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Abstract

This research focuses on combating bacterial infections by synthesizing cerium oxide (Ce02) and modifying it with 2% and 5% zinc doping, along
with 1% graphitic carbon, using the sol-gel method. Structural, morphological, optical, and antibacterial properties were systematically investigated.
X-Ray Diffraction (XRD) revealed an increase in crystallite size from 12nm for pure cerium oxide to 26nm for 5% zinc-doped cerium oxide after
annealing. Scanning Electron Microscopy (SEM) confirmed agglomerated spheroidal structures for all samples. Diffuse Reflectance Spectroscopy
(DRS) showed a widened energy band gap, from 3.15eV for pristine cerium oxide to 3.31eV for the annealed 5% zinc-doped cerium oxide, suggesting
potential alterations in electronic properties. Antibacterial activity demonstrated that 1% graphitic carbon- modified cerium oxide exhibited the
maximum zone of inhibition against Escherichia coli and Staphylococcus aureus, indicating superior antibacterial activity compared to other
synthesized materials. Thus, this study showcases a tailored approach to cerium oxide nanoparticles, highlighting the significance of modifications
for enhanced antibacterial applications. The findings in this research contribute to the development of advanced antibacterial agents, leveraging the

unique properties of modified cerium oxide nanoparticles.
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Introduction

Bacterial infections significantly affect public health, posing
significant medical problems such as septicaemia, sepsis, cellulitis,
and mortality threats [1]. These medical issues can be prevented
by taking antibiotics that assist the body in combating bacteria
[2]. Recent advancements in nanotechnology have improved the
treatment and proliferation of bacterial and microbial infections.
However, nanotechnology in medicine offers innovative treatments
that effectively address drug resistance, especially in cases where
antibiotics are no longer effective against bacterial infections [3,4].
Nanoparticles are receiving significant interest as innovative anti-
bacterial agents due to their high surface area-to- volume ratio and
distinctive physical and chemical characteristics [5]. Over 1814
nanoparticle-enabled medication have been produced, primarily
consisting of metal and metal oxides [6].

Metal and metal oxide nanoparticles, such as gold, nickel, silver,
iron, carbon, zinc, cerium, etc., are increasingly attracting attention

due to their ability to selectively block metabolic pathways, interact
with bactericidal activity, and eliminate bacteria that are resistant
to several drugs [7-12]. Cerium oxide (CeO,) has gained significant
attention as antibacterial agents due to their lower or non-existent
toxicity to mammalian cells, in contrast to other nano materials [13-
15]. CeO, has antibacterial properties without requiring external
stimulation, as demonstrated in previous studies [16-18]. Cerium
is a rare earth metal and the initial element in the lanthanide series
on the periodic table. Cerium is unique among rare earth metals as
it may be found in both the 3* and 4* oxidation states.

Cerium oxide, or ceria, is a cubic fluorite-type oxide with Ceri-
um ions at the face and vertices, and oxygen ions at the tetrahedral
vacancies of the cubic unit cell [19,20]. Cerium oxide is a focus of
research in nanotechnology because of its unique qualities such as
low toxicity, high stability, ductility, chemical reactivity, and strong
oxidation catalytic capabilities, with potential for catalytic anti
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oxidation [21-24]. Various methods have been found in the liter-
ature for producing nanostructures include hydrothermal, sol-gel,
co-precipitation, and laser ablation [25-28].

In the present research, sol-gel synthesis is chosen for its
cost-effectiveness and proven antibacterial properties document-
ed in literature [29,30]. This research investigated the antibacte-
rial properties of E. coli and S. aureus. E. coli is a gram-negative
bacterium that causes diarrheal sickness, whereas S. aureus is a
gram-positive bacterium associated with skin and tissue infec-
tions. Recent research has shown that cerium oxide is effective in
fighting these two bacteria [31-34]. Zinc oxide is of great interest
because of their low toxicity, which makes them helpful in other
sectors, such as biomedicine. Zinc is doped with cerium oxide to
improve its characteristics due to its demonstrated ability to inhibit
both microorganisms [35,36]. Research conducted by S. Jairam, et
al. demonstrated that cerium oxide doped with 8% zinc possesses
strong antibacterial properties against S. mutans. expanding on this
finding, a study has been carried out using varying concentrations
of zinc (0%, 2%, and 5%) and 1% graphitic carbon doped with ce-
rium oxide annealed at 900°C to test its effectiveness against E. coli
and S. aureus [37].

