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Abstract: Among the lanthanide oxides, cerium oxide has superior physicochemical
characteristics. The incorporating trivalent dopant proposed to modify the physicochemical
characteristics of cerium oxide. This study aims to investigate the formation of bismuth-doped
cerium oxide nanopowder through the precipitation method calcined at 200°C. The formation and
thermal stability of bismuth-doped cerium oxide were confirmed by X-ray diffraction pattern,
scanning electron image, and thermogravimetric curve. The ultraviolet absorption properties were
analyzed by UV-Vis diffuse reflectance spectroscopy. The analysis of the X-ray diffraction pattern
declared the cubic fluorite cerium oxide formation with crystallite sizes of 7 nm. The bismuth-doped
cerium oxide is composed of spherical shape particles. Thermogravimetric curves revealed a high
thermal stability of bismuth-doped cerium oxide at a temperature above 500°C, as evidenced by the
total decrease in mass percentage of 7.76 wt% that corresponds to the evaporation of adsorbed water
and hydroxyl molecules. Incorporating bismuth dopant led to broad ultraviolet absorption of cerium
oxide at wavelengths between 200 and 400 nm. The result demonstrates the crystalline bismuth-
doped cerium oxide possessed high thermal stability and excellent ultraviolet absorption properties.
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Cerium oxide (CeO,) is a lanthanide oxide with
superior physicochemical characteristics. CeO, has high
chemical and excellent thermal stability, low toxicity, and
biocompatibility-?». Cerium can exist in two valence
states, 4+ and 3+, whereas most rare earth metals do not
show this characteristic. The valence state 4+ is more
stable than 3+ and can exist in the bulk state sub-oxidation
CeO, formed by a structure of face-centered cubic fluorite
(FCC)¥. Ce*" and Ce*" states are the most attractive
properties of CeO,*). These states resulted in the oxygen
vacancy important for various applications such as solar
cells®?, fuel oxidation catalysis®®, anticorrosion'®!D, and
UV absorber'>'¥, Due to its relatively small bandgap
compared to ZnO and TiO,, CeO; is an excellent UV
absorber widely used in sunscreens'>!'®), textiles!”
fibers'®, paints, etc.!®??. The bandgap of CeO; is strongly
affected by the particle size and the crystal defects, such
as oxygen vacancy?"). The tiny particles tend to broaden
the absorption bands toward the visible region. Strong UV
absorption and high thermal stability became excellent
properties as a UV absorber. This advantage makes CeO,
suitable for UV protection applications?>2).

To alter the oxygen vacancy of CeOs, trivalent elements

such as gadolinium (Gd), yttrium (Yt), and bismuth (Bi)
have been used as dopant sources. Based on simulations
by Lucid et al, the Bi** dopant can increase the crystal
structure stability of CeO, due to larger radii than Ce*"
2425 Besides, the addition of dopant can also improve the
thermal and chemical stability and exhibit high UV
absorption of the crystals?®??. On the other hand, CeO; in
the nanoscale has different physicochemical properties
from its bulk form. The melting point of the material
decreases with a reduction in size into the nanoscale
dimension because of a larger surface area to volume ratio
than bulk material®®.

Consequently, the crystalline of CeO, can be formed at
low temperature 2. Some literature shows the formation
of CeO; and Bi-doped CeO, nanopowder using chemical
processes including hydrothermal®?, sol-gel
hydrothermal®V, sol-gel?” and precipitation®. The
formation of CeO, and Bi-doped CeO, crystalline
structures using the hydrothermal method requires a long
heating time, while the sol-gel method performs at a very
high temperature. Among those methods, precipitation is
a simple process, low cost, and time-saving. In addition,
CeO; crystalline can be produced at a low temperature by
combining the precipitation process with ultrasonic
radiation?.
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This study describes CeO, and Bi-doped CeO;
nanopowder formation through the precipitation method
combined with ultrasonic irradiation. X-ray diffraction
pattern identified the crystal structure of CeO, and Bi-
doped CeQO,. Morphology and an atomic composition
contained in CeO; were analyzed using scanning electron
microscope-energy dispersive X-ray analysis (SEM-
EDX). The particle size distribution was determined using
transmission electron microscopy images (TEM). The
thermal stability of CeO, and Bi-doped CeO, was
observed using a thermogravimetric analysis. The UV
absorption of CeO, was studied by UV-Vis diffuse
reflectance spectroscopy.

