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Nano-pure cerium oxide CeO2 nanopowder was prepared using the sol-gel method. The purity of the resulting
powder was examined, and then copper impurities were added at concentrations of 3%, 6%, and 9% to the nano
cerium oxide to enhance its structural and optical properties in order to achieve the best physical characteristics.
Finally, the prepared pure and doped samples were tested as antibacterial agents against multiple strains of both
Gram-positive and Gram-negative bacteria. The results of this work indicate that the CeO:Cu nan powders possess
significant antibacterial properties, as they demonstrated the highest level of suppression against various pathogenic
bacteria, suggesting future applications of CeO2:Cu in nanobiotechnology as a biomaterial.
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Introduction

Cerium oxide (CeO,) is a stable, rare, and active oxide
[1] that is low cost and environmentally benign [2].
Oxidation states of cerium are tetravalent (Ce*) and
trivalent (Ce®"), in two oxide forms are CeO, and Ce;Os,
respectively [3]. CeO, has huge applications such as;
biosensing [4], antibacterial [5], solar cells [6], corrosion
inhibition [7], gas sensing [8], photoactivity [9],
supercapacitor [10]. Cerium dioxide has attracted
significant attention due to its excellent photochemical
stability [11], non-toxicity, low cost [12], and excellent
biocompatibility [13], numerous studies attributing the
main antibacterial mechanism of cerium dioxide to the
direct contact between cerium dioxide and bacterial
membranes due to the presence of oxygen vacancies
according to Frenkel's interpretation (Frenkel defects)
[14]. Besides, cerium dioxide exhibits a strong optical
spectrum in the UV-visible region in the range (from 3 to
3.2 eV) [15]. The physical and chemical properties of
cerium oxide can be modified by doping it with metal ions,

801

such as copper ions (Cu?*), which have an incomplete
(orbital-d) and can retard photogenerated charges [16].
Due to the difference in atomic radii between copper and
cerium, this facilitates precise control of the Cu?* doping
levels in cerium oxide. The oxygen vacancies are
increased and the photoactivity is enhanced by adding
copper ions to cerium oxide [17]. Cerium (58) when doped
with copper (29) replacement of the cerium atom with a
copper atom and thus the existence of a local vacuum due
to the difference in the size of the cerium ion from the size
of copper ion. This vacuum resulting from the replacement
of an atom with an atom will be filled with new energy
levels within the original energy gap of cerium oxide.
When the compound is exposed to an electromagnetic
spectrum, a local plasmon resonance will occur as a result
of the formation of these new levels within the energy gap
of cerium oxide. We clearly observe this when studying
the optical absorption spectrum of cerium oxide as in
paragraph (3.2).

Many chemical methods have been used to synthesize
cerium oxide nanoparticles such as co-precipitation [18],
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Fig. 1. Graphic abstract of pure cerium oxide powder preparation.

hydrothermal technique [19], sol-gel [20],
electrodeposition [21] and thermal chemical spray
method, hypergravity coprecipitation method etc. Among
of these techniques, we have chosen sol-gel technique due
to its low cost, easy to perform and environmental
friendliness. In this work, cerium oxide doped with metal
ion (Cu) at different concentrations (0.03, 0.06, 0.09),
which was synthesized by sol-gel method, was
investigated and its effect on its structure, morphology,
photoactivity and antimicrobial properties against some
bacteria. In addition, this review will give us an insight
into the mechanism of action of cerium oxide
nanoparticles as an antibacterial agent and help us open up
prospects for its applications in future biomedical fields.

I. Experimental work

1.1. Preparation of CeO2 nano powder

To prepare 5 g of cerium oxide nanopowder by sol-
gel method according to the following steps (in
laboratories of Ministry of Higher Education and scientific
research, in Baghdad, Iraq), 11.63 g of cerium nitrate
Ce(NOs3)3.6H.0 (molecular weight=434.23 gm/mol) was
dissolved in 100 ml of distilled water at a constant
temperature of 70 °C for about three hours, then formed of
a brown gel, the precipitate was dried overnight at 200 °C,
thus forming a black particles. The prepared material was
milled, and the next day it was calcined at 400 °C for four
hours, thus forming a gray material, as shown in Figure 1
that observed sol gel steps [20] to produce high-purity of
cerium powder.

