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This research investigates the synthesis and characterization of CeO,-rGO (cerium oxide-reduced
graphene oxide) composites for potential applications. CeO» nanoparticles were synthesized using the
laser ablation in liquid method (LAL), resulting in well-dispersed, spherical nanoparticles with a nar-
row size distribution. The composites were fabricated by decorating the CeO, nanoparticles onto the
surface of reduced graphene oxide (rGO) sheets. The structural and morphological properties of the
composites were analyzed using techniques such as scanning electron microscopy (SEM), X-ray dif-
fraction (XRD), and energy-dispersive X-ray spectroscopy (EDS). The results demonstrated the suc-
cessful combination of CeO, nanoparticles with rGO, with CeO, nanoparticles stably adsorbed on the
rGO sheets. The UV-vis spectra and Tauc plots revealed changes in the absorption peak and band gap,
indicating the incorporation of CeO; into the rGO structure. The changing of the energy band gap of
the CeO,-rGO composites was attributed to the synergistic effect between rGO and CeO,, improving
charge transfer. The research highlights the potential of CeO,-rGO composites for applications requir-

ing enhanced electrical properties, opening up possibilities in various fields.
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1. Introduction

The laser ablation in liquid (LAL) method, a versatile
and promising approach, has garnered attention as an alter-
native to conventional methods for synthesizing nanomateri-
als with tailored properties. Traditionally, the precipitation
method has been widely employed for synthesizing nano-
materials in small sizes [1]. However, this method often
leads to uncontrollable particle size distribution and poor
dispersibility [2], negatively impacting the performance of
electrodes designed for various applications. Consequently,
laser ablation in liquid (LAL) method is considered an alter-
native process. This physical method has gained attention
due to its ability to overcome the limitations of traditional
precipitation techniques. LAL is a versatile technique that
enables the synthesis and fabrication of various nanostruc-
tures by subjecting a target material to laser irradiation in a
liquid medium [3, 4]. This method offers several advantages,
including precise control over nanoparticle size [5,6], mor-
phology [7], and dispersity [8]. and notably, high purity, as
it allows the synthesis of nanoparticles without the need for
additional organic surfactants or similar additives [6]. The
control of the smaller nanoparticle size that can be achieved
due to the laser fragmentation process in the liquid in a spe-
cific LAL process [9, 10, 11, 12] has great potential in en-
hancing the performance of CeO»/rGO nanocomposite for
various applications. Smaller particles generally exhibit
greater surface area, which can improve catalytic activity
and electric properties.

In recent years, graphene oxide (GO) has emerged as a
promising material for drug delivery, capacitors, and electric
coatings [13, 14, 15]. GO possesses excellent chemical
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stability [16], a large surface area [16, 17], and a tunable
electrode dimension [18], making it an ideal candidate of
electric coating for electronic devices. However, the pristine
form of GO typically exhibits lower electrical properties due
to the presence of oxygen functional groups [19, 20]. This
can limit its lower detection limit and response time for the
analysis of interest. The reduced graphene oxide (rGO) out-
performs graphene oxide (GO) in electrochemical applica-
tions due to reduced oxygen functional groups and restored
n-conjugation [21]. rGO offers enhanced electrochemical
activity with more active sites, making it ideal for electrodes
in supercapacitors [22], batteries [23], fuel cells [24], and
especially sensors [25]. Its higher specific surface area leads
to increased capacitance, improved ion diffusion, and better
analyte adsorption.

The preparation of rGO from GO such as the chemical
[26, 27] or thermal reduction [27], typically involves harsh
chemical treatments, such as the use of strong reducing
agents [28] or high-temperature annealing [29]. These pro-
cesses may introduce impurities or damage the graphene
structure, compromising the electrical performance. In con-
trast, the ultrasonication method offers a milder approach to
peel tGO from GO by utilizing ultrasonic energy to break
weak intermolecular forces [30]. This method provides a
simpler and more efficient means of obtaining rGO with im-
proved electrical properties, without the need for harsh
chemical treatments.

Furthermore, the combination of additional functional
materials can further improve the electrical performance of
GO-based material, which is underpinned by the formation
of a p-n junction between these materials. [31]. This junction
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creates a unique interface where the electron-rich properties
of rGO meet the electron-deficient characteristics of CeOs,.
As aresult, an efficient charge transfer mechanism is estab-
lished, facilitating the rapid migration of charge carriers and
promoting gas molecule interactions with the electrode sur-
face [32, 33] in the application of sensors. Besides, cerium
dioxide (CeO,) is widely recognized for its exceptional cat-
alytic properties and high selectivity towards specific gases
[34, 35], leveraging high selectivity compared to the indi-
vidual components alone.

