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Abstract. CeO2 nanomaterials were synthesized by a simple hydrothermal method, and their photocatalytic and hydrophobic properties were systematically investigated. CeO2 nanomaterials displayed excellent photocatalytic properties, and under
UV light irradiation, 98.5% Rhodamine B was degenerated by CeO2 nanomaterials grown on Ni foam. After chemical modification with 1H, 1H, 2H, 2H-perfluorodecyl-triethoxysilane (PFDTES), CeO2 nanomaterials showed good hydrophobic
properties and water contact angles were in the range of 124−135◦ . The hydrophobic property of the CeO2 nanomaterials
contributed to the self-assembled membrane also with hydrophobic properties on the surface of the treated CeO2 nanomaterials with PFDTES. Therefore, the study not only presents a facile method to fabricate CeO2 nanomaterials, but also
demonstrates the promising applications of CeO2 in the treatment of waste water and self-cleaning of building materials.
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1. Introduction
Cerium is the most abundant of the rare-earth metal and Cebased compounds and has been used in various applications
over the past decade [1–6]. In particular, oxides of cerium
are remarkable materials for a myriad of applications such
as photocatalysis, biomaterials, hydrophobicity, thermal barriers and so on [7–13]. CeO2 nano-/micro-materials have
been prepared by various methods [14–17]. Qu et al [17]
reported CeO2 nanorods with high energy surfaces fabricated by the hydrothermal method, and the synthesized
Pt/CeO2 exhibits extremely higher specific activity and
strong anti-poisoning ability for the oxidation of methanol.
They attributed to the electrocatalytic performance of CeO2
nanorods. A CeO2 -based nanostructure as an electrocatalyst for a hydrogen evolution reaction (HER) was reported
[18]. Three-dimensional reduced graphene oxide decorated
with CeO2 hollow microspheres were fabricated and it exhibited a remarkable electrocatalytic activity for HER with
a relatively low onset overpotential of 192 mV, a smaller
overpotential of 0.34 V. Yu et al [19] synthesized Pt/CeO2
hybrid nanostructures consisting of sub-3 nm Pt nanocrystals
supported on octahedral CeO2 nanocrystals and the hybrid
nanostructures exhibit high resistance to poisoning by the
reaction product. Mansingh et al [20] studied S,N-codoped
CeO2 nanoparticles as the photocatalyst for Cr(VI) reduction.
Under visible light illumination, the doped ceria exhibits a
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remarkable photocatalytic activity towards Cr(VI) reduction,
and 93% photoreduction ability towards a 50 ppm Cr(VI)
solution within a time span of 120 min. Many researchers also
studied the hydrophobic properties of CeO2 by chemically
modifying the hydrophilic surfaces with organic compounds
that have low surface free energy or constructing a roughness
surface on polymer-based materials [21–23]. Li et al [21]
reported UV-resistant hydrophobic CeO2 open-ended nanotubes grown by a hydrothermal method. The CeO2 nanotubes
displayed a water contact angle (WCA) as high as 120◦
and a good long-term durability and an excellent photocatalytic ability for the removal of salad oil under UV light
irradiation, indicating its promising application in cleaning
the salad oil-contaminated surface as a photocatalytic selfcleaning material.
In this work, we synthesized CeO2 nanomaterials by a simple hydrothermal method. Interestingly, this kind of CeO2
