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Abstract: In this study, hierarchical CeO, spherical nanoparticles were fabricated by the polyol
method using Ceri (111) acetate hydroxide, sodium hydroxide, and triethylene glycol as precursors.
The product was characterized by XRD, SEM, and TEM. The results show that the cerium oxide
spherical nanoparticles built from primary nanoparticles with the average size of ~5 nm, exhibited
dispersion and uniform size and shapes with their average particle diameter of ~50 nm in size. With
such a good morphology, CeO, material possessed good catalytic activity for the decomposition of
methylene blue (MB), in which the material was synthesized at a hydrothermal temperature of
80 °C (Ce0,-80) for the best MB decomposition performance.
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1. Introduction

Cerium dioxide (Ce0O,), one of the most important compounds of rare earth elemental materials, is
attracting a lot of research interest because of its unique physical and chemical properties, low cost, and
abundance. To date, CeO, nanomaterial has been a promising candidate for a variety of application
scopes, such as gas sensor [1], catalyst [2], environmental treatment [3] and biomedicine [4], etc. It is
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known that the unique properties of CeO, nanostructures relate significantly to their morphology,
particle size, and surface defect [5-7]. Thus, various CeO; nanostructures including nanorods, nanowires
[8], nanoparticles [9], nanocubes [10], nanotubes [11] and so on have been synthesized by many
different approaches. Among diverse CeO; nanostructures, the hierarchical nanostructures, that are
assembled from the lower-dimensional, have attracted considerable attention because of their high
porosity, large specific surface area, and less agglomerated configuration [12]. For example, the
hierarchical CeO, nanotube exhibited a superior catalytic property for CO oxidation in comparison with
CeO- nanoparticles [13]. The 3D hierarchical CeO, nanospheres showed high catalytic activity of
toluene oxidation due to their large surface area and hierarchical porous structure, which possesses
abundant surface oxygen vacancies [14]. Therefore, the development of simple, low-cost chemical
methods for the synthesis of hierarchical CeO; nanostructures with high uniformity and dispersion,
always receives the attention of researchers to explore new properties of the material for critical
applications.

Polyol is considered to be an important synthetic strategy for the preparation of nanoparticles with
control of size, morphology, and composition with high crystallinity. After about three decades of
development, the polyol method is now widely recognized as a unique chemical method for the
preparation of large numbers of nanoparticles for use in important technological areas. This method has
many advantages such as low cost, ease of use, and, more importantly, scalability on an industrial scale
[14]. Ho et al. used the polyol method to successfully synthesize CeO. nanorods and nanospindles by
control of the duration of reaction and concentration of cerium precursor [15]. Cheng et al. reported a
simple polyols-mediated solvothermal approach to preparing CeO. microcrystals with tunable
morphologies [16]. Soren et al. prepared CeO2 nanoparticles with narrow size distribution by
microwave mediated polyol method in just 10 min [17]. Recently, our group has developed a rapid
polyol route with microwave assistance to fabricate uniform Gd.Os; nanoparticles with the control of
particle size. However, the application of the polyol method to synthesize the hierarchical CeO;
nanostructures with high uniformity and dispersion has not been published.

In this work, we presented a facile polyol method to prepare the hierarchical CeO, nanospheres using
triethylene glycol (TEG) as a surfactant. The obtained nanomaterial showed a uniform spherical shape
with good dispersion, which was assembled from primary nanoparticles with the diameter of ~5 nm.
Furthermore, the hierarchical CeO, nanospheres exhibited excellent catalytic activity for the methylene
blue (BM) decomposition reaction.

2. Experiment
2.1. Materials

All chemicals were used as received from providers without further purification. Cerium (I11) acetate
hydrate (Ce(CH3sCO,)3xH20 — 99,9%) was purchased from AK Scientific; sodium hydroxide (NaOH -
99,99%) and triethylene glycol (HO(CH,).O(CH,), O(CH2).OH — 99%) were purchased from Merck.

2.2. Preparation of CeO, Nanoparticles

In a typical procedure, 1.2 g of Ce(CH3sCO,)3xH20 and 20 ml of triethylene glycol was dissolved
completely in 200 ml double distilled water in a 500 mL beaker. The reaction mixture was magnetically
stirred at 60 °C for 4 h to obtain a homogeneous solution. Subsequently, drop by drop of 19 mL of
0.05 M NaOH solution was added to the above reaction mixture. The reaction was performed at 80 °C
for 3 h. The solution’s color transfers from colorless to a whitish color. The product was filled, washed,
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and then dried in a thermometer at 125 °C for 14 h. The obtained product possesses light yellow powder,
which was annealed at 600 °C for 3 h to obtain CeO; nanomaterials. To investigate the effect of
hydrothermal temperature on the CeO, nanomaterials’ morphology, the reaction was carried out at
various temperatures including 70, 80, and 90 °C. The as-synthesized CeO, nanomaterials were named
as Ce0,-70, Ce0-80 and Ce0,-90 for 70, 80 and 90 °C, respectively.

