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Abstract: In this study, CeO, nanostructures were synthesized by a soft chemical method. A hydrothermal treatment was observed to lead to
an interesting morphological transformation of the nanoparticles into homogeneous microspheres composed of nanosheets with an average
thickness of 40 nm. Structural analysis revealed the formation of a single-phase cubic fluorite structure of CeO, for both samples. A Raman
spectroscopic study confirmed the XRD results and furthermore indicated the presence of a large number of oxygen vacancies in the
nanosheets. These oxygen vacancies led to room-temperature ferromagnetism (RTFM) of the CeO, nanosheets with enhanced magnetic
characteristics. Amazingly, the nanosheets exhibited substantially greater antibacterial activity than the nanoparticles. This greater antibacte-

rial activity was attributed to greater exposure of high-surface-energy polar surfaces and to the presence of oxygen vacancies.
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1. Introduction

CeO, is a fascinating material that is widely used in
various industrial products such as polishing agents, sun-
screens (as a UV-absorbing material), solid-oxide fuel cells
(as an electrolyte), photocatalysts, and humidity sensors
[1-3]. CeO, nanostructures have attracted extensive atten-
tion because of their antioxidant properties, ability to pre-
vent induced pneumonitis, ability to inhibit bacteria, anti-
cancer activity, and ability to protect living cells against ra-
[3-5].
CeOy-nanostructure-based devices strictly depend on the
particle size and morphology of the CeO, [6—7]. Methods
such as chemical co-precipitation, sol-gel, chemical vapor

diation However, the functionalities of these

deposition, and hydrothermal techniques are currently being
used to fabricate CeO, nanostructures with controlled mor-
phology [4-8]. Among these techniques, soft chemical
routes are preferred because they are cost effective, versatile,
vibrant, and easily reproduced. Moreover, because of its un-
filled 4f electronic structure, CeO, exhibits interesting spin-
tronic, electronic, and magnetic properties [4].
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Room-temperature ferromagnetism (RTFM) is essential
requirement for the functionality of spintronics devices.
RTFM has been reported to be induced in various semicon-
ductor metal oxides via transition-metal doping [9-11]. The
real cause of this ferromagnetic behavior is ambiguous and
is linked to various factors such as magnetic dopant clusters
in oxide matrices, the valence states of the transition metals,
the size and shape of the particles, and the presence of oxy-
gen vacancies [12-13]. However, some authors have re-
ported RTFM in pure metal oxide nanostructures such as
those of ZnO, Ti0,, Cu0O,, Sn0,, and CeO, [9-12, 14]. This
RTFM is associated strictly with particle size and oxygen
vacancies [15-16]. Liu et al. [13] recently reported that
oxygen vacancies are not necessary for RTFM of undoped
CeO; nanostructures and that particle size is instead the key
factor. However, Ge et al. [12] reported that oxygen vacan-
cies are responsible for the ferromagnetic behavior of CeO,
nanocubes. In this work, we have synthesized CeO, nanos-
tructures with an average particle size of 3040 nm and dif-
ferent morphologies. Interestingly, we observed that oxygen
vacancies play a major role in the RTFM of these CeO,
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nanostructures.

2. Materials and methods
2.1. Synthesis of CeO, nanostructures

CeO, nanostructures were prepared by a facile soft
chemical route. A 0.2 M Ce(NO3);-6H,O solution was pre-
pared in deionized water. Sufficient citric acid was added to
this precursor solution to obtain a citric acid/
Ce(NOs);:6H,0 ratio of 3:1. Then, a 5 M NaOH solution
was added to the precursor solution dropwise until its pH
was 2.5. Half of the prepared solution was transferred to a
Teflon vessel and heat treated at 120°C for 14 h in an elec-
tric oven; the sample was labeled as S1. The remaining half
of the solution was aged at room temperature and subse-
quently labeled as S2. After sample S1 was heat-treated and
sample S2 was aged, both samples were centrifuged twice at
4000 r/min to wash and collect the precipitates. Both pre-
cipitates were dried at 80°C in an electric oven overnight
and subsequently ground into powders. These powdered
samples were then annealed at 300°C for 3 h to obtain the
CeO, nanostructures. The crystallinity, morphology, optical
bandgap, and magnetic properties of the synthesized samples
were examined using X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), UV—-visible absorption spectroscopy,
and vibrating-sample magnetometry (VSM), respectively.

2.2. Determination of antibacterial activity

The interaction of nanomaterials with bacterial surfaces is
a pivotal tool for the assessment of antibacterial activity. In
the present study, the antibacterial activity of the synthe-
sized CeO, nanostructures against clinically isolated Gram-
negative Escherichia coli (E. coli) and Gram-positive methi-
cillin-resistant Staphylococcus aureus (S. aureus) bacteria
was determined by the reported previously agar disc method
[17].