2. Experimental

The formation of CeO, was carried out by combining
ultrasonic radiation and precipitation process?®. The
mixed solvent of demineralized water and isopropanol
(Merck) was used to prepare Ce(NO3)3;*6H,O (Sigma-
Aldrich, 99%) solution. To precipitate, a cerium nitrate
solution was mixed with 3M ammonium hydroxide
(Merck) precipitant until pH 10. Ultrasonic radiation is
then applied to the solution. The precipitate was left
overnight and washed using distilled water and ethanol.
Subsequently, the product of precipitation was calcined at
a temperature of 200°C for 3 hours. The same procedure
was used to synthesize Bi-doped CeO, by adding
Bi(NO3)3+5H>0 (Sigma-Aldrich, 99%) with a molar ratio
of 5%. The structure and crystallinity of the precipitation
product were identified by an X-ray diffractometer
(Rigaku MiniFlex). The crystallite size (D) was calculated
using Equation (1). While the lattice parameter (a) was
determined using Equation (2).

kA 1
~ BcosH @

Where k represents a constant of 0.89, A denotes the
wavelength of the Cu-Ka radiation, 6 expresses the
angle of Bragg reflection, and f state the full width at
half maximum (FWHM).

 WRARAE .
a= 2sin@ (2)

Where, h, k, and [ sign Miller indices. The morphology
and atomic composition of CeO, was monitored by
scanning electron microscope-energy dispersive X-ray
(SEM-EDX) (JEOL JSM-6510LA) and the particle size
distribution was estimated from transmission electron
microscopy images (TEM) (Talos F200X). The thermal
property of CeO, was evaluated using a thermal
gravimetric analyzer (TGA) (Hitachi STA-200RV). The
light absorption properties were analyzed in the 200-800
nm range using UV-Vis diffuse reflectance spectroscopy
(Shimadzu). The Kubelka-Munk Equation (3) confirmed
the bandgap energy by extrapolating the linear part of
(F(R)hv)Y? vs hv (photon energy) curve.

(FRM)Y2 =A(hv —E;)  (3)

F(R) is the Kubelka-Munk factor, R is the
reflectance, hv denotes the photon energy, and A
represents a constant.

3. Result and Discussion

3.1 Crystal Structure

The XRD patterns of undoped CeO, and Bi-doped
CeO; produced using the precipitation method are shown
in Fig. 1. Both undoped and Bi-doped CeO; exhibited
several peaks, consistent with the face-centered cubic
(FCC) of CeO, (JCPDS 34-0394). The crystal planes, 26,
and FWHM of the XRD pattern are summarized in Table
L.

Undoped CeO,
ain Bi-doped CeO,

220
200) @311

(222) (@00

Intensity (a.u)

20 30 40 50 60 70
26 ()
Fig. 1: X-ray diffraction pattern of undoped CeO2 and Bi-
doped CeO2

In general, it is seen that the diffraction peak of Bi-
doped CeO; shifted to a larger 20 and the FWHM value
increased. This indicates that Bi dopant has been
substituted into the lattice of CeO,. Both undoped and Bi-
doped CeO» showed a preferred diffraction peak of (111)
plane, located at 26 of 28.53° and 28.58°, respectively.
The XRD patterns of Bi-doped CeO, do not show any
secondary phase, revealing that the substitution of Bi
dopant maintained the fluorite structure.

Table 1. The X-ray diffraction data of undoped CeO2 and Bi-

doped CeO2
hkl Undoped-CeO2 Bi-doped CeO:
20 () FWHM (°) | 26 () FWHM (°)
111 28.53 1.12 28.58 1.17
200 33.06 1.15 33.20 1.24
220 4713 1.69 47.53 1.31
331 56.00 1.57 56.02 1.63
222 58.77 1.22 58.83 1.51
400 69.46 1.54 69.20 1.70
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The crystallite sizes of 7.24 nm and 6.93 nm were found
using Equation (1) for undoped CeO, and Bi-doped CeO»,
respectively. The lattice parameter of Bi-doped CeO,
(5.4146 A) is almost the same value as undoped CeO;
(5.4053 A). The slight difference in both lattice
parameters revealed that substituting the Bi dopant does
not deform the CeO, lattice. The obtained lattice
parameter in this study is close to the lattice parameter of
CeO; reference of cubic fluorite (JCPDS 34-0394) and
previous study®3!32),

3.2 Morphology

The morphology of undoped CeO, and Bi-doped CeO,
is depicted in Fig. 2. The size and shape of particles in
undoped and bi-doped CeO; are not significantly different
from one another. The nanometric particles are distributed
in undoped and Bi-doped CeO; indicating the formation
of nanopowder. However, there are particles
agglomeration or aggregation, and particles of Bi-doped
CeO; are more dispersed than undoped CeOs,.