Experimental Section
Materials

For the synthesis of cerium oxide (CeO,) and Zn:CeO,, anhy-
drous cerium chloride (CeCl,) and zinc chloride (ZnCl,) were em-
ployed as precursor agents. As a solvent, distilled water (H,0) was
utilized. Gel formation was facilitated by the utilization of sodium
hydroxide (NaOH). Isopropanol alcohol (C,H,0) and nitric acid
(HNO,) were employed to aid in the chemical synthesis. E. coli and
S. auerus are utilized as a bacterium to evaluate the antibacterial
effects of the prepared samples. For the antibacterial analysis, Gra-
phitic Oxide (GO) ceria has also been prepared from graphite pow-
der. All of these materials were purchased from the company Sigma
Aldrish.

Synthesis

A solution of sol can be obtained by combining a 2M (molar)
solution of NaOH with 1M solution of CeCl, and agitating contin-
uously at 80°C for 60minutes using a magnetic stirrer. As diluting
solvents, five droplets of HNO, and C,H,0 were added to the pre-
pared solution. By combining distilled water with 2%, 5% ZnCI,
and 1% (GO), an additional solution of Zn** ions was produced.
An additional CeO, solution was supplemented drop by drop with
this ZnCl,.6H,0 solution and graphite oxide solution. After 25min-
utes of agitating and heating, the two solutions were centrifuged
at 2500rpm for an additional 35minutes. Throughout the synthesis
of cerium oxide, the subsequent reaction occurred with the phase
transition from CeOCl to CeO,;:

CeCl, + NaOH — CeOCI + NaCl + HCl m
CeOCL+2HCL+0, - Ce0, + 2H,0 + 2Cl, ()

The solutions were allowed to sediment for thirty minutes and
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were rinsed three times to remove any contaminants and placed
in furnace at 900°C. The dip-coating approach was used to deposit
thin films of cerium (IV) oxide, (2% and 5%) zinc doped cerium
oxide and graphitic carbon cerium oxide onto a glass substrate.

Antibacterial

The nanostructures were evaluated for their antibacterial ef-
ficacy against Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) obtained from the Centre for Interdisciplinary Research
in Basic Science (CIRBS). Methyl sulphur oxide served as the pos-
itive control. Bacteria were grown in a nutrient fluid medium at
room temperature on a furnace operating at 2500rpm. Following
the Optical Density (OD) test, bacteria were diluted in a fluid and
transferred to 250-well plates. Fifteen nanoliters of methyl sulphur
oxide solution was added to each plate. We measured the diame-
ter of the living area to assess the antibacterial effectiveness of the
manufactured nanostructures. The antibacterial mechanism tar-
gets the outer coats of bacteria, specifically peptidoglycan and lipo-
polysaccharide, which protect them from external chemical agents
[38]. The nanostructures interact with the bacterium’s outer layer
through two mechanisms. The outer layer of bacteria can absorb it
in the form of ions by electrostatic forces, specifically ionic forces
[39]. Another process involves oxidation-reduction, in which the
Ce** charge is converted to Ce*® by bacteria, causing oxidative stress
in the microorganism’s outer membrane and limiting its bacterial
effects [40,41].

Characterization

Using an X-ray diffractometer (XPERT-3 with Cu (copper) K
radiations), structural analysis was performed on as-prepared
samples of thin films deposited on a glass substrate. The apparatus
was equipped with a wavelength of 1.540589A and operated at a
voltage of 40kV and an applied current of 40mA. The morphology
of nanostructures was analyzed using scanning electron micros-
copy (JSM-6490) with an accelerating voltage of 20kV. The optical
characteristics were analyzed utilizing a spectrometer system. Data
analysis and plotting for XRD and DRS results were performed uti-
lizing Microsoft Excel and Origin Lab software.

Results and Discussions

Structural Characterization

X-ray diffraction (XRD) analysis was conducted in order to gain
a deeper comprehension of the crystal structure and phase purity
of cerium oxide, un annealed zinc doped cerium oxide and annealed
zinc doped cerium oxide. (Figure 1) presents the X-ray diffraction
(XRD) diffractogram patterns of the un annealed and samples
subjected to annealing, at a temperature of 900°C. The patterns
revealed consistent alignment of all peaks to the standard data
(JCPDS, 34-0394) of a cubic fluorite structure of CeO,. The findings
indicate a strong correlation between the diffraction patterns and
the indexing of the face centered cubic fluorite structure of CeO,
with respect to the planes (111), (200), (220), (311), (331). Never-
theless, it is apparent that all precursor elements underwent com-
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plete decomposition, as indicated by (Figure 1) corresponding to
the structure of cerium oxide (Figure 1).