nanomaterial simultaneously displays excellent photocatalytic and hydrophobic properties. Under UV light irradiation
(120 min), 98.5% Rhodamine B (RhB) was degenerated by
CeO2 nanomaterials grown on Ni foam. The CeO2 nanomaterials after chemically modifying the hydrophilic surfaces
exhibited a WCA as high as 135°. Therefore, the study not
only presents a facile method to fabricate CeO2 nanomaterials, but also demonstrates the promising applications of CeO2
in the treatment of waste water and self-cleaning of building
materials.
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2.1 Preparation of CeO2 nanomaterials
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Aqueous solutions of Ce(NO3 )3 ·6H2 O (3.2 g in 16 ml of
deionized (DI) water) and NaOH (42 g in 70 ml of DI water)
were mixed slowly. Under continuous vigorous magnetic
stirring, the mixture was aged for 30 min and then put into a
100 ml Teflon-lined autoclave, sealed and heated at 200◦ C
for 24 h. The system was then allowed to cool down to room
temperature naturally. The synthesized precursors of CeO2
nanomaterials were collected by centrifuging the mixture,
then thoroughly washed with DI water and then air-dried at
70◦ C. The above process was performed three times and the
precursors were treated at 600, 700 and 800◦ C for 4 h, and
denoted S-600, S-700 and S-800, respectively.
To prepare another series of samples on Ni foam, Ni foam
was cleaned in an ultrasonic bath with acetone, ethanol and
DI water to remove various pollutants on its surface. After
that, three Ni foam substrates (10 × 10 mm2 ) were put into a
100 ml Teflon-lined autoclave with the above reaction
solution. The autoclave was transferred into an oven and
maintained at 200◦ C for 24 h. After the reaction, CeO2 nanomaterials were grown on Ni foam. Finally, the samples were
rinsed in DI water to remove any residual salt and dried in air.
Three samples were annealed at 600, 700 and 800◦ C for 4 h,
and denoted Ni-600, Ni-700 and Ni-800, respectively.
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2.2 Characterization
CeO2 nanomaterials were characterized by powder X-ray
diffraction (XRD). The XRD patterns with diffraction intensity vs. 2θ on a BrukerD8 were recorded using Cu Kα
radiation (λ = 0.15405 nm). Scanning electron microscopy
(SEM) images were taken using an FIT Nano430.
The photocatalytic activity of CeO2 nanomaterials was
evaluated by the following process: 0.0125 g CeO2 nanoparticles was put into a 25 ml RhB aqueous solution (10−5
mol l−1 ), and stirred vigorously for 15 min, to obtain a uniform
CeO2 suspension. The suspension was irradiated by using 20
W UV light. Then, 2.5 ml reaction samples from the RhB solution were collected at regular intervals of 30 min for UV–Vis
analysis.
Similarly, to evaluate the photocatalytic properties of CeO2
nanomaterials/Ni foam, CeO2 nanomaterial/substrate (1.0 ×
1.0 cm2 ) was immersed into a 25 ml RhB aqueous solution
(5 mg l−1 ) and irradiated by using 20 W UV light. Then, 2.5
ml reaction samples from the RhB solution were collected at
regular intervals of 20 min for UV–Vis analysis.
The degradation efficiency was evaluated by using the
equation: η = (1 − C/C0 ) × 100%, where C and C0 are
the concentrations of RhB after and before UV irradiation,
respectively. C/C0 was calculated by A/A0 , because the concentration of RhB was linearly proportional to absorption (A)
and C/C0 = A/A0 .