Undoped-CeO,

Element Mass (%)
81.41
18.59

WD10mm  S530

x15,000 1pm

T. Element

Mass(%)
77.94
18.24
3.82
20KV WD10mm  SS30 x15,000  1um
Fig. 2: SEM images of (a) un-doped CeO2 and (b) Bi-doped
CeO2 (The insert table is atomic composition)

The existing Bi dopant in CeO, was analyzed based on
the mass percentage of Ce, O, and Bi atoms composition
from EDX measurement presented by the white box in the
insert Fig. 2. The mass percentages of 81.41% and 18.59%
were obtained for Ce and O atoms in undoped CeO,,

respectively, as indicated in Fig. 2(a). This result is close
to the stoichiometric composition of Ce (81.39%) and O
(18.61%) mass percent atoms. At the same time, Ce and O
atoms mass percent contained in Bi-doped CeO, were
found to be 77.94% and 18.24%, respectively, as depicted
in Fig. 2(b). The lower Ce mass percent of Bi-doped CeO,
than undoped CeO, indicated the presence of Bi atom in
the CeO,. The Bi mass percent atom is 3.82% which
corresponds to 4.9% concentration of Bi in CeO,.  This
result is close to the molar ratio of the Bi source in the
prepared synthesis process. The mass percent atom
oxygen in both samples is lower than the stoichiometric of
CeO, revealing the oxygen deviation in the prepared
undoped CeO; and Bi-doped CeO». The oxygen deviation
in Bi-doped CeO; is higher than another one of undoped
CeOz.

A clearer depiction of particle morphology is achieved
through TEM analysis. The TEM image in Fig. 3(a) shows
that undoped CeO, has cubic shape particles in aggregate
formed (pointed by the red cube), while Bi-doped CeO,
appears composed of spherical particles (pointed by the
red circle) in Fig. 3(b). In this case, the spherical shape of
Bi-doped CeO; particles is more spread evenly than the
cubic shape of undoped CeO; particles. This characteristic
can be correlated to an average particle size of both CeO,.
Smaller particles tend to form aggregate. The average
particle sizes of undoped CeO; and Bi-doped CeO, are
7.86 nm and 16.25 nm, respectively as seen in Fig 4.

The cubic shape of undoped CeO, was also observed
for synthesized using the same method with dried
treatment in a vacuum oven at 110 °C and calcined at
600°C3¥. Bi-doped CeO; particle was also detected in
CeO; synthesized using the sol-gel method at a calcination
temperature of 700°C3?. In contrast to the hydrothermal
method which produced undoped CeO, and Bi-doped
CeO; nanorod3®3Y.

Undoped-Ce0, |

! (a)

- 2188 -



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 11, Issue 03, pp2186-2192, September, 2024

e e ————

+  Bidoped-CeO;

Ll

|
|

.

o 3
iy

Fig. 3: TEM images of (a) undoped CeO2, and
(b) Bi-doped CeO2
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Fig. 4: Particle size distribution of (a) undoped CeO: and (b)
Bi-doped CeO2

3.3 Thermal Properties

Thermograms of undoped CeO, and Bi-doped CeO,
were recorded from room temperature to 900°C as shown
in Fig. 5. The thermogram curves indicate two weight-loss

steps: the first weight-loss step is 3.42 wt% of undoped
Ce0O; and 3.51 wt% for Bi-doped CeOs started from 24°C
and completed at 120°C. These weight losses are related
to the removal of adsorbed water. The second inflection
point between 120°C and 480°C shows a weight loss of
4.69 wt% and 4.25 wt% for both CeO, due to the
elimination of hydroxyl molecules. The total weight loss
of undoped CeOs is 8.11 wt% and Bi-doped CeO, is 7.76
wt%. The insertion of Bi dopant provided less weight loss,
suggesting that Bi doping improved the formation of
stable fluorite cubic CeO crystal.