Nanostructures of all samples have (111) orientation as the
peak exhibits the highest intensity and indicates a favored growth
plane. The diffractogram patterns of zinc doped cerium oxide sam-
ples do not exhibit any discernible peak that suggests the presence
of zinc or its derivatives, hence confirming the purity of zinc doped
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cerium oxide. However, the absence of any peak of Zn in the XRD
pattern confirmed that the dopant concentration of x=0.02 and
0.05 is within the solid solubility limit as confirmed by the prior
literature too [42]. Nevertheless, notable alterations were observed
in the majority of the peaks. The mean size has the CeO, nanoparti-
cles has been estimated from full width at half maximum (FWHM)
and Debye-Sherrer formula according to equation the following:
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Figure1: XRD spectrum of all the samples.

kA
=—" (3
Pcosd )

where, 0.89 is the shape factor, A is the X-ray wavelength, 8
is the line broadening at half the maximum intensity (FWHM) in
radians, and 6 is the Bragg angle. The mean size of annealed CeO,
nanoparticles was determined around 20nm. It was observed that
as zinc was incorporated in cerium oxide it increases the crystal
size for the samples gradually i.e., for un annealed cerium oxide the
approximate particle size is 12nm nm which increases 22nm for
Zn, ,Ce .0, and 23nm for to Zn, Ce ,.O,.
confirms this as it explained that Zn*? (90pm) occupying interstitial
lattice sites, which causes the lattice to expand when incorporat-

A previous literature

Table 1: Calculated parameters for all the samples.

ed in Ce™ (97pm) lattice [43]. Similar results are observed for an-
Ce,,.0 0, as size shifted to

0.02 09872 09572
24nm and 26nm respectively.

nealed samples of Zn and Zn  Ce

Moreover, it was observed in (Figure 1) that as the zinc con-
centration increases intensities of the diffraction peaks exhibited
an upward trend as well as the lattice parameter. However, there
was an overall decrease in comparison to pure cerium oxide. This
observation suggests that a higher annealing temperature supplies
ample energy for the crystallization process to occur, resulting in
the proper orientation of crystals at equilibrium sites and leading
to an increase in intensity. Several other parameters were calculat-
ed in (Table 1) for all the samples.

Sample Name Lattice Parameter a (A) Crystallite Size D (nm) DiSl%C:;ioT(ln?_f;l sity Micro Strain (€)
CeO, 5.41 12 2.36 0.0017
Zn,,Ce .0, 3.48 22 2.06 0.0016
Zn, .Ce, .0, 4.01 23 1.84 0.0015
Annealed Zn ,Ce ,.0, 3.22 24 1.71 0.0014
Annealed Zn,Ce ,.0, 3.22 26 1.45 0.0013
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SEM

Scanning electron microscopy was used to conduct morpho-
logical examination. (Figure 2) (a, b, ¢, d, e) displays the physical
structure of pure cerium oxide, un annealed Zn,,Ce0,, annealed
Zn,Ce .0, unannealed Zn  Ce .0, and annealed Zn  Ce .0,
at temperature of 900°C respectively. The morphological study of

the Zn doped cerium nanoparticles revealed some clustered cubic

Copyright© Rehana Riaz

nanoparticles for both un annealed samples. Similar results were
also observed in prior literature [44]. The morphology of pure ce-
rium oxide and annealed samples of zinc doped cerium oxide was
observed as agglomeration of small crystallites as at higher tem-
perature, small crystallites are clinging together to form a large ag-
glomerated spheroidal structure [45]. This confirms the fact that
structures obtained specific shapes when subjected to temperature
(Figure 2).

Zn, ,sCe0, at temperature of 900°C respectively.

