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ABSTRACT
Cerium oxide nanoparticles have unique catalytic properties which
make it a promising regenerative and a great free radical scavenger
especially in the biomedical applications. Cerium oxide catalytic
properties are affected by the relative fraction (%) of Ce3+ which in turn
depends on the particle size.
In the preset work, the catalytic properties of cerium oxide have
been improved by increasing the relative fraction (%) of Ce3+. In order to
reach this goal cerium oxide has been prepared in the nano-scale and
the effect of treating these prepared nanoparticles by ionizing radiation
of each cold plasma and gamma on the relative fraction (%) of Ce3+ has
been studied.
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INTRODUCTION
Cerium (Ce) has electronic configuration [Xe]4f26s2 and has two common oxidation states Ce3+ and Ce4+ In cerium dioxide
form it adopts cubic fluorite crystal structure and displays a range of interesting physical and chemical properties such as strong
UV-absorption [1,2], high optical transparency in the visible region [2], high refractive index, interesting redox properties, high oxygen
storage- and releasing capacity [1-4]. This is why it is a highly promising material for a wide range of applications such as electrolytes
in solid oxide fuel cells, UV-filter,fuel additives, solar cells and catalytic material [5-9].
In all these applications, the high performance of CeO2 NPs is attributed to their rich Oxygen vacancies and low redox
potential [10,11]. It is well known that O vacancies are formed due to the highly mobile nature of the surface oxygen [12,13]. Two excess
electrons, left behind by the formation of O vacancies, are localized on the 4f-state of the nearest Ce ions, leading to a valence
change in the Ce ions from Ce4+ to Ce3+ [14,15].
Many nanoparticles are being studied to test their possible application in biomedical therapy; among these, cerium oxide
nanoparticles (CeNPs) are being proven promising for their regenerative, scavenging of reactive oxygen species (ROS) [16-18]. CeNPs’
unique antioxidant/catalytic properties stem from, the coexistence of oxidation states 3+ (Ce3+) and 4+ (Ce4+), the reversible
switching between these states and the low reduction potential of ~1.52 V [17].
Cerium dioxide as a bulk crystal mainly consists of Ce4+, but reduction in size to nano-dimensions significantly enhances
the relative amount of the relative fraction of Ce3+ resulting in higher catalytic effects which are comparable to the capabilities of
biological antioxidants and highly relevant for biological processes [19,20].
CeNPs capability to switch in anti-/pro-oxidant properties can be utilized for sensitizing cancer cells for radiation therapy
while protecting normal cells, neuroprotective, cell longevity-enhancing, and anti-inflammatory properties [21,22].
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In this work we tried to increase the (Ce3+) relative fraction to improve the catalytic performance of cerium oxide by decreasing
the particle size of the prepared samples to the nano-scale.
On the other hand, the relative fraction of (Ce3+) of the prepared nanoparticles were investigated when the samples have
treated with ionizing radiation of each plasma and gamma radiation.
Among various types of plasmas, cold plasmas do not cause thermal damage to surfaces they may come in contact with [23].
Today, low temperature plasmas encompass several applications in biology and medicine [24-26]. These include: Sterilization,
disinfection, and decontamination, plasma-aided wound healing, plasma dentistry, cancer applications or “plasma oncology,”
plasma pharmacology, plasma treatment of implants for biocompatibility.
Investigators reported that the effects of low temperature plasma on biological cells are mediated by reactive oxygen and
nitrogen species (RONS) [27].
Recently the application that receiving much attention is the use of low temperature plasma to destroy cancer cells and
tumors in a selective manner [28].
Gamma rays are used for diagnostic purposes in nuclear medicine in imaging techniques. Anna Giovanetti, et al. have been
studied the mechanistic analysis of the potential effects of nanoceria against the detrimental effects of ionizing radiation, and
they found that nanoceria strongly protects irradiated cells against immediate damage, to an extent similar to the most potent
antioxidants tested. Moreover, nanoceria apparently is able to clear the population of cells surviving X-irradiation from mutation,
by impeding survival and propagation of the damaged cells [29].

