3.122

Primary Peak
intensity
[Counts]
105.26
155.68
96.06
91.3
62.82

Crystallite
size (D)
[nm]
6.9
10.5
8.3
8.0
7.0

Fig. 2 – TEM photo of Zn-doped CeO2 (a-f,g) and EDX photo of pure and 2 wt[%]
doped CeO2 nanoparticles.
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The Zn-doped CeO2 nanoparticles size decreased as the Zn-doping concentration
increases. Consequently, size decrease with Zn concentration increasing up to 8 wt[%].
This may be due to the variation in the size of ions. The ionic radius of Zn2+ (0.64 Å)
is lesser than that of the Ce3+ (0.74 Å). When 2 wt[%] of Zn-doped with CeO2 host, an
increase of particle size is observed and this change is ascertained to the distortion
produced by the Zn ion. This is happening during the initial entry of dopant into
the host lattice [21]. Further increase of doping concentration reduced the crystallite
size due to the proper substitution of dopant ions [22].
The HRTEM image of pure, 2 at.[%] , 4 at.[%], 6 at.[%] and 8 at.[%] Zndoped CeO2 nanoparticles as shown in Fig. 2 (a-f). The SAED pattern of pure and
6 wt[%] Zn-doped CeO2 nanoparticles was shown in Fig. 6 (b, g). The shape and
morphology of Zn-doped CeO2 nanoparticles were uniformly spherical in
geometry [23]. The average particle size of 8 nm, which is consistent with the
result obtained from XRD. Most of the nanoparticles well dispersed although some
of the particles are aggregated. HRTEM image revealed that each particle is
arranged in a regular pattern and in equal distance. The SAED patterns are wellmatched with the result obtained from the XRD spectra. Distinct circular fringes
were received and they confirmed the various planes which are present in the
crystals with a specific orientation. The EDX analysis of pure and 2 wt[%] of Zn
doped CeO2 nanoparticles is shown in Fig. 2 (h, i). The peaks obtained from the
EDX spectrum were corresponding to Zn, O and Ce elements.

Fig. 3 – SEM image of pure and Zn-doped CeO2 nanoparticles (0 wt[%] to 8 wt[%]) – for a–e.
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This confirmed the successful incorporation of Zn in CeO2 nanoparticles.
Additionally, the Cu-peaks received near 8 keV due to the carbon-coated copper
grid [24]. All the elements present in the sample confirmed their appearance as per
the targeted stoichiometry ratio. Figure 3 (a–e) illustrates the SEM image of pure
and Zn-doped CeO2 nanoparticles. From the pictures it was noted that crystallite
size was increased for initial substitution of Zn ions and a further increase of Zn
composition reduced the overall crystallite size. Porous nature particles are highly
aggregated on the surface [25]. A decrease in particle size creates agglomeration
over the samples. Figure 3 (c, d, e) portrayed more agglomeration on the surface
due to relatively small-sized particle aggregation. The utilization of a capping
agent will prevent agglomeration, but that process will increase the particle size
more. Hence the usage of capping agents was evaded.
3.2. UV-VISIBLE ABSORPTION, TRANSMITTANCE, BAND GAP AND
PHOTOLUMINESCENCE STUDIES

The UV-Visible absorption spectra of pure and Zn (0 to 8 wt[%]) doped CeO2
nanoparticles are given in Fig. 4 (a). The absorption peaks were observed at 328 nm,
338 nm, 357 nm, 365 nm, 341 nm respectively. These absorption peaks were produced
due to the electrons transition between O2-(2p) and Ce4+ (4f) orbital’s in CeO2. However,
this band 328 nm is slightly red-shifted with Zn doped CeO2 (2–4 wt[%]) compared
to undoped CeO2 nanoparticles. The redshift of the absorption edges corresponding
to Zn doped CeO2 nanoparticles could be ascertained to the interfacial polaron
effect due to the interaction between electron and phonon [26].
The UV-Visible transmittance spectra of pure and Zn (0 to 8 wt[%]) doped
CeO2 nanoparticles are given in Fig. 4 (b). Zn (2 wt[%]) doped CeO2 nanoparticles
shown higher transmittance than another composition rate of Zn. This behavior
conveyed information that this specific composition was suitable to improve the
crystallinity of the sample and it could produce a transparent crystal. The Band gap
values were calculated by using Tauc’s equation [27]
 h  A(h  Eg )n

(2)

where A is a constant, h is Planck’s constant, υ indicates the frequency, and α is an
absorption coefficient. The value of n takes different values based on the nature of
the semiconductor's band gap (n = 1/2 for indirect band gap and 2 for direct band
gap). The graph was plotted between the band gap and (αhν)2 and Fig. 4 (c) clearly
illustrated them. Here the quantum confinement effect played an important role in
band gap engineering of QDs [28]. New energy levels are introduced in the CeO2
band structure due to the incorporation of Zn ions. Bathochromic shift was taken
place in crystal structure when metal ion is doped, which leads to a charge transfer
from the dopant electron state to CB or VB in the crystal [29]. It is evidenced by
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structural studies that the reduction of particle size widened the energy band gap
(Eg). The addition of Zn ions into the CeO2 host induced the formation of
interstitial sites. As a result, new energy levels were created between VB and CB
[30]. This introduction of new energy states was ascribed to the transition of charge
carriers from d-shell.
Photoluminescence (PL) emission spectra are one of the fast and non-destructive
tools to investigate that the defect of the electronic structure of materials. Figure 5
represented the PL emission spectra of pure and Zn (2 wt[%], 4 wt[%], 6 wt[%],
8 wt[%]) doped CeO2 nanoparticles were registered using an excitation wavelength
of 340 nm.

