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ABSTRACT

Cerium oxide (CeO2) Nano-thin films on a seed layer were synthesized via the
hydrothermal method at pH 3 and 9. The structural, morphological, and optical
characteristics of the produced films were investigated. X-ray diffraction (XRD) tests
showed that the prepared films are polycrystalline and have a cubic structure. Additionally,
they have a crystallite size of approximately 14.5 nm and a pH of 3. Increasing the pH to
9 reduced the crystallite size to 12.9 nm. Field-emission scanning electron microscopy
(FESEM) images revealed that changing the pH resulted in a reduction in the size of
the nanoparticles, while maintaining their spherical shape. Energy-dispersive X-ray
Spectroscopy (EDS) analysis confirmed the absence of impurity elements in the prepared
samples, verifying the formation of pure cerium oxide. UV-vis examinations showed
that increasing the pH value of the prepared films enhanced the optical transmittance
and increased the values of the optical energy gap.
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1 INTRODUCTION

Metal oxide thin films have become increasingly popu-
lar in various fields, including microelectronics and

optics. In addition to its extended lifespan, non-toxicity,
and high conductivity, semiconductor metal oxide (SMO)
offers various benefits, including low cost, ease of produc-
tion, and low detection limits for gases. Furthermore, due
to their excellent electrical conductivity, large energy gaps,
and high optical transparency in the visible spectrum,
transparent metal oxide films are highly attractive from
a technological standpoint [1–3]. Numerous studies
have focused on nanostructured materials because of
their purportedly distinct structure and physical charac-
teristics related to grain boundaries and size-dependent
non-stoichiometry [4]. Numerous investigations have
demonstrated that materials with a grain size of less
than 100 nm exhibit distinct properties compared to
conventional microcrystalline specimens, including their

optical, electrical, mechanical, and catalytic capabilities.
Cerium oxide (ceria) films have garnered attention due
to their high transparency in the visible and near-infrared
regions and their electro-optical performance [4,5]. CeO2
is a rare-earth oxide with a cubic fluorite structure that
offers lots of room for oxygen vacancies to develop and
move. CeO2 has a high concentration of oxygen vacancies
and also shows good chemical and physical stability.
Furthermore, it exhibits strong catalytic activity due to
the simple redox transition between Ce+3 and Ce+4. Due
to their strong ionic conductivity and/or catalytic activity,
CeO2-based materials are suitable choices for electrodes
and/or electrolytes [6, 7]. Cerium oxide, also known as
ceria, is a highly attractive metal oxide that has garnered
greater attention over the last decade due to its unique
and intriguing properties, which include high hardness,
UV absorption, reactivity, and exceptional stability at
high temperatures [8]. Most novel techniques, including
flame spray pyrolysis, hydrothermal synthesis, sol-gel
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procedures, combustion synthesis, and a sophisticated
thermos-decomposition technique, were employed to
generate CeO2 nanoparticles [9]. There are disadvantages
to any preparation technique, including the requirement
for a vacuum environment, complicated steps, and high
temperatures that may result in impurities, insufficient
dispersion, or decreased crystallinity. A synthetic process
that employs a bottom-up approach, known as the hy-
drothermal technique, has become increasingly popular as
the method of choice for creating nanomaterials. Its sim-
ple process, capacity to create crystals of excellent quality,
easy control over shape, effective sintering activity, and
low-temperature requirements are mostly to blame for this.
Numerous methods for producing CeO2 nanostructures
have been documented in the literature [10–12]. Thus,
creating nanostructures with precise control over their
size, shape, and chemical composition remains a difficult
task [13]. In this study, a hydrothermal method was used
to prepare cerium oxide films at different pH values. The
effect of pH on the structural, morphological, and optical
properties of the resulting solutions was studied.

2 MATERIALS AND METHODS
A hydrothermal method was used to create ceria-thin

films on the seeded layer. Initially, distilled water and
ethanol were used to thoroughly clean the glass slides in
an ultrasonic bath for 10 min. Then, 0.01 M of hydrated
cerium chloride (CeCl3.7H2O) was dissolved in distilled
water at room temperature using a magnetic stirrer for
1 h. Using chemical spray pyrolysis at 400 °C, the
solution was sprayed onto glass substrates. Five seconds
of spraying were followed by a 20-second break. The
next step, the growth solution for cerium oxide (CeO2)
films, was prepared by dissolving 0.1 M cerium chloride
(CeCl3) in deionized water using a magnetic stirrer for
30 mins.