In this study, a comparison of the precipitation method
and LAL method of CeO, manufacturing was made to verify
a suitable process that manufactures CeO, more beneficial
to combining with rGO. The LAL method exhibited notable
advantages in the production of CeO, nanoparticles with a
homogeneous size distribution below 50 nm and a spherical
morphology, highlighting the efficacy of this physical syn-
thesis approach for CeO, fabrication. In addition, the utili-
zation of the ultrasonication method provides advantages in
terms of rGO preparation in this study. More importantly,
this work demonstrated a changing energy band gap of the
Ce0,-rGO composites achieved by harnessing the synergis-
tic effects derived from their combined properties.

2. Experimental
2.1 Preparation of CeO: nanoparticle

Laser ablation in liquid method:

Micron-sized CeO, powder (Kanto Chemical Co., INC.,
99.99%) was compacted into 0.3 mm tablets at 150 MPa.
The tablets were then sintered at 1250 °C for 2 h to create a
CeO, irradiation target bulk. The target was placed at the
center of the bottom of a glass bottle and covered with 20
mL of pure water. An Nd: YAG laser operating at a wave-
length of 532 nm with a second harmonic generation of 10
Hz was used for laser ablation. The laser settings were as
follows: Maximum output power of approximately 3.6 W,
energy of 360 mJ/pulse, and pulse width of 13 ns. The laser
beam was split by a polarizing beam splitter (PBS), adjusted
by a half-wave plate (HWP), refracted 90° through a plane
mirror, and collected by a condenser. The CeO- nanoparticle
suspension liquid was prepared by subjecting the target to a
5 J/em? laser beam for 30 mins.

Precipitation method:

A precursor solution was prepared by dissolving 4.35 g
of Ce(NO);-6H,0 (SIGMA-ALDRICH, Co., 99.99%) in 50
mL of deionized water. Then, 3 mL of ammonia was added
drop by drop, and the mixture was stirred for 24 hours. The
solution initially had a light brown color, which changed to
light yellow after 10 hours, indicating the transition of Ce**
to Ce*" [36]. After centrifugation (3000 rpm, 20 min), the
precipitate was obtained. The precipitate was washed several
times with DI water and ethanol, then dried overnight. The
dried precipitate was sintered at 900 °C for 2 hours to remove
impurities and obtain CeO; nanoparticles.

2.2 Preparation of CeO:-rGO Nanocomposite

Initially, 8 mg of reduced GO (SIGMA-ALDRICH, Co.,
15-20 sheets, 10% edge-oxidized) was dispersed in 50 mL
of pure water through 2 hours of ultrasonication to form an
rGO suspension. CeO; nanoparticles prepared using the la-
ser ablation method were added to the suspension in

171

different mole ratios for each sample: rGO: CeO; ratios of
2:1, 1:1, and 1:2. After 30 minutes of ultrasonication and
stirring under a PH value of 7.4, the suspension was left un-
disturbed for 24 hours to allow precipitation. The precipitate
was then obtained through centrifugation and freeze-drying,
resulting in successfully prepared CeO,-rGO samples for
each ratio.

2.3 Characterization

In this research, X-ray diffraction (XRD) was employed
to identify each sample. Scanning electron microscopy
(SEM) and dynamic light scattering (DLS) were used to
characterize the morphology and size distribution of the na-
noparticles and investigate their aggregation. Energy-disper-
sive X-ray spectroscopy (EDS) was utilized to examine the
element distribution of the composites, while UV-vis spec-
troscopy was employed for quantitative analysis and calcu-
lation of the energy band gap.