Fig. 4 – (a) UV-vis absorption spectra of Zn-doped CeO2 nanoparticles (0 wt[%] to 8 wt[%]).

Fig. 4 – (b) UV-vis transmittance spectra of Zn-doped CeO2 nanoparticles (0 wt[%] to 8 wt[%]).
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Fig. 4 – (c) Band gap values from Tauc’s plot.

Figure 5 displayed a strong PL emission peak centered at 630 nm indicates
the rapid recombination of photo-induced electron hole-pairs in pure CeO2.
Conversely, the PL emission peak intensity is slightly varied for Zn (2 at.[%], 4
at.[%], 6 at.[%] and 8 at.[%]) doped CeO2 nanoparticles, the emission peaks
appeared in the range of 575–625 nm were ascertained to oxygen vacancy
produced in CeO2 NPs [31]. These phenomena can be explained based on the
charge transfer from the 4f state to the valence band of the CeO2 crystal structure
[32]. The reason for the wider band is the electron transition between Ce-4f state of
the conduction band and O-2p valence band.

Fig. 5 – PL spectra of pure and Zn-doped CeO2 nanoparticles.
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3.3. PHOTOCATALYTIC ACTIVITY

The photocatalytic behavior of Zn-doped CeO2 nanoparticles was investigated to
explore the degradation mechanism of methylene blue dye under visible light irradiation
and absorption spectral information is shown in Fig. 6 (a, b). The characteristic
absorption peak of methylene blue at 664 nm gradually decreases with an increase
of occurrence time from 0 to 75 min of irradiation time: which informed that the
methylene blue dye was degraded well. The probable mechanism for the enhanced
photocatalytic degradation of MB by the pure and Zn (2 wt[%]) doped CeO2
nanoparticles is in air or oxygen atmosphere, the irradiated nanoparticles are
capable to destroy various organic contaminants. The activation of pure and Zn
doped CeO2 by light (hυ) generates electron-hole pairs. The probable causes for the
better activity of the Zn doped CeO2 photocatalyst as compared to pure might be
the connection of Zn ions at the flat surface of CeO2 nanoparticles. An improved
inhibition of photo-induced electron-hole pair recombination has occurred than
pure CeO2 nanoparticles [33, 34]. This could be responsible for the enhancement of
the photocatalytic activity of Zn-doped CeO2 photocatalyst [35, 36].

Fig. 6 – Effect of photo catalytic degradation of: a) pure; b) Zn (2 wt[%]) doped CeO2 nanoparticles.
3.4. FTIR ANALYSIS

The presence of molecular vibrations, nature of chemical bonding and the
position of functional groups are identified using an FTIR analysis. FTIR spectra
of pure and Zn (0% to 8%) doped CeO2 nanoparticles in the wavenumber range of
4000 to 400 cm−1 are depicted in Fig. 4. The emission peaks received at 3458 cm−1
of all the samples are often due to H−O−H vibration modes produced by water
molecules [37]. The C–H stretching vibrations produced absorption bands near
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2985 cm−1. The high intense peaks observed around 1578 and 1420 cm−1 are
ascertained to the stretching vibration of carboxylate molecules [38]. The ceriumoxygen groups possess a larger double-bond nature were the reason for peaks
noticed at 1012 cm−1 [39]. The stretching vibrations of (Ce−O−Ce) and (Ce−O−Zn)
are ascribed for bands received at 554 cm−1 [40]. These vibrational bands confirmed
the presence of all elements as expected in the compound.

Fig. 7 – FTIR spectra of pure and Zn-doped CeO2 nanoparticles.

4. CONCLUSIONS

Pure and Zn-doped CeO2 nanoparticles have been synthesized by chemical
co-precipitation route. The results obtained by XRD, HRTEM studies ensured the
cubic structure of samples without forming any secondary phase. The EDX and
FTIR studies confirmed the presence of targeted elements as per the stoichiometry
ratio. UV-vis absorption spectra provided a high intensity peaks due to the inclusion of
Zn2+ ion. The higher optical transmittance was received for Zn (2 at.[%]) incorporated
CeO2 nanoparticles. The optical band gap was redshifted due to Zn2+ substitution.
The band gap narrowing is due to the incorporation of metal (Zn2+) ions along with
the CeO2 lattice site due to the shifting of Fermi energy levels. From the photocatalytic
activity, it was identified that the fast degradation was endorsed for Zn (2 at.[%])
doped CeO2 nanoparticles. As Zn-doped CeO2 nanoparticles offered optimum optical
characteristics like higher optical transmittance and a deep red emission, these
materials can be selected for photocatalytic, optoelectronic, and imaging applications.
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