3. Results and discussions

3.1. Structural analysis

The structural properties of the prepared CeO, nanos-
tructures were investigated by XRD over the 26 range from
20°to 70° using a small step size (0.2°) and Cu-Ka radiation
with a wavelength of 0.154 nm. Fig. 1 illustrates the XRD
patterns of the prepared samples. All peaks were well in-
dexed to the pure cubic fluorite-type CeO, structure accord-
ing to JCPDS card no. 34-0394 [18]. The lack of extraneous
peaks associated with an impurity in the XRD patterns con-
firmed the phase purity of the synthesized samples. The

broadness of the peaks indicated that the prepared samples
are nanocrystalline. Scherrer’s formula was used to calculate
the crystallite size ¢, as given by
. 0.894

Pcosd
where 4 is the wavelength of incident X-rays, f is the
full-width at half-maximum of the selected peak at diffraction
angle 6. The crystallite size was determined to be 9 nm for
both the hydrothermally treated and the untreated samples.
The lattice parameter of each sample was calculated according
to the formula

()
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where « is lattice constant, d is the interplanar spacing, and #,
k, and [ are the Miller indices. The lattice parameters of the
prepared CeO, samples were determined to be 0.5426 nm
and 0.5427 nm for samples S1 and S2, respectively. These
observed lattice parameters are larger than that of bulk CeO,
(0.54113 nm). Such variations of the lattice parameter of
nanostructured CeO, have been attributed to increased oxy-
gen vacancies [19].
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Fig. 1. XRD patterns of synthesized samples.

We used Raman spectroscopy to further investigate the
structural characteristics of the synthesized samples. Fig. 2
presents typical Raman spectra of both samples in the
range from 300 to 800 cm ™' recorded under ambient con-
ditions. In general, the peak (F,, peak) at 443465 cm’!
was attributed to a first-order symmetrical stretching mode
of the Ce—Oyg vibration unit. The appearance of a Raman
peak at approximately 446 cm ' confirmed the cubic fluo-
rite structure of the prepared samples. The F,, peak was
slightly red-shifted in comparison to that of bulk CeO,.
This shift is attributed to disorder in the oxygen sublattice
resulting from the smaller particle size. The differences
between the spectrum of the synthesized sample and that
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of bulk CeO, are also attributable to oxygen vacancies [18].
Furthermore, a minor peak was observed at approximately
600 cm ' in the spectrum of the hydrothermally treated
sample; this peak is associated with the presence of oxygen
vacancies [20]. Hence, the hydrothermally treated sample
contained oxygen vacancies, whereas the untreated sample
did not.
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Fig. 2. Raman spectra of prepared CeO, nanosheets and

nanoparticles.

3.2. Morphology and chemical composition studies

The morphology of the prepared samples was observed
by SEM. Fig. 3 presents SEM micrographs of the prepared
samples. As evident in Figs. 3(a) and 3(b), the morphology
of sample S1 consisted of microspheres composed of highly

Fig. 3.
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homogeneous multilayer nanosheets with an average thick-
ness of approximately 40 nm. In comparison, the mor-
phology of sample S2 consisted of spherical nanoparticles
with an average size of approximately 30 nm, as shown in
Figs. 3(c) and 3(d). A growth mechanism of the synthesized
CeO, nanostructures is proposed in Fig. 4.

The chemical composition of the prepared CeO, nanos-
tructures was determined using energy-dispersive X-ray
spectroscopy (EDS); the results are shown in Fig 5. The
EDS spectra clearly indicated that only Ce and oxygen (O)
ions were present in both CeO, nanostructures.

3.3. Optical properties

The optical properties of the prepared CeO, nanostruc-
tures were examined by UV—-visible spectrophotometry. Fig.
6(a) shows the UV—visible absorption spectra of the pre-
pared CeO, nanostructures; the spectra of both samples fea-
ture a sharp absorption peak at 312 nm, which confirms that
the prepared nanostructures possess the cubic fluorite struc-
ture [21]. The charge-transfer transition from the O 2p to the
Ce 4f states is responsible for the characteristic absorption
of CeO, in the UV region [22]. The following expression
was used to determine the approximate bandgap energy of

the synthesized nanostructures:
(ahv)’ = A(hv - E,) (3)
where a represents the optical absorption coefficient, £, is
the direct-bandgap energy, hv is the photon energy, and 4 is

a constant [23].

(b)

.

SEM images of prepared CeO, nanostructures: (a, b) S1; (c, d) S2.
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Fig. 4. Illustration of the growth mechanism of CeO, nanostructures.
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Fig. 5. EDS spectra of prepared CeO, nanosheets (a) and nanoparticles (b).
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Fig. 6. (a) UV—Vis absorption spectra of synthesized CeO, nanostructures; (b) respective plots of (a/v)* as a function of photon en-

ergy.
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Fig. 6(b) displays the measured values of (aAv)” as a func-
tion of the incident photon energy /v. The direct-bandgap en-
ergy of nanostructures can be estimated by extrapolating the
straight region of the resulting curve to the energy axis [22].

The results in Fig. 6(b) indicate that the bandgap energies
of the prepared CeO, nanostructures ere 3.12 eV and 2.91
eV for samples S1 and S2, respectively. These observed en-
ergy bandgap values are less than that of bulk CeO, (3.20
eV) [22], exhibiting a red shift of 0.08 eV and 0.29 eV, re-
spectively, for the two samples. This red shift of the band-
gap energy of the CeO, nanostructures is attributable to sur-
face and interface effects [24].