3. Results and discussions

Figures 1 (a) and (b) illustrate the SEM images of CeO»
nanoparticles synthesized by the precipitation and LAL
methods, respectively. Figure 1 (c) presents the primary size
distribution obtained from the two methods. The SEM image
of the precipitation method (Figure 1 (a)) reveals CeO, na-
noparticles with an average size of 83.4 nm, exhibiting an
irregular, bulk, or polyhedral shape. Moreover, the precipi-
tation method demonstrates a higher degree of size dispersity,
with a wider range of particle sizes observed. In contrast, the
SEM image of the LAL method (Figure 1 (b)) displays CeO>
nanoparticles with an average size of 43.2 nm, exhibiting a
remarkable uniformity in size and spherical shape. The na-
noparticles synthesized via the LAL method exhibit a nar-
row size distribution and a significantly reduced presence of
larger aggregate. The formation of spherical CeO, nanopar-
ticles in the LAL method can be attributed to the unique pro-
cess involved. In the laser ablation process, a laser pulse with
high energy is focused on the cerium oxide bulk target sub-
merged in the liquid medium (DI water) [37]. The intense
laser energy causes localized heating and vaporization of the
target material, resulting in the generation of a high-temper-
ature, high-pressure plasma plume [38]. As the plasma
plume rapidly expands and cools upon contact with the sur-
rounding liquid, the supersaturated vapor undergoes rapid
nucleation and condensation. The rapid cooling and conden-
sation process promotes the formation of individual spheri-
cal nanoparticles [40, 41]. In the absence of any external per-
turbation, the LAL method lacks growth mechanisms that
favor anisotropic particle growth [42], such as in the precip-
itation method [43], which makes CeO; nanoparticles much
easier to form a spherical shape in pure water. In addition,
the quenching effect [44], induced by the rapid heat transfer
from the plasma plume to the liquid medium, prevents sig-
nificant particle aggregation and facilitates the preservation
of the spherical morphology.

The comparison of the secondary particle size distribu-
tions of the CeO, suspension liquids synthesized through the
precipitation and LAL methods is shown in the DLS distri-
bution (Figure 2). The laser ablation in liquid method shows
a narrow distribution peak ranging from 20 to 100 nm, ap-
proximately. In contrast, the precipitation method exhibits a



JLMN-Journal of Laser Micro/Nanoengineering Vol. 18, No. 3, 2023

60 - LAL
Precipitation

404 Average particle size:
= 44.2 nm (LAL)
Q) L
< 304 83.4 nm (Precipitation)
["/]
-
g 20
3 1
(&

104

0
20 40 60 80 100120140160180
Size(nm)

{c)
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Fig. 2 DLS comparison secondary particle size distribution of
CeO:z suspension liquid made by precipitation method
and laser ablation in liquid method.

Table 1 Calculation of the PDI value based on the sec-
ondary particle size distribution in Figure 2.
Method Precipitation LAL
Mw 558.1 32.8
Mn 497.1 48.6
PDI 1.12 0.67
(a) . (b)
LAL
3 p
é 2 % E,=291
1 E,=3.12
0 e
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Fig. 3 (a) UV-vis of LAL and precipitation method. (b) Tauc
plot of (a).
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distribution peak spanning from 200 to 1000 nm, which is
an order of magnitude larger than the primary particle size,
signifying an obvious aggregation. In this research, to qual-
ify the degree of size uniformity of a colloidal system, Ta-
ble.1 presents the calculated PDI (polydispersity index) val-
ues for the secondary particle size distributions depicted in
Figure 2, with lower values indicating a more monodisperse
system [45]. The PDI was calculated by equation (1),
PDI=M,, | M, (1),

where My, is the weight average molecular weight and M;, is
the number average molecular weight. And equation (2) and
(3) calculate My, and M,, respectively.

My= X MixW; | Wi
M= X MiXN;/N;

2
(&)

where W; represents the weight fraction of particles with a
specific molecular weight M;, N; represents the number frac-
tion of particles with a specific molecular weight M;, and M;
represents the molecular weight of particles in the distribu-
tion. The PDI value of the LAL method is calculated to be
0.67, in contrast, the precipitation method calculated a PDI
of 1.12, signifying a polydisperse system with evident ag-
gregation compare to the LAL method. These findings sug-
gest that the LAL method yields CeO- particles with superior
dispersion and reduced aggregation compared to the precip-
itation method. The spherical-shaped CeO, nanoparticles
made by LAL method contribute to a reduction in aggrega-
tion. Spherical nanoparticles have a smaller surface area
compared to irregular-shaped nanoparticles of the same vol-
ume, it minimizing the opportunities for particles to come
into close contact and adhere to one another. And the smaller
surface area can result in lower surface energy [46], making
it less likely for spherical nanoparticles to aggregate. Addi-
tionally, the uniform surface charge distribution of spherical
CeO; tends to be more stable in solution due to the repulsive
forces between similarly positively charged particles (Figure.
SI), which prevent aggregation and keep the particles dis-
persed in the solution.