Then, 0.1 M hexamine (C6H12N4) was dissolved
in distilled water using a magnetic stirrer for 30 min.
Subsequently, hexamine was added gradually to the
cerium chloride solution, and the mixture was stirred
for an additional half hour at room temperature. By
adding sodium hydroxide (NaOH) solution, the pH was
increased from 3 to 9. Subsequently, these solutions
were labeled C1 and C2, respectively. Substrates with
seeded layers were arranged vertically within the Teflon-
lined stainless-steel autoclave after the final mixture
was transferred inside. The autoclave was sealed and
maintained in a digitally controlled oven for six hours at

a steady temperature of 100 °C. The autoclave was then
allowed to cool naturally to room temperature. To remove
any remaining solid particles or unreacted atoms from
the surface, the substrates were rinsed with deionized
water. The samples were then dried in an oven at 100 °C
for 30 min. The annealing process was performed in a
furnace at 400 °C for 1 hour. Once completed, the films
were ready for characterization. The crystalline structure
of the prepared samples was analyzed using a Shimadzu
XRD-6000 X-ray diffractometer with CuK𝛼 radiation
(wavelength = 0.154 nm) over a 2𝜃 range of 10°–90°. The
surface morphology was examined using field emission
scanning electron microscopy (FESEM) with an Inspect
F50 system (FEI, Netherlands). Elemental composition
was determined by energy-dispersive X-ray spectroscopy
(EDS). The optical absorption spectra and energy band
gaps of the deposited thin films were measured using a
Shimadzu UV-1650 PC UV-Vis spectrophotometer in the
wavelength range 300–1100 nm.

3 RESULTS AND DISCUSSION
3.1 Structure and morphological properties

The X-ray diffraction (XRD) analysis of cerium oxide
films deposited on glass substrates using the hydrothermal
method at 100 °C with a reaction time of 6 h. at pH 3
and 9 showed polycrystalline films with a cubic structure.
Diffraction peaks appeared at (111), (002), (022), (113),
and (004) at 2𝜃 = 28.57°, 33.04°, 47.40°, 56.30°, and
69.61°, with a preferred orientation along the (022)
plane. These peaks match cerium oxide, as confirmed by
ICSD card 98-005-3995, and are consistent with prior
reports [14]. Figure 1 illustrates that the peak intensity
decreases as the pH increases. The crystallite size was es-
timated using the Scherrer equation D=k𝜆⁄𝛽cos𝜃, where
𝛽 stands for the full width at half-maximum (FWHM),
𝜃 is the angle of the diffraction peak, and k is the form
factor (0.94) [15]. The wavelength of the X-ray source
is 𝜆 = 0.12347 nm [16]. The average crystallite size
was approximately 14.5 nm at pH 3 and decreased to
about 12.9 nm at pH 9, as listed in Table 1, in agreement
with [17].

The surface morphologies and particle sizes of the
prepared cerium oxide films were studied by FESEM.
Figure 2 shows that the dominant particle shape at both
pH 3 and pH 9 was spherical. The average particle size
was approximately 8.52 nm at pH 3; increasing the pH
to 9 raised the size to about 14.75 nm. At higher pH
levels, smaller crystallites tend to agglomerate, resulting
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in larger, less uniform spherical structures than at lower
pH levels, consistent with previous studies [14].

Fig. 1 XRD patterns for CeO2: C1(pH=3), C2(pH=9)

Table 1 XRD parameters of CeO2 films

Sample 2𝜃 (Exp.) dhkl Exp.(A) dhkl Std.(A) FWHM D (nm)

C1
pH=3

28.57 3.12202 3.12347 0.91 8.71
33.04 2.70894 2.705 0.899 8.63
47.4 1.91465 1.91272 2 2.96
56.3 1.63232 1.63118 1.8 3.65
69.61 1.34961 1.3525 0.24 48.5

C2
pH=9

28.58 3.12003 3.12347 1.2034 7.11
33.03 2.70959 2.705 0.9181 9.46
47.57 1.90981 1.91272 0.9539 6.80
56.37 1.63084 1.63118 0.2685 29.0
69.39 1.35328 1.3525 0.8391 12

Figure 3 presents the cross-sectional FESEM image,
showing a CeO2 film thickness of approximately 772.2
nm. Thickness was calculated as the average of four
measurements: (987 + 585.7 + 700 + 816.1)/4 = 772.2
nm.