2.2. Photocatalytic Tests

The photocatalytic activity of hierarchical CeO, nanospheres was carried out in the degradation
reaction of MB under UV light (20W, 365 nm) at ambient temperature. In a photoreaction experiment,
50 mg of the CeO, nanomaterial was added in a conical flask that contained 100 mL of varying
concentrations of MB (5, 10, 15, and 20 ppm). Before irradiation, the mixture was stirred in the dark for
60 min to reach the MB adsorption/desorption equilibrium. At certain time intervals, about 5 mL of the
reaction solution was withdrawn and then the residual nanocatalyst was removed for analysis by using
a UV-Visible spectrophotometer (Jasco V-550 UV-Vis). The absorption intensity of MB at 667 nm
was used to determine the concentration of MB according to the duration of reaction, where Co
and C; are the initial concentration of MB and concentration of MB at any time of the photocatalytic
process, respectively.

2.3. Material Characterization

The products were characterized by X-ray diffraction (XRD, D8 Advance, Brucker, Germany) with
Cu K, (A = 1.5406 nm) radiation and TGA (STA 409PC, Netzsch). The morphology and the average
particle size of CeO> nanostructures were investigated via scanning electron microscopy (SEM, Model
JSM-5300LV) and transmission electron microscopy (TEM, Model JEOLE-3432, Japan). The nitrogen
adsorption/desorption isotherms of the heat-treated samples were obtained using Micromeritics at 77 K.
The Brunauer-Emmett-Teller (BET) specific surface areas (Sger) were calculated using the BET
equation. Desorption isotherm was used to determine the pore size distribution using the Barret-Yoyner-
Halender (BJH) method.

3. Results and Discussion

3.1. Characterization of Hierarchical CeO, Nanospheres
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Figure 1. TG and DTG curves of as-synthesized CeO, nanoparticle precursor.
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The thermo-decomposition behavior of the precursor of Ce0,-80 sample was measured by TG
analysis as shown in Figure 1. From the TG curve, it is seen that the first weight loss, of 13.72 % between
75 and 250 °C (endothermic peak at 114.06 °C), corresponds to the removal of the residual water in the
sample and the water was weakly adsorbed to the surface of the nanoparticles [18, 19]. The second
weight loss, of 6.55% occurring between 250 and 650 °C (endothermic peak at 248.54 °C and 533.49 °C),
corresponds to the removal of TEG (boiling point 285 °C) in the sample, complete oxidation process of
TEG and organic compounds’ remnants of the oxidation process. The TG results indicated that 600 °C
is a suitable calcination temperature when no significant weight loss was observed in the TG profile
after 600 °C.

o

Figure 2. SEM and TEM images of CeO,-70 (a, b), CeO,-80 (c, d) and CeO»-90 (e, ).
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The effect of reaction temperature on the morphology of as-prepared CeO, nanocrystals was
investigated. The SEM and TEM images in Figure 2 indicate that the morphology of the nanocrystal can
be tuned through the control of reaction temperature. At all hydrothermal temperatures (70-90 °C), the
obtained CeO. nanomaterials possess a hierarchical structure with spherical shapes and regular
dispersion. The hierarchical architecture was assembled from primary nanoparticles that were about 5
nm in diameter. The SEM and TEM results indicate that the CeO, NPs synthesized at 80 °C are the best
dispersion and narrow particle size distribution .

The formation of the CeO, spherical nanoparticles may occur in a two-stage reaction process,
involving the synthesis of primary nanoparticles according to reactions (1), (2), and (3) [5] after the
aggregation of the primary particles to form spherical nanostructures [20].

4Ce3*(aq) + 0,(aq) + 40H™ + 2H,0 < Ce(OH)3* (D
Ce(OH)3%(aq) + 20H™ © Ce(OH),(s) + 2H,0 2
Ce(OH), < Ce0, + 2H,0 3)

The XRD pattern of the CeO»-80 sample was carried out to identify crystalline phases and to
estimate the crystalline sizes (Figure 3). Figure 3 shows the XRD of hierarchical CeO-80 nanospheres.
The peaks correspond to the (111), (200), (311), (222), (331) of cubic face-centered structure of CeO,
(JCPDS No, 00-034- 0394, a=bh = ¢ =5.41134 A%,

To determine the grai size (t) we used Sherrer’s foumular as follows [21]:

L 0.9 , (@)
p.cosf
where A is X-ray wavelength, f is the full width at half maximum in radians and 6 is the Bragg angle
of the considered diffraction peak. The average crystalline size of ceria nanoparticles calculated from the
XRD data is about 5 nm.
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Figure 3. XRD patterns of the hierarchical CeO,-80 nanospheres.