Figure 3 (a) depicts the UV-vis spectra obtained for CeO,
nanoparticles synthesized through the LAL and precipitation
methods. Both curves show a strong UV absorption peak
from 250 nm to 350 nm, approximately, which can be at-
tributed to the electronic transitions between the oxygen 2p
and cerium 4f bands in the CeO». A noticeable blue shift is
observed in the absorption peak of the LAL method com-
pared to the precipitation method. To further investigate the
optical properties and determine the band gaps, a Tauc plot
in Figure.3 (b) demonstrates a higher band gap for LAL-syn-
thesized CeO, nanoparticles (3.12 eV) than the precipita-
tion-synthesized sample (2.91 eV). Recording to the quan-
tum size effect [47], this blue shift phenomenon indicates an
increase of nanoparticles under 20 nm and a decrease in av-
erage nanoparticle size in the LAL [48].

Therefore, CeO; nanoparticles synthesized through LAL
are smaller, spherical, and have a uniform size distribution
serving as the ideal raw material to facilitate effective com-
bination with GO in CeO,/rGO complex fabrication.
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Fig. 4 XRD pattern of (a) GO (b) rGO (c) 1Ce02/2GO (d)
1Ce02/1GO (e) 2Ce02/1GO (f) CeOo.

Fig. 5 SEM images of (a) 1Ce02/2rGO (b) 1CeO02/1rGO
(¢)2Ce02/1rGO (d) GO (e) rGO (f) 2Ce02/1rGO in
high magnification.

Table 2 Zeta potential of rGO and CeOo.
Material Zeta potential ({)
rGO -42.4 £ 0.2

CeO2 53.6 £ 2.1
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The XRD patterns of raw GO, rGO, and CeO,/rGO
nanocomposites in different mole ratios, along with pure
CeQ,, are shown in Figure 4. The GO peaks are marked in
red, the presence of the (001) peak (Figure. 4(a)) in the raw
GO spectrum indicates the presence of a well-stacked gra-
phene oxide structure. However, the intensity of the (001)
peak (Figure. 4(b)) disappeared in the rGO pattern and was
replaced by the (002) peak after ultrasonication, indicating
the successful exfoliation and reduction of GO into thin
flakes of rGO. The intensity of XRD peaks decreased in rGO
as the single-layer content of the carbon increased [49]. The
CeO» peaks are marked with black inverted triangles at the
(111), (200), (220), (311), (222), (400), (331), (420), and
(422) crystallographic planes, indicating the presence of cu-
bic fluorite structured CeO; in the samples (Figure. 4 (c-e)).
Compared with CeO, nanoparticles (Figure4. (f)),
Ce0,/tGO (Figure4. (c-e)) shows similar characteristic dif-
fraction peaks, meanwhile, the rGO diffraction peaks almost
disappeared with the increase of CeO, ratio. In the case of
rGO, the reduction process of rGO by Ce* leads to the res-
toration of the conjugated sp2 carbon network, more com-
pact structure, and decreased interlayer spacing making the
XRD peak of rGO shifted to a higher angle [50]. More CeO,
nanoparticles are evenly adsorbed between the rGO sheets,
further reducing the interlayer spacing, and the attenuation
effect of CeO, on X-rays is also the reason for the extreme
decrease of the rGO diffraction peaks. The absence of any
additional peaks in the XRD pattern suggests the absence of
any significant second phases in the nanocomposites.