EXPERIMENTAL SECTION
Sample Preparations
Cerium (III) nitrate (Ce(NO3)3·6H2O) was chosen as the precursor to prepare ceria samples by a co-precipitation method.
Some drops of ammonium hydroxide NH4OH 33% were added to aqueous solution of cerium nitrate until pH 7.4, and a purple
color start to appear in the solution turned in few minutes to a yellowish white precipitation. The collected precipitated cerium
oxide nanoparticles were washed several times with deionized water, methanol and ethanol. The precipitated particles were
separated using a centrifuge (3500 rpm for 45 minutes). A yellowish white powder of cerium oxide was obtained by drying the
collected materials at 70°C for 2 h.
Plasma Irradiation Technique
The samples were irradiated using d.c. pseudo plasma system as shown in Figures 1a and 1b. The discharge cell is a Pyrex
cylinder with a 6 cm inner diameter and 30 cm long. The cathode is a stainless steel placed in a Pyrex sleeve. The anode is a steel
mesh with 30 holes per square inch and is placed at the distance of 4 mm from the cathode. The discharge volume was pumped
to about 1.3 Pa (10−2 Torr). Its pressure, P, was controlled by a needle valve. The discharge was sustained by using a DC power
supply of 1 kV, using currents up to 50 mA. The cathode was connected to the negative potential terminal of the power supply,
whereas the anode was at the ground potential.
Small amount of the prepared ceria powder was dispersed in distilled water and then deposited on a glass strip until it is get
dried then placed in contact of the anode and exposed to the plasma.
The effect of plasma exposure time, the current of the plasma tube and the pressure of the plasma tube on the prepared
samples have been investigated, where
1. The samples were exposed to plasma in exposure time of 15 min, 30 min and 1 h at constant pressure (2 torr) and
current (30 mA).
2. Each sample was irradiated for 30 min with the same current of 30 mA and different pressure values of (2, 4, 8 and 12
torr).
3. Each sample was irradiated for 30 min with the same pressure of 2 torr and different current values of (15, 30, 40 and
50 mA) (Figures 1a and 1b).
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a
Figure 1a: Set up of plasma pseudo-discharge.

Figure 1b: plasma discharged cell.

Gamma Irradiation Technique
The prepared ceria powder samples were irradiated by γ-rays of 60Co radioactive source at room temperature using
irradiation cell (medical sterilizer type CM-20) in the cyclotron facility, Nuclear Research Center, Atomic Energy Authority, Cairo,
Egypt. The total exposure dose was (1, 2, 3, 4, 5 Gy) each sample for 10 sec. The irradiated samples were measured using the
mentioned device to study the effect of γ-irradiation on the properties of the prepared samples of nano Cerium oxide.
Characterization of the as Prepared and Irradiated Samples
X-ray diffraction (XRD): Proker D8 advance X-ray diffractometer with CuKα radiation (λ=1.5418 Å) has been used to assure
the preparation of the cerium oxide in single phase. X-ray diffraction pattern was recorded at room temperature in a wide range
of Bragg angles 2θ (20° ≤ 2θ ≤ 80°) with 0.02° step size.
From XRD analysis the crystallite size was calculated according to Scherrer’s equation as follows [18,19]:

D=

K. λ
												
β. cos θ

Where, D is the crystallite size (nm), K is the particle shape factor, taken as 0.94 for cerium oxide

[20]

(1)

, λ is the target

wavelength (nm), β is the corrected full-width at half maximum, and θ is the position (angle) of the peak at the maximum.
X-ray photoelectron spectroscopy (XPS): XPS spectra were obtained using X-ray photoelectron spectrometer (model Thermo
Scientific K-Alpha) with a monochromatic X-ray source of AlKα. The acquisition time is 10 min for all samples, number scans were
20, spot size of 400 µm, lens mode was standard, analyzer mode (CAE: Pass Energy 50.0 eV) with energy step size of 0.100 eV
and number of energy steps 601.

RESULTS AND DISCUSSION
Cold Plasma Effect on the Prepared Samples
The prepared sample has been irradiated using pseudo plasma. The effects of the irradiation time and the conditions
controlling the plasma beam of each current and pressure on the sample have been investigated.
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Characterization of samples phases: The prepared sample has been irradiated using pseudo plasma for 15 min, 30 min
and 60 min at constant pressure of 2 torr and current of 30 mA.
Effect of irradiation time on ceria samples phases - XRD: From XRD analysis the crystallite size was calculated according
to Scherrer’s equation as follows [30,31]:

D=

K. λ
											
β. cos θ

Where, D is the crystallite size (nm), K is the particle shape factor, taken as 0.94 for cerium oxide

(2)
[32]

, λ is the target

wavelength (nm), β is the corrected full-width at half maximum, and θ is the position (angle) of the peak at the maximum.
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Figure 2: XRD of the cerium oxide exposed to plasma of ionization current 30 (mA) under pressure 2 torr at different time intervals.