The resulting material was milled again to obtain a
fine powder, then calcined at 500 °C for four hours, Now
the result powder is pure cerium oxide (according to XRD
tests) in yellowish color. X-ray diffraction (XRD) was
used to identify the crystalline phase and estimate the
crystal size of the prepared compound. The previous steps
are repeated in sequence for doping cerium oxide with
copper using copper nitrate Cu(NO3)23H,0O (molecular
weight=241.6 gm/mol).

The preparation of cerium oxide by sol-gel method
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has an effective and clear effect in obtaining the smallest
possible crystal size depending on the preparation
temperature and calcination temperature. Since this
research studies the bacterial effectiveness of cerium
oxide, the smaller the particle size, the more we ensure that
cerium oxide penetrates the cell wall, thus cell death.
Where cerium oxide nanoparticles act as direct
antioxidants and also act as free radical scavengers.

I1. Results and discussion

2.1. Structural Properties Measurements:

2.1.1. X-ray diffraction:

The crystalline structure for any material can be
recognized by studying the phase of (XRD) for that
material. When a beam of (XRD) from wavelength
incident on material surface, will exhibit peaks on limit
angels for each material because of reflecting of Bragg on
parallel crystalline surface. XRD instrument used in this
research is of type (Shimad Zu 6000) made in Japan, with
the following specifications: Target: Cu, Wavelength:
1.5406 A, Current: 30 (mA), Voltage: 40 (KV). The unit
cell properties and purity of the crystalline phase of CeO;
and Cu-doped cerium oxide nanoparticles (3%, 6%, and
9%) were analyzed via XRD diffraction, with results
illustrated in figure 2. The prominent peaks in the patterns
correspond to the (hkl) planes: (111), (220), (200), (222),
and (311), respectively. These results indicate that the
average sizes of CeO, and copper-doped cerium oxide
nanoparticles at doping levels of 3%, 6%, and 9% were
analyzed using XRD, yielding sizes of around 25 nm,
13 nm, 11 nm, and 17 nm, respectively.

No peaks indicative of a Cu-related impurity phase
were found, suggesting that Cu has integrated into the
CeO, matrix, as illustrated in figure 2. The average size of
pure and copper-doped nanoparticles was calculated (as
shown in table 1) from the XRD diffraction peak
corresponding to the (111) plane using the Scherrer
method, as presented in equation (1) [15]-[17].

0.9 AofXRD
B cos@
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Table 1.

Parameter of XRD

Sample Intensity 2Theata FWHM d-Spacing (A) | Crystallite size (hm)
CeO, pure 196 28.7618 0.5936 3.10146 25
Ce0,:Cu 3% 216 28.6836 1.1105 3.10974 13
Ce0,:Cu 6% 270 28.7605 1.2976 3.10160 11
Ce0,:Cu 9% 398 28.7047 0.8443 3.10750 17

Here, B is termed as FWHM (full- width at half
maximum) and 0 represents the angle of diffraction.

This change in intensity of peaks appears after the
increase in the addition of copper, thus affecting the
intensity of peak as observed in the figure 2, and this
increasing in intensity is attributed to decrease in particle
size after increase concentration of copper added as in
table 1.

From Table 1, we can see the change in the intensity
of the cerium oxide peaks after increasing the copper
addition, and this increase in intensity is attributed to the
decrease in particle size after increasing the added copper
concentration as shown in Table 1, no peaks indicating the
presence of an impurity phase associated with copper were
found, indicating that copper has been incorporated into
the cerium dioxide matrix, as shown in Figure 2.