Figure 4 presents the EDS results for the cerium
oxide (CeO2) films prepared using the hydrothermal
method at different pH values (3 and 9). Sample C1
(pH = 3), cerium (Ce) appears at a lower concentration
compared to oxygen. An acidic pH contributes to a higher
interaction between cerium and oxygen, leading to the
rapid formation of cerium oxides (such as CeO2). Sample
C2 (pH = 9) showed a very low cerium content (8.62%),

whereas oxygen was present at a much higher percentage,
as shown in Table 2. This suggests that most of the
cerium in this sample has been oxidized to form CeO2,
resulting in a higher oxygen concentration detected in
the analysis. The elevated oxygen content at pH 9 can be
attributed to the nearly complete oxidation of cerium into
CeO2, resulting in a higher observed oxygen percentage
in the analysis. In contrast, sample C1 exhibited a higher
cerium content due to a less intense reaction with oxygen.

Fig. 2 FESEM of CeO2 , C1(pH=3) ,C2(pH=9)

Fig. 3 Cross-sectional FESEM images of CeO2 films at
pH=3
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Table 2 Atomic and weight percent ratios of Ce and O
for samples, C1, C2

Sample Element Weight% Atomic %
Cl Ce 71.71 22.45

(pH = 3) O 28.29 77.55
C 2 Ce 8.62 98.93

(pH = 9) O 91.38 1.07

Fig. 4 EDS results of CeO2, C1(pH=3), C2 (pH=9)

3.2 Optical properties
The optical transmittance of cerium oxide (CeO2)

films prepared by hydrothermal treatment at various
pH values is plotted as a function of wavelength in
Figure 5. The graph illustrates how changes in pH affect
optical transmittance. At pH = 9 (C2), the transmittance
was significantly higher across most wavelength ranges
compared to pH = 3 (C1). This indicates that alkaline
conditions (high pH) result in materials that are more
transparent to light. Thus, increasing the pH enhances
the optical transmittance of these materials, making them
suitable for applications requiring high transparency at
specific wavelengths.

The direct optical energy gap for CeO2 films was
calculated using the equation indicated in [18, 19].

𝛼ℎ𝑣 = 𝐵
(
ℎ𝑣 − 𝐸𝑜𝑝𝑡

)𝑟
Here, B is inversely related to the degree of amorphous-
ness, and Eopt represents the optical energy gap. The
value of 𝑟 can be 1/2, 3/2, 2, or 3 , depending on the type
of electronic transition causing the absorption.

Fig. 5 Optical transmittance of prepared CeO2 films at
different pH values 3 and 9

These values correspond to indirectly allowed transitions,
direct transitions, forbidden direct transitions, and forbid-
den indirect transitions, respectively [16,20]. By plotting
the relationship between (𝛼h𝑣)2 and the photon energy
(h𝑣) and determining the value of the direct optical energy
gap

(
Eg

)
by extending the straight line of the curve, as

shown in Figure 5. It can be observed that the energy gap
value for the films prepared at pH 3 was approximately
3.31 eV , while the energy gap value for the films prepared
at pH 9 was around 3.43 eV . The increase in pH led to
an increase in the values of the optical energy gap, which
is consistent with the results demonstrated by [14].

Fig. 6 Optical energy gaps of the prepared CeO2 films at
pH 3 and 9
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4 CONCLUSION
Cerium oxide nanofilms were synthesized using the

hydrothermal method at pH levels of 3 and 9. The results
of the structural examinations revealed that the particles
have a spherical shape and are nano-sized, as observed
in the prepared films, and exhibit a change in response
to variations in the pH value. Additionally, EDS tests
showed that all the films contain cerium and oxygen, with
no other elements observed. Furthermore, increasing the
pH value led to a decrease in the weight ratio of cerium.
Optical examinations also revealed that changes in the
pH value resulted in increases in both the energy gap
and optical transmittance. The above results indicate that
the hydrothermal method is suitable for preparing films
tailored to the specific application requirements, such as
those for detectors or gas sensors.
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