FT-IR spectra of the Ce0,-80 and the precursor of the CeO,-80 sample were analyzed to better
understand the chemical nature of the products (Figure 3). As seen in Figure 4a, the calcined sample
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exhibited bands characteristic of cubic CeO; at 433 cm* which were assigned to Ce—O stretching modes
that indicate the formation of CeO, [22]. The typical absorption bands of CO3~ at 850 and 1056 cm™
and gaseous CO, at 1307 and 2366 cm™ can be observed because H,O and CO, molecules are
chemisorbed easily on the CeO, surface when they are exposed to the atmosphere [23]. Besides, the
peak at 3419 cm™* was attributed to —~OH group of water. In Figure 4b, the peaks at 2926 and 2868 cm™
correspond to the symmetric and asymmetric stretching vibration of -CH,— in TEG capping the CeO..
The peak at 1112 cm™ is related to TEG chain C-O-C stretching vibration, and the peaks at 1378 and
1562 cm™ are attributed to symmetric and asymmetric stretching vibration of COO- [24]. The presence
of the COO group resulted from partial oxidation of polyol TEG at -CH>—OH group during synthesis
at high temperature. Compared with calcined CeO,, the Ce—O stretching band of as-synthesized CeO;
nanoparticles shifts to 445 cm™, demonstrating that cerium ions bind to the COO" group of TEG.
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Figure 4. FT-IR spectra of (a) calcined CeO2-80 and (b) respective CeO-80 nanoparticle precursor.
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Figure 5. N absorption-desorption isotherm (a) and BHJ pore size distribution
(b) of hierarchical CeO,-80 nanospheres.
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The textural characterization of hierarchical CeO, nanospheres was determined by nitrogen
adsorption-desorption as shown in Figure 5. The isotherm curves (Figure 5a) show type IV with Hs
hysteresis loop, which confirms the presence of mesoporous structure in the obtained CeO, nanomaterial
with a narrow average pore diameter [25]. The material has a very high specific surface area of 99.57
m?/g. Figure 5b indicates that the materials possess a homogeneous pore system with narrow pore size
distribution and average pore size of 3.5 nm. The hierarchical CeO. nanospheres with high surface area

and narrow pore size distribution can contribute to new catalytic properties.

3.2. The Photocatalytic Activity of the Hierarchical CeO, Nanomaterials
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Figure 6. (a) UV-vis absorption spectra of MB solution (5 ppm) and (b) the absorption intensity
at Amax Versus MB concentration.
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Figure 7. UV-Vis spectra curves of different MB concentrations versus time under UV irradiation of CeO-80
nanocatalysts: (a) 5 ppm, (b) 10 ppm, (c) 15 ppm, and (d) 20 ppm.
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To characterize the photocatalytic activity of the prepared CeO, nanomaterials, we used the
photodegradation reaction of methylene blue (MB) under UV irradiation. Figure 6a shows the UV-vis
absorption spectra of MB solution (5 ppm). It can be found that the maximum absorption wavelength of
MB (Amax) 1S ~667 nm. With the concentration of MB range of 5-20 ppm, the absorption intensity at 667
nm exhibited as a linear function of MB concentration (Figure 6b). Thus, four concentrations of MB
include 5 ppm, 10 ppm, 15 ppm, and 20 ppm were used to test the photocatalytic properties of CeO,
nanomaterials.
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Figure 8. The photodegradation of MB versus time using different catalysts: (a) CeO2-70,
(b) Ce02-80 and (c) Ce02-90.

The photocatalytic properties of the hierarchical CeO, nanospheres (CeO.-80) were tested with
different concentrations of MB (5 ppm, 10 ppm, 15 ppm, and 20 ppm) as shown in Figure 7. As can be
seen in Figure 7, the absorption intensity of MB increases quickly in all concentrations of MB. With
MB concentration of 5ppm, the characteristic absorption of MB disappeared with an irradiation time of
just 12 min. The decomposition rate of MB decreases significantly with the increase of MB
concentration. The decomposition times are 18, 27, and 39 min for 10, 15, and 20 ppm of MB,
respectively. The results can be explained by several effects: i) The penetration of the light into the
reaction solution was restricted when the MB concentration increased; and ii) The increase of
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MB molecules adsorbed on the surface of CeO- catalyst that prevented the generation of hydroxyl
radicals [26, 27].

The photocatalytic properties of CeO»-70 and Ce0,-90 were also investigated and compared with
the CeO,-80 sample, which was presented in Figure 8. The results indicate that the time needed for
complete degradation of MB increased gradually with CeO,-70 and Ce0--90 catalysts in comparison
with CeO,-80 catalyst. Meanwhile, the respective degradation time of 20 ppm MB for CeO,-70, CeO,-
80, and Ce02-90 is 48, 39 and 52 min. The enhancement of the photocatalytic activity of uniform
hierarchical CeO; nanospheres may relate to unique architecture, which can generate more active sites
due to its high specific surface area and narrow pore size distribution.

4. Conclusion

In this work, the uniform hierarchical CeO, nanospheres were successfully synthesized by the polyol
method. The hierarchical nanospheres with a particle size of 50 nm were assembled from primary CeO,
nanoparticles with an average diameter of 5 nm. The nanomaterial possesses a large surface area of
99.57 m?g with a narrow pore distribution. The heterogeneous CeO, nanomaterials show excellent
photocatalytic activity for degradation reaction of MB under UV irradiation, which is critical for
practical applications.
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