The characteristics of CeO; are associated with its
stable fluorite cubic (Fm3m) crystal structure. Cerium
atoms are organized in a face-centered cubic (fcc) lattice,
with each cerium atom encircled by eight oxygen atoms.
Oxygen vacancies are generated within the lattice; the
emergence of Ce®* necessitates the creation of oxygen
vacancies, which facilitate the production of CeO, and
CeOy«. This characteristic enables cerium oxide
nanoparticles to undergo redox reactions, allowing their
application as catalysts for oxidation or reduction
processes. The crystal sizes measured following the
incorporation of copper into cerium oxide indicate that
copper enhances the thermal stability of cerium dioxide.
The X-ray diffraction parameters of the copper-doped
sample indicate that the estimated crystal sizes diminish
with increasing copper addition compared to the pure
sample, signifying enhanced heat stability.

2.1.2. SEM Analysis:

The technology of Scanning Electron Microscopy
(SEM) is one of the techniques used to study the size of
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particles accurately. SEM specifications used in this
research is from type (MIRA IlI - Tescan) made in Czech,
which specifications is: - Clarification power 3 nm,
Magnification power of 80-300000 times, The type of
images is either an image with secondary electrons or an
image with background electrons, Accelerated voltage:
from 50 to 30 kV. Figure 3 shows the scanning electron
microscope images of cerium dioxide and cerium dioxide
nanoparticles with copper addition. The resulting
nanoparticles showed significant agglomeration. An
increase in agglomeration was observed with the addition
of copper. This confirms the significant reduction in
crystallite size after the incorporation of copper ions into
the cerium dioxide matrix, which in turn confirms the
nanostructure of the resulting powder after the addition of
copper.

It is noted that the addition of copper improved the
physical properties in general, and this is evident in
theSEM and TEM images and even in the X-ray
diffraction analysis, as shown in Table 1, it is clear that the
grain size decreased significantly as the copper
concentration increased, and this is due to the copper
filling the cerium vacancies in the original crystal and thus
the abundance of oxygen, which plays a major role in the
structure and composition of the crystal.

2.1.3. TEM Analysis

The Transmission Electron Microscopy (TEM)
technique relies on the transmission of electrons through
the material sample under investigation. It is distinguished
by its high precision in measuring the dimensions of
various nanoparticles. The TEM employed in this research
is a Zeiss-EM10C-100KV model manufactured in
Germany. TEM analysis was conducted on CeO, and
CeO,:Cu nanopowders with varying concentration of Cu,
indicate that most particles are approximately 19 nm in
size. Notably, an increase in doping results in a reduction
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of particle sizes, as evidenced by the particle size
histogram presented in Figure 4.

This result approximately appears to be consenting
with XRD. Further substantiation the cubical phase of
CeO; powder and its phase groups, this is in good
agreement with literature data in introduction.

This result approximately appears to be consenting
with XRD. Further substantiation the cubical phase of
CeO; powder and its phase groups, this is in good
agreement with literature data in introduction. From SEM
measurements, it is clear that copper impurities improve
the crystal structure of cerium oxide. where copper has a
smaller ionic radius than cerium, when cerium is replaced
by copper, this resulting void is filled with new energy
levels to compensate for the difference in the size of the
two atoms. These levels that are relied upon to improve
the physical properties of cerium oxide in general.

2.1.4. FTIR Analysis

A Fourier Transform Infra Red (FTIR) spectrum is a
modern technology that is used in both chemistry and
physics, and can be used to determine the chemical and
spectral properties of various materials, such as amino
acids [18], where special absorptions of this type of amino
occur in a specific area of the spectrum [19], the
specifications of this instrument used in this research is
type from (sgimadzu) made in Jaban, According to figure
6 within the range of 400-4000 cm™! wavenumber which
identify the chemical bonds as well as functional groups
in the compound.