30

35

40

45

50

55

60

65

2Theta (degree)
Figure 1. XRD patterns of the CeO2 nanomaterials prepared at different temperatures: (a) 600−800◦ C, CeO2 powder and (b) 700◦ C,
CeO2 on Ni foam.

The hydrophobicity of CeO2 nanomaterials was evaluated by WCA measurements for water droplets (4 μl) on
specimen surfaces (SDC-350, SINDIN). Before the measurement, a grafting solution was prepared first by dispersing 5 μl
(1H, 1H, 2H, 2H-perfluorodecyl-triethoxysilane) PFDTES
in hexane (30 ml) as a solvent under vigorous stirring for
30 min at room temperature. Then, the CeO2 powder was fabricated as a piece of disc pellet and sintered at 800°C for 2 h.
The sintered CeO2 wafer and CeO2 /Ni foam were immersed
in the grafting solution for 24 h. Finally, the samples were
taken out and dried in air to characterize their WCAs.

3. Results and discussion
Figure 1 shows the XRD patterns of CeO2 powder grown at
various temperatures (600−800◦ C) by the hydrothermal process. Obviously, the peaks at about 28.4, 33.1, 47.5, 56.3,
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Figure 2. SEM images of CeO2 powder prepared at 600−800◦ C with various resolutions: (a, b) 600◦ C;
(c, d) 700◦ C and (e, f) 800◦ C.

59.1 and 69.5◦ were detected, which were corresponding to
the (111), (200), (220), (311), (222) and (400) planes of
standard cubic CeO2 (PDF: 000040593), respectively, indicating the high phase purity of the obtained CeO2 . Besides,
all the peaks were observed to be broad having a straight
baseline which demonstrated the fine and crystalline nature
of the as-synthesized CeO2 nanomaterial. The Ni-600, Ni700 and Ni-800 were also characterized by XRD. In the XRD
patterns, besides CeO2 peaks, NiO peaks were also observed
due to the formation of NiO when annealing the samples in
air. Figure 1b shows the XRD pattern of Ni-700. The (111),
(200), (220) and (311) peaks of CeO2 were observed and the
peaks at 37.6, 43.5 and 63.3◦ were attributed to NiO, as shown
in figure 1b.

The morphology and size of CeO2 powders were investigated by using SEM images as shown in figure 2. According
to the low- and high-resolution SEM images (figure 2a and b),
S-600 shows spherical and rectangular-shaped nanoparticles.
Figure 2c–f exhibits the typical SEM images of S-700 and
S-800 samples, respectively. It can be seen that nanoparticles
are randomly shaped aggregates and groups of ultrafine particles that assemble into larger particles, reducing the surface
energy.
Figure 3 shows the efficiency of RhB degradation in the
presence of various CeO2 nanomaterials under UV irradiation. It can be seen that the C/C0 values decreases fast with
the irradiation time, displaying a rather good photocatalytic
efficiency of CeO2 nanomaterials as shown in figure 3a and b.
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Figure 3. Typical degradation rate of RhB with CeO2 nanomaterials prepared at different temperatures: (a) CeO2 powder; (b) CeO2 on
Ni foam; (c) images of RhB with CeO2 on Ni foam under different UV light irradiation and (d) comparison of degradation rate of RhB
for S-800, Ni-800 and commercial powder.

Figure 4. Typical optical images of water droplets before and after
dripping on the surfaces of the samples without PFDTES treatment:
(a) the sintered plate, before dripping; (b) the sintered plate, after
dripping; (c) CeO2 nanomaterials on Ni foam, before dripping and
(d) CeO2 nanomaterials on Ni foam, after dripping.

For S-600, S-700 and S-800, the degradation rates were 46,
53 and 59% after 150 min of irradiation, respectively. The
degradation rate of ∼65% was obtained for Ni-700 after
120 min of irradiation. Surprisingly, for Ni-800 after
120 min of irradiation, approximately 97.8% RhB was
degraded, which indicated the promising application of
CeO2 nanomaterials in the treatment of waste water and
self-cleaning of building materials. We also compared the
photocatalytic activities of the samples treated at 800◦ C (S800 and Ni-800) with the commercial CeO2 powder, as shown
in figure 3d. It can be seen that the photocatalytic performance
of Ni-800 was much better than that of commercial CeO2
powder, and S-800 demonstrated the similar photocatalytic
properties to commercial CeO2 powder.
The good photocatalytic properties of CeO2 nanomaterials were attributed to the nanoparticles that had a large
surface area, and thus could supply more surface-active
sites for the adsorption of organic contaminants. To confirm
the photocatalytic properties of CeO2 nanomaterials, RhB
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The conduction band (CB) and valence band (VB) edges of
CeO2 were −0.58 and 2.7 eV, respectively, and the mechanism
of photocatalytic degradation of RhB in the presence of CeO2
nanoparticles can be described as follows [24–30]:
CeO2 + hν → CeO2 + (e− + h+ )
(formation of photogenerated carrier)
H + OH− (or H2 O) → OH•
+

(formation of hydroxyl radical)
e + O2 → O2 •− (super oxide anion radical)
−

OH• (or O2 •− ) + Dye → Degradation products

Figure 5. Typical optical images of water droplets on the CeO2
plate surface prepared at different temperatures after treatment by
PFDTES: (a) 600◦ C; (b) 700◦ C and (c) 800◦ C.