To study the combination situation of the complex, SEM
images were obtained to investigate the morphology and
structure in Figure 5. Comparative analysis of Figure 5 (d,
e) revealed significant differences between GO and rGO.
The sheet structure of rGO appeared thinner and smaller
compared to GO, indicating the successful peeling off of
graphene oxide layers during the ultrasonic process. This ob-
servation supports the findings of the diffraction peak
changes observed in Figure 4, suggesting a structural trans-
formation from GO to rGO. With the gradual increase in the
proportion of CeO, (Figure.5 (a-c)), more pronounced ad-
sorption of CeO, decorated between the gaps of rGO sheets.
Spherical CeO,nanoparticles are stably adsorbed on the rGO
sheets obviously in higher magnification (Figure 5 (f)), indi-
cating an effective combination of CeO,-rGO material. The
opposite surface charges (Table. 2) of rGO and CeO, have
exhibited an electrostatic effect in promoting the uniform ad-
sorption and precipitation of the two materials during the
standing process. At the same time, due to the combination
of Ce3* ions and oxygen-based functional groups, the cerium
oxide nanoparticles are more stably embedded on the rGO
surface, increasing charge mobility by the synergistic effect
[51] between rGO and CeO» nanoparticles. However, at high
concentrations of CeO,, a slight agglomeration phenomenon
was observed. During the ultrasonication process, it is im-
portant to note that high-intensity sound waves create local-
ized regions of elevated temperature due to the phenomenon
known as acoustic cavitation. In these regions, the rapid ex-
pansion and collapse of microbubbles generate intense heat
[52], leading to localized heating of the surrounding liquid
medium. This localized heating is high enough to promote
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the aggregation and melting of CeO- nanoparticles. The ag-
gregation process is facilitated by the increased temperature,
causing CeO, nanoparticles to come into close proximity
and fuse together. Consequently, irregular-shaped aggre-
gates and larger CeO; platelets are formed on the support
material, which is consistent with the platelet-like structures
observed in Figure. 5(f).

The EDS mapping was employed to investigate the ele-
mental distribution and uniformity of a CeO,-rGO nanocom-
posite with a molar ratio of 1:1. Figure 6 shows the SEM
image of the CeO,-rGO nanocomposite, and it serves as an
example for conducting the EDS mapping analysis. The
EDS mapping confirmed the presence of three elementary
components: cerium (Ce), oxygen (O), and carbon (C). The
mapping revealed that these elements were uniformly dis-
persed throughout the nanocomposite, which indicated a ho-
mogeneously decorating of CeO, nanoparticles on the sur-
face of rGO. To assess the uniformity of the element distri-
bution, several points were randomly selected for elemental
analysis. Take one point aimed in red as an example, the el-
ements intensity pattern demonstrated an even distribution
of the elements, indicating a homogeneous dispersion.

Figure 7(a) presents the UV-vis spectra obtained for the
Ce0,-rGO nanocomposites with varying mole ratios of
Ce0,. The absorption peak is observed to decrease as the
CeO; ratio increases. To further analyze the energy band gap
of the nanocomposites, a Tauc plot (Figure. 7 (b)) was con-
structed based on the UV-vis spectra shown in Figure 7(a).
The plot clearly demonstrates that the energy band gap grad-
ually decreases proportionally with the increase in the
amount of CeO;. This phenomenon can be attributed to the
synergistic effect between rGO and CeO; within the nano-
composites. rGO possesses exceptional electrical properties
due to its two-dimensional hexagonal lattice structure and
high charge carrier mobility [51]. By incorporating nanopar-
ticles onto the graphene surface or within its layers, the con-
ductive pathways can be further optimized. The CeO; nano-
particles can act as conductive bridges, improving the elec-
tron transfer between graphene nanosheets and enhancing
overall electrical properties [53]. The incorporation of CeO,
nanoparticles may introduce defects and surface states in the
nanocomposites. These defects and surface states can con-
tribute to the energy band structure and lead to a decrease in
the energy band gap near the interface with rGO [54]. This
enhancement in charge transfer can be beneficial for appli-
cation in electrical components, where efficient charge
transport is crucial for improved electrical performance.

4. Conclusion

In conclusion, this research compared CeO, nanoparti-
cles synthesized through precipitation and laser ablation in
liquid (LAL) methods. The precipitation method produced
irregular-shaped nanoparticles with a wider size distribution,
while the LAL method yielded smaller, spherical nanoparti-
cles with a narrow size range and reduced aggregation. The
LAL method's unique process promoted the formation of
spherical nanoparticles. The LAL-synthesized nanoparticles
also exhibited a blue shift in UV absorption and a higher
band gap, indicating a smaller particle size. The CeO,/rGO
nanocomposites demonstrated effective combination and
uniform dispersion of CeO, on rGO sheets, the synergistic
effect between these two materials decreasing the energy
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band gap. Overall, the LAL method offers advantages in pro-
ducing well-dispersed, spherical CeO, nanoparticles for dec-
orating rGO, leading to the development of CeO,-rGO com-
posites that exhibit enhanced electrical properties for appli-
cation.
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