The large broad band at 3745 cm™ is ascribed to the
O-H stretching vibration in OH— groups. The absorption
is peak around 1464 cm™ is assigned to the bending
vibration of C-H stretching. The intense band at 500 cm™
corresponds to the Ce-O stretching vibration, as in table 2.
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Table 2.
Peaks of vibration of FTIR spectrum
sample £t
O-H C-C C-0 C=0 Ce-0O
CeO; pure 3745.76 1577.7 744,52 694.37 883.4
Ce0; : Cu 3% 3745.76 1577.7 748.38 690.52 852.54
Ce0O; : Cu 6% 3745.76 1570.06 -- 694.37 848.68
Ce0; : Cu 9% 3745.76 1516.05 744.52 -- 852.54

804



Study of the influence concentration difference of copper in properties of cerium nanopowder

The bands located at around 694.37, 744.52 and
1315.45 cm ™ have been attributed to the CO, asymmetric
stretching vibration, CO bending vibration and C-O
stretching vibration, respectively located at 1577.77 cm™
are attributed to carbonate species vibrations and are
clearly attenuated after calcination, indicating that the
carbonate species have been decomposed by heat
treatment. The FTIR spectra of CeO. nanoparticles
prepared by sol-gel method with different reaction time
are shown in figure 5. The bands at 545cm™ and 750 cm?
and 1379 cm? and 1539 cm® are due to the Ce — O
stretching vibrations and the band at 3412 cm™ is due to
O-H vibration of water absorbed from the moisture.

From table 2 can be noted that carbon values in the
Ce02:Cu compound disappeared for all result ratios
because of the thermal treatment of the compound.

2.2. Optical Properties Measurements

2.2.1. Absorption spectrum

UV-VIS spectroscopy serves as a highly efficient and
widely employed method for characterizing nanoparticles,

primari ly due to the relationship between their optical
properties and various factors such as size, shape, and
aggregation rate. The optical features of metal and metal-
semiconductor nanostructures are significantly affected by
localized surface plasmon resonance (LSPR) [20]. The
reliability and ease of use of this technique render it a
favored option for analyzing the properties of
nanoparticles [21]. LSPR is defined by a pronounced
increase in the absorption and scattering of light by nano-
objects at a specific wavelength of incident light [22]. This
phenomenon occurs when the incident light resonates with
the natural frequency of electron oscillations on the
surface of the nanostructure, as in figure 6. It is important
to note that an increase in copper content results in a shift
of the absorption maximum position in figure 6. This
behavior is frequently observed in the spectra of
nanocomposites where the size of the nanoparticles is
approximately 100 nm [23]. Furthermore, the absorption
peaks tend to shift towards the higher energy (shortwave)
region due to the formation of more complex (aggregated)
nanostructures [24]. The implications of these shifts are
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critical for understanding the optical behavior of
nanoparticles in various applications. Overall, the insights
gained from UV-VIS spectroscopy are invaluable for
advancing the field of nanotechnology.

Figure (6-a) shows the absorption spectrum of pure
CeO; nanopowder. It was observed that CeO; has two the
absorption peaks are at the wavelength (249 nm and
351 nm), i.e. it has absorption spectrum in the UV region
and visible region. It is noted that the absorbance
decreases with increasing wavelength, and this behavior is
due to the increase in the number of atoms and due to the
spread of the nanoparticles, which leads to an increase in
the number of collisions between the falling atoms [25],
the reason of this phenomenon is cerium oxide probably
having more than one activation energy (Ea), which in turn
leads to an increase in the absorbance and thus an increase
in the absorption coefficient, and thus leads to a reduction
in the energy gap of the nanoparticles as in figure (6-a)
shows a different absorption behavior of cerium oxide
doping with copper, which is attributed to the localized
surface plasmon resonance of CeOy, this special behavior
of nanopowder spectrum as it overlaps with the spectral
patterns associated with two different crystal sizes [26],
namely cerium and copper.