(a) Undoped-CeO,

3.42%
98

96

Weight (%)

04 4.69%

92

90

T T T T T T T T
100 200 300 400 500 600 700 800 900

Temperature (°C)

(b) —— Bi-doped CeO3

100

3,51%

d
<«
1

Weight (%)
g
1

4,25%

o
=
1

92 4

90 T T T T T T T T
100 200 300 400 500 600 700 800 900

Temperature (°C)

Fig. 5: TGA curve of (a) undoped CeO2 and (b) Bi-doped
CeO2

In synthesizing CeO, using the precipitation method,
hydroxyl groups are still trapped in the samples 3.
However, after heating above 480°C, all hydroxyl groups
will be lost, and the CeO; crystalline formed becomes
more stable. The addition of Bi into CeO; reduces the
presence of trapped hydroxyl molecules, resulting in less
weight loss than undoped CeO,. A slight weight loss in
both samples indicates that the CeO, formation has been
established at a temperature of 200°C. The result is in
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agreement with the X-ray diffraction measurement which
shows a single phase of CeO,.

3.4 Optical Properties

The absorbance spectra in the UV-Vis region as shown
in Fig. 5, were utilized to evaluate the optical
characteristics of undoped CeO, and Bi-doped CeO..
High and broad absorbance appeared at wavelengths
between 200 and 400 nm. It shows both CeO; possess
strong UV absorption that originated from the electronic
transition between O 2p and Ce 4f. The insertion of Bi into
CeO; slightly decreases UV absorbance. Meanwhile, the
absorption band edge shifts towards higher wavelengths.
This phenomenon is associated with the presence of
crystal defects due to Bi doping, resulting in a more
yellowish color compared to undoped CeQ,?.
Accordingly, the Bi-doped CeO, absorbance spectrum is
broadened.

(a) ——Ce0,
/\ Ce0,:Bi

_

=

g

"]

[*]

=

<]

2

(=

<

w

-

-

200 300 400 500 600 700 800
Wavelenght (nm)
(b) —— Undoped — Ce0, ./
Bi —doped Ce0, 7

&

= £

= i

X Eg=2.91eV /

&

7 Eg=3.16ev
25 2,75 3 3,25 35 3,75

hv(eV)
Fig. 5: (a) UV-Vis absorbance spectra and (b) Kubelka—
Munk plots of undoped CeO2 and Bi-doped CeO:

Furthermore, the bandgap energy was evaluated by
using the Kubelka-Munk function. The obtained bandgap
energies of undoped CeO; and Bi-doped CeO, are 3.16 eV
and 2.91 eV, respectively. The insertion of Bi leads to a

decrease in the bandgap energy and induces a redshift
phenomenon as reported by other researchers®!?. This
study’s result agrees with previous studies which
demonstrated CeO; as a UV absorber!%1%22),

4. Conclusion

CeO> and Bi-doped CeO, nanopowder formation was
established at a calcination temperature of 200°C using a
combination of precipitation method with ultrasound
radiation. X-ray diffraction patterns declared a single
phase of CeO; formation with a cubic fluorite structure.
The addition of Bi to CeO, changes the shape of CeO»
particles from cubic to spherical and reduces
agglomeration. The thermogravimetric analysis showed a
minor weight loss of hydroxyl molecules that were still
trapped on the surface of CeO, with a total weight loss of
8.11 wt% for undoped CeO, and 7.76 wt% for Bi-doped
Ce0,. Less weight-loss of Bi-doped CeO» than undoped
CeO; confirmed that Bi dopant improved the thermal
stability of CeO, crystalline. The shift of the absorption
band in Bi-doped CeO- to higher wavelengths is attributed
to the Bi dopant that increases the yellow color of CeO,.
The undoped CeO; and Bi-doped CeO, possessed strong
UV absorption properties. The high thermal stability and
excellent UV absorption suggested undoped CeO- and Bi-
doped CeO; potential for UV protective application.
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Nomenclature

E, Band gap energy (eV)
FWHM  Full width at half maximum (°)

Greek symbols
B FWHM
0 Bragg angle
v frequency of photon
A Wavelength
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