Under UV light irradiation, CeO2 nanomaterials were excited
to generate electron–hole (e− /h+ ) pairs. The electrons
migrated to the CB and the holes were injected into the VB of
CeO2 , resulting in the separation of electrons and holes and
thus the photocatalysis process occurs. The holes at the VB
level of CeO2 were captured with the OH− and H2 O, forming hydroxyl radicals (OH• ). The photogenerated electrons in
the CB of CeO2 reacted with the absorbed O2 , forming super
oxide anion radicals (O2 •− ), and the last form of O2 •− is
hydroxyl radicals (OH• ) [31]. The OH• is an oxidant species
for the degradation of the organic compounds [24].
The wettability of CeO2 nanomaterials was investigated
by contact angle measurements. Figures 4, 5 and 6 show the
WCAs and optical photographs of water droplets on the surfaces of the CeO2 . When a water droplet was dripped on
the surfaces of the samples without PFDTES treatment, it
spreads over the surfaces of the samples immediately with
the WCAs of almost 0◦ (figure 4). However, when the water
droplet was dripped on the PFDTES-treated surface of CeO2
nanomaterials, a sphere-like water droplet was formed and
steadily remained on the surfaces of the samples for a long
period, which indicated that the hydrophilic CeO2 nanomaterials have been changed to hydrophobic through the reaction

Figure 6. Typical optical images of water droplets on CeO2 nanomaterials on Ni foam prepared at different temperatures after
treatment by PFDTES: (a) 600◦ C; (b) 700◦ C and (c) 800◦ C.

aqueous solution without CeO2 nanomaterials was also irradiated under UV light. Even after 3 h of UV exposure, no obvious self-degradation was detected, indicating that the degradation of RhB was due to the CeO2 nanomaterials immersed in it.
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Figure 7. Schematic process of formation of self-assembled membrane.
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between PFDTES and CeO2 nanomaterials. Obviously, the
PFDTES treatment for CeO2 nanomaterials reduced their surface energy, resulting in the hydrophobic activity of CeO2
nanomaterials. Figure 5 shows the WCAs of the PFDTEStreated S-600, S-700, S-800, Ni-600, Ni-700 and Ni-800. The
figure displays the WCAs in the range of 124−135◦ , indicating their good hydrophobic properties.
The mechanism for the hydrophobic properties of the CeO2
nanomaterials has contributed to grafting of PFDTES on the
surface of CeO2 nanomaterials [32,33]. Figure 7 schematically illustrates the reaction on the membrane surface. The
PFDTES molecule has hydrolysable groups and it hydrolysed
at the hydroxylic surface with absorbed water, generating a
silanol. The silanol reacted with –OH groups when a water
droplet was on the surface of the CeO2 nanomaterials treated
with PFDTES, which resulted in a self-assembled monolayer
with hydrophobic properties on the surface of CeO2 nanomaterials.

4. Conclusions
In the study, CeO2 nanomaterials were fabricated by a simple
hydrothermal method and their photocatalytic and hydrophobic properties were systematically investigated. XRD results
show the high phase purity of the CeO2 nanomaterials. Under
UV irradiation, approximately 97.8% RhB was degraded by
CeO2 nanomaterials on Ni foam. By the PFDTES treatment,
CeO2 nanomaterials displayed good hydrophobic properties and the WCAs were in the range of 124−135◦ . The
hydrophobic properties of the CeO2 nanomaterials were due
to the self-assembled monolayer with hydrophobic properties on the surface of the CeO2 nanomaterials treated with
PFDTES. Therefore, CeO2 nanomaterials simultaneously
displayed the excellent photocatalytic and hydrophobic properties, indicating their promising application in waste water
and self-cleaning of building materials.
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