2.2.2. Absorption Coefficient Measurements:

Figure 6 shows the absorption coefficient spectrum of
pure CeO. nanopowder. It was observed that the
absorption edge is located at approximately the
wavelength (542 nm), i.e. in the visible region. The
observed absorption coefficient decreases with increasing
wavelength, and Figure 6 shows that this expansion is
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interpreted as an overlap between the localized surface
plasmon resonance (LSPR) patterns associated with the
difference in crystal size between copper and cerium [27]
and the changed absorption peak due to copper doping
indicates a change in the band structure, where increasing
doping concentration leads to the formation of bonds
between copper and cerium [28]. It is noted that the
density of defects in the crystal structure of cerium
increases with the increase in the concentration of copper
impurities, as the 9% sample has a larger absorption peak
compared to the remaining concentrations because tiny
size, thus leading to a smaller energy gap at this
percentage ; as in table 3.

2.2.3. Energy gap measurements

The energy gap is obtained by the relationship
between the square of the absorption coefficient and the
photon energy (ahv)? on the y-axis and the photon energy
(hv) on the x-axis, to estimate the energy gap by drawing
a tangent to the curve and the set of intersection with the
x-axis [29], as shown in Fig. 7, the optical energy gap of
pure CeO, and doped with Cu nanoparticles is shown, the
direct Eg values as shown in table(3) were obtained for the
Cu doped CeO, powder prepared with different
concentrations (3%, 6%, 9%), respectively.

From the figures above, the effect of increasing
copper impurities can be observed, as confining atoms
within the band gap leads to periodic changes in the
position of the atoms due to localized surface plasmon
resonance patterns [14][8]. We also note from table (3)
above that these defects resulting from the increased
concentration of copper impurities formed within the
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Fig. 7. Energy Band Gap of CeO>: Cu for various concentrations.
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direct band [17] led to a decrease in the band gap as shown
in figure (7).
Table 3.
Relation between concentrations and energy gap of
CeO,: Cu nanopowder

Sample concentrations Eg eV
CeO, Pure 2.63
3% 2.45
CeO,:Cu 6% 241
9% 2.39

This decrease is attributed to the formation of a new
impurity level between the valence band level and the
conduction band level, and this new level leads to a
decrease in the energy gap after adding the impurities [21].

I11. Antibacterial Tests

Many research have shown that cerium can be a long-
lasting and efficient biocide against bacteria [30], it is
safer for human cells [31] compared to other metal ions
[32][33]. Cerium oxide powder's irregular form and rough
surfaces damage bacterial membranes [34]. Also oxidative
stress is crucial to cerium dioxide's antibacterial action
[35]. Reactive oxygen species destroy nucleic acids,
proteins, carbohydrates, lipids, and other biological
components, impairing bacterial wall function and forcing
cell death [36].

Figures 8 and 9 show the influence of CeO,:Cu
nanopowders prepared by mixing bacteria with these
nanopowders on Gram-negative stains as in Figure 8 (such
as Escherichia coli, Streptococcus pneumoniae, Proteus
mirabilis, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Klebsiella pneumoniae) and on Gram-
positive stains as in Figure 9 (such as Staphylococcus
aureus, Enterococcus faecalis, and Bacillus cereus), this
tests did in laboratories of Ministry of Higher Education
and scientific research, Scientific Research Authority, in
Baghdad, Iraq. Surprisingly, the 9% Cu nanoparticles
exhibited the highest level of inhibition against all
pathogenic bacteria. This indicates that the nanostructure
of the cerium oxide powder is improved by the addition of
Cu, thereby improving its antibacterial activity. Also, the
metal oxide nanostructures exhibit a greater surface area
than their bulk counterparts, which results in increased

chemical and biological activity, as indicated by [37].
Based on these characteristics, metal oxide nanostructures
can generally effectively target cell membranes to enhance
bacterial inactivation [38]. To improve the battle against
the rising drug resistance, however, extremely effective
biomaterials must always be added to the original
materials [39]. Consequently, multiple strategies are
employed to achieve this, including the incorporation of
impurities from other nanomaterials or the regulation of
the size or structure of the prepared nanomaterials.