3.4. Magnetic studies

Fig. 7 displays the M—H loops of the prepared CeO,
nanostructures, as measured by VSM at room temperature.
The synthesized microspheres composed of nanosheets
(sample S1) exhibit RTFM behavior, whereas the CeO,
nanoparticles (sample S2) exhibited paramagnetic behavior.
In the M—H loop of sample S1, a wide-open hysteresis loop
(shown in inset) is observed in the field oscillating in the
range of +1 T. Furthermore, the prepared nanostructures ex-
hibit hysteresis, with a saturated magnetization (M) of
0.0068 A-m¥kg, a coercivity (H,) of approximately 0.0120
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T, and a remanence (M,) of 0.0019 A-m%kg. The RTFM of
CeO, nanostructures is usually linked to two factors: particle
size and the presence of oxygen vacancies [12—13]. As evi-
dent from the SEM images, the average particle size of S2 is
smaller than that of S1, but S2 still exhibits paramagnetic
behavior. Hence, particle-size-induced RTFM is ruled out
here. Some other groups have also reported that oxygen va-
cancies mediate RTFM in undoped semiconducting and in-
sulating oxide nanostructures [12, 19, 24]. The oxygen va-
cancies formed in the interior of CeO, nanostructures easily
migrate to the surface and can polarize the Ce 4f electrons
[25]. This polarization leads to a net magnetic moment and,
hence, to RTFM in CeO, nanosheets. The peak at 596 cm '
in the Raman spectrum of the synthesized CeO, nanosheets
corresponds to oxygen vacancies. The nanomaterials ex-
hibit a high surface area, which may lead to a greater
concentration of oxygen vacancies at their surface. Oxygen
vacancies at the surface contribute more to the magnetic
moment than those in the bulk [12]. These oxygen vacan-
cies at the surface of CeO, nanosheets produce spin po-
larization of the f electrons of CeO,, which leads to a net
magnetic moment [12, 26]. Hence, the RTFM of the CeO,
nanosheets is attributed to the presence of oxygen vacan-

cies.
0.0010 t (b) :
— Nanoparticles

c)

=<

E 00005+

&

g

=) 0

]

g

2

51

§o —-0.0005 -

=

—-0.0010 - . . . .
-1.5 -1.0 -0.5 0 0.5 1.0 1.5

Magnetic field / T

Fig. 7. M-H loops of prepared CeO, nanostructures (the inset shows an enlarged view of the opened loops): (a) nanosheets; (b)

nanoparticles.

3.5. Antibacterial Activity

The agar disc method is a versatile method for studying
antibacterial activity and has been used by several research
groups [27-28]. In this work, the antibacterial potency of
the synthesized nanostructures against multi-drug resistant
E. coli and S. aureus bacteria was assessed by the agar disc
method. The antibacterial potency of materials is demon-
strated by the size of the zone of inhibition (ZOI) around
the disc. Fig. 8 clearly shows that sample S1 exhibited

greater antibacterial activity than S2 against both of the
tested bacterial strains. Sample S1 generated a larger ZOI
compared to that generated by S2. Several mechanisms of
interaction can occur between nanostructures and bacteria
cells, such as electrostatic interactions, attachment of the
nanostructures to bacteria cell walls, release of soluble
metal ions, redox reactions, and the generation of reactive
oxygen species (ROS). The generation of ROS is highly
dependent on the inhibition of the recombination of pho-
togenerated electron—hole pairs. The oxygen vacancies can
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trap the generated electrons and reduce their likelihood of
recombining with holes [29]. These holes, in turn, inter-
act with the water molecules and generate ROS. The
generated ROS react harmfully with the bacteria and

(@)

Nanosheets

4. Conclusions

(1) CeO;, nanostructures with the cubic fluorite structure
were successfully synthesized by a soft chemical method.

(2) The XRD and Raman results confirmed that the CeO,
consisted of a single phase. The Raman results further sug-
gested the presence of a large number of oxygen vacancies
in the CeO; nanosheets.

(3) SEM micrographs revealed the formation of micro-
spheres composed of nanosheets in the hydrothermally
treated sample and the formation of nanoparticles in the un-
treated sample.

(4) The optical bandgap energies of the hydrothermally
treated and untreated samples were determined to be 3.12
eV and 2.91 eV, respectively.

(5) The prepared CeO, nanosheets exhibited RTFM,
which we attributed to the presence of oxygen vacancies on

cause their death. Hence, the greater antibacterial activity
of the synthesized nanosheets is attributable to the en-
hanced generation of ROS due to the presence of oxygen
vacancies.

,Nanoparticlgsl_:

Fig. 8. ZOI produced by the prepared CeO, nanostructures against E. coli (a) and S. aureus (b).

the surface; the CeO, nanoparticles exhibited paramagnetic
behavior.

(6) The results of antibacterial activity tests demonstrated
that the prepared CeO, nanosheets exhibit high antibacterial
activity compared with the CeO, nanoparticles, which we
attributed to the enhanced generation of ROS in the CeO,
nanosheets.
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