0.05

Figure 2: SEM images of (a, b, ¢, d, e) pure cerium oxide, un annealed Zn, ,CeO,, annealed Zn, ,,CeO,, unannealed Zn, .Ce0.980, and annealed

DRS

The optical absorption spectra for samples of pure Ce0,, an-

nealed and un annealed Zn_,Ce 0, and Zn  Ce ,.0, in the wave-

length range of 200nm - 800nm are shown in figure, and figure

shows the optical band gap of all the samples at room temperature
using Tauc’s plot. The optical band gap is shown by the extra plot
of the straight line in figure. Optical properties of all the prepared
samples have been studied using UV-VIS Spectrophotometer (SHI-
MADZU 2700) (Figure 3).

g g
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Figure 3: Absorption spectra of all the samples.
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The maximum absorption peaks of the samples were observed
at wavelengths of 240nm, 250nm and 260nm, 250nm and 280nm
for pure cerium oxide, un annealed Zn, Ce O

0.02 0.98 72’
Zn,.Ce ,.0,, annealed Zn ,,Ce 0, and annealed Zn, Ce ,.0, re-

0982 0.05 09572

spectively. The slight shift in absorption peaks of Zn doped CeO, are
due to exchange interaction of d-f and d electrons of Zn** ions [46].

un annealed

The pure cerium oxide showed improved absorbance in the 200nm
- 500nm range as compared to all other nanoparticles sample.
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a represents the absorption coefficient, A represents the absor-
bance, and d represents the thickness taken as unity. To determine
the direct optical band (allowed transition), a graph is generated
plotting (ahv)? against energy (hv). It is observed that the band gap
of Ce0, nanocrystals is 3.15eV and this value increased to 3.17eV
(Zn,,,Ce,,,0,) and 3.25eV (Zn,,,
The band-edge absorption of nanoscale semiconductor materials
is mainly dependent on two factors: the quantum size and interface
effects. Generally, the quantum size effect leads to a blue shift that

Ce,,0,) for Zn doped samples.

We have,
predicts an increase of the band-gap value, while the interface ef-
ahva(hv _E ),, (4) fects induce a red shift. In this work, the quantum size effect should
o be responsible for the variation of the absorption band edge [47].
where After undergoing annealing at a temperature of 900°C, the optical
’ characteristics undergo a shift in trend, resulting in a band gap of
hy = 1240(evXnm) (5) 3.24eV and 3.31eV for Zn Ce .0, and Zn, Ce O, respectively.
A(nm) This change can be attributed to the increase in crystallite size and
alterations in morphology caused by heating (Figure 4).
and,
o= 2.3024 (6)
d
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Figure 4: Band gaps of all the samples.

Anti-Bacterial Activity

To evaluate the antimicrobial activity of synthesized different
combinations, a disc diffusion method was performed against the
resistant strain of E. coli and S. aureus (Figure 5) (Figure 6).

In the present study five compounds were studied the order of
which is represented in the (Table 2) below. Sample 6 is a base-
line according to which we can compare the effectiveness of other

samples. From the result of antibacterial activity, it is clear that all
the samples show better results of CeO, nano composites. For gram
positive, Zn .Ce ,.0, has significant inhibition efficiency for S. Au-
reus (B). However, in case of gram-negative sample i.e., E. coli (A)
graphitic carbon is high antibacterial element as compared to zinc
doped cerium oxide as its zone of inhibition is 28mm approximate-

ly from measurements (Table 2).
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Figure 5: Antibacterial activity of all the samples for E. coli.

Figure 6: Antibacterial activity of all the samples for S. auerus.

Table 2
Zone of Inhibition (mm)
Samples Numbers Sample Code Gram Positive Gram Negative
S. Aureus E. Coli

Sample 1 GO+Zn, .Ce .0, 22 28
Sample 2 Zn,.Ce .0, 15 16
Sample 3 GO+Zn, ,Ce .0, 23 17
Sample 4 Zn,,Ce .0, 14 15
Sample 5 CeO, 9 13
Sample 6 Standard

Conclusion emphasizing its potential in augmenting antibacterial properties.

In conclusion, the sol-gel synthesis and modification of ceri-
um oxide nanoparticles, incorporating zinc doping (2% and 5%)
and 1% graphitic carbon, exhibit promise in the treatment of bac-
terial infections. The increased crystallite size, particularly in 5%
zinc- doped cerium oxide post-annealing, signifies structural im-
provements for enhanced stability. Scanning electron microscopy
confirms non uniform agglomerated spheroidal structures. Diffuse
reflectance spectroscopy indicates shifts in the energy band gap,
influencing optical properties. Antibacterial assessments highlight
the superior efficacy of 1% graphitic carbon-modified cerium oxide,

These findings underscore the potential of tailored cerium oxide
nanoparticles for advanced antibacterial applications, warranting
further exploration in this dynamic field.
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