Form figure 8, its noted pure cerium oxide is good
inhibition on gram-negative stain bacteria and it been
better when added copper in Klebsiella and Proteus
Mirabilis and  Setreptococcus  pneumonia  and
Acinetobacter, but pure cerium oxide is not good
inhibition against E-coli and Pseudomonas aeruginosa
bacteria and its tiny tine improved after increase adding
copper, as shown in table 4, that agree with [23], [28],
[301], [39].

From previous figure 9, its noted pure cerium oxide is
good inhibition on gram-positive stain bacteria and it been
better when added copper in Staphylococcus aureus and
Bacillus cereus, but it was completely Killing in
Enterococcus faecalis, as shown in table 4, this agree with
[33], [31], [34].

Conclusions

Cerium oxide nanoparticles were synthesized using a
sol-gel method and doped with copper to enhance their
properties. XRD diffraction showed a cubic fluorite
structure, while SEM images showed spherical particles.
UV-vis absorption data showed strong and a direct band
gap 2.63 eV. The nanoparticles showed good antibacterial
activity against six strains of negative bacteria and three
strains of positive bacteria, cerium oxide vaccinated by
9% of copper nanoparticles showing the premium
inhibition zone.
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Table 4.

Effect of Cerium oxide on Negative and Positive Gram Bacteria behavior

. Effect of CeO2 nanopowder on growth of Bacteria
22l CeOzpure | CeO,:Cu3% | CeO;: Cu 6% CeO2 : Cu 9%
1| E-coli non non non low
2 |Streptococcus pneumoniae good good good high
Gram 3 | Proteus mirabilis non Completely killing | Completely killing | Completely killing
Negative | 4 | Acinetobacter baumannii High Completely killing | Completely killing | Completely killing
5 | Pseudomonas aeruginosa non low good high
6 | Klebsiella pneumoniae High Completely killing | Completely killing | Completely killing
Gram | 1 | Staphylococcus aureus non low low high
Positive | 2 | Enterococcus faecalis Completely killini Completely killing | Completely killing | Completely killing
3 | Bacillus cereus non low medium high
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JocaigxeHHs BILIMBY Pi3HUII KOHIEHTPALII MiJl HA BJACTHBOCTI
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Y Vnpasninns nayxoeux docnioocens, Minicmepcmeo euwoi oceimu ma naykosux oocriodcens, bazoao, Ipax,
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Yuctuii HaHOMopomok okcuny mepito CeO2 ToTyBanu 30ib-resib METOAOM. JIOCHiIKEHHS IPOBOAMIA IS
YHICTOTO MOPOIIKY, a Jajli O HAHOOKCHAY IEepiio AOJaBallM AOMIIIKH Mifi B KOHIEHTpawisx 3%, 6% i 9% s
MOKpaNIeHHs] HOr0 CTPYKTYPHHMX 1 ONTHYHUX BJIACTUBOCTEH, 3 METOI0 JOCSATHEHHS HaWKpammx (Qi3sHIHIX
xapakTepucTuK. [liroToBNeHI YKMCTI Ta JIeTOBaHi 3pa3ku OyiM MPOTECTOBaHI K aHTHOAKTEpiaibHi 3aCO0H MPOTH
0araTboX IITaMiB K TPaMIIO3UTHBHUX, TaK i TpaMHETaTUBHUX OakTepiil. PesynpraTty niel po6OTH MOKa3yIOTh, IO
HaHonopouk CeO2:Cu  BOJOAIIOTH 3HAYHMMH aHTHOAKTEPiaJIbHUMH BJIACTUBOCTSMH, OCKIIBKH BOHH
MPOAEMOHCTPYBAIM HAWUBHUINMHA piBeHb MPUTHIYEHHS PI3HUX HAaTOTCHHUX OakTepiil, mo mependavyae MaiiOyTHe
3acrocyBanHs CeO2:Cu B HAHOOI0TEXHOJIOTISIX sIK GioMarepial.

Kurouosi ciioBa: Oxcup 1epito, 301b-TelIb, HAHOIIOPOLIOK, €HEPTeTHYHHI pO3PUB, aHTHOAKTEpiaTbHUIH PiCT.
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