Figure 2 shows single phase formation of cerium oxide (CeO2) nanoparticles of cubic crystal structure when compared to the
ICDD card [04-005-4553] for samples exposed to plasma for 15 and 30 min.
The sample irradiated for 60 min showed different XRD pattern with peaks could be compared to the ICDD card [00-0231048] of the hexagonal cerium oxide (Ce2O3). After the irradiation of 60 min higher intensity of electrons reached the sample.
These electrons may cause change in the cubic crystal structure. As reported by G. Renu et al. this residual stress shifts nominally
reflection from certain planes from the expected 2θ values. In other words for low pressure plasmas, ions are accelerated toward
the sample could break the chemical bonds formed between atoms of the material [33]. Therefore, ion bombardment may remove
atoms from occupied active sites, create new sites (by creating defects) or even modify structure of the surface.
Effect of the plasma discharge current on the irradiated samples: Figure 3 Clarifies the XRD pattern of the prepared
sample exposed to plasma with different cell current at constant pressure (2 torr) and time (30 min). The increase of the plasma
cell current increases the electrons flow that hits the sample particles. Gradually the hexagonal cerium oxide (Ce2O3) of higher
Ce3+% relative fraction discussed in above section start to appear and increases with an increasing the current value.
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Figure 3: XRD of the cerium oxide exposed to plasma of different ionization current under constant pressure 2 torr at time interval 30 min.
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Effect of the plasma’s tube pressure on the irradiated samples: The increase in the cell pressure at constant current value
didn’t affect the crystallite phase in the range from 2 torr to 12 torr and the sample had the same cubic structure in this pressure
range as shown in Figure 4. This is could be due to that this range of pressure is not enough to accelerate sufficient density of
ions stream which leads to the deformation of the irradiated particles in the investigated samples.
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Figure 4: XRD of the cerium oxide exposed to plasma at ionization current 30 (mA) under different pressure values at time interval 30 min.

Oxidation state of samples irradiated by plasma: The XPS pattern in the range of (930-870 ev) of the surface atoms
binding energy has been studied to evaluate the percentage of both oxidation states of the investigated samples.
The XPS spectra were deconvoluted as shown in Figure 5. The relative fraction (%) of Ce3+were calculated from the integrated
areas under the peaks and substituting in the following equation [34].
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Figure 5: The deconvoluted XPS spectrum of cerium oxide sample.

Ce3+
								
éCe3+ ù % =
ëê
ûú
Ce3+ + Ce 4+

(3)

The relative fraction (%) of Ce3+ for the different prepared samples have been examined using the XPS technique in order to
obtain the preparation conditions produce the higher relative fraction (%) of Ce3+.
The oxidation state and the relative fraction (%) of Ce3+ of the prepared samples exposed to plasma for different time
intervals have been estimated.
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Figure 6a: XPS of cerium oxide Exposed to plasma for different time intervals.
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Figure 6b: The change of the calculated relative faction of Ce3+% with time of exposure.

Table 1, Figures 6a and 6b clarified that the increasing of the exposure time of the ceria samples to plasma, increases the
relative fraction (%) of Ce3+ to about 85%.
This is coincidence with the XRD pattern in Figure 2 where exposing the sample for time interval of 1 h increases the defects
and the oxygen vacancies.
Table 1: Relative fraction (%) of Ce3+ for plasma exposed samples for different time intervals.
Exposure time (min)
Relative fraction(%) of Ce3+

0
39.73

15
41.53

30
70.73

60
85.49

Cerium Oxide Samples Irradiated by Gamma Rays with Different Doses
Characterization of samples’ phases irradiated by gamma rays with different doses - XRD: In the present work the effect
of gamma rays on the physical and structural properties has been studied.
Nao-ceria was exposed to gamma rays of doses in range of (1-5 Gy), the range of the radiotherapy doses.
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Figure 7: XRD of the cerium oxide irradiated by gamma rays with different doses.

Figure 7 showed the XRD pattern of the prepared sample compared to the same sample irradiated by gamma rays for (16
seconds) of doses (1, 2, 3,4 and 5 Gy). The irradiated samples showed very poor sharp peaks with noise percentage compared to
the non-radiated sample. This is could be a result of the effect of high power radiation (gamma) which produced crystal distortion
and lower symmetry of the unit cell of the nano-ceria.
Oxidation state of ceria samples irradiated by gamma rays with different doses: From Table 2, Figures 8a and 8b it can
be seen that gamma rays had increased the relative fraction (%) of Ce3+ when exposed to dose of (1 Gy), this percentage didn’t
affect badly until the sample exposed to the highest dose of (5 Gy). This could be a result of the interaction of the gamma rays
with the cerium oxide material.

Figure 8a: XPS of cerium oxide Exposed to gamma for different doses.

Figure 8b: Relative faction of Ce3+% change with the exposure dose.
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The interaction resulted from either Compton effect or photoelectron effect. Compton effect, where gamma transfer its
energy to the electrons which not bound tightly enough to the atom. In the photoelectric effect, some of the gamma ray’s energy
is used to overcome the electron binding energy and the remainder is transferred to the freed electron as a kinetic energy [23].
Both interactions cause the cerium oxide samples to lose electron. This is led to a decrease in the relative fraction (%) of Ce3+, free
radical scavenging ability, and damage the cerium oxide crystal structure (Table 2).
Table 2: Relative fraction (%) of Ce3+ for gamma irradiated samples with different doses.
Exposure dose (Gy)
Relative fraction (%) of Ce3+

Nonradiated
39.73

1
43.19

2
26.5

3
24.02

4
33.99

5
9.39

CONCLUSION
Cerium oxide has been prepared in the nano scale and the particle sizes have been examined using (XRD) technique. The
prepared nano particles have been exposed to ionizing radiation of each plasma and γ-radiation.
The estimated results showed that,
− The catalytic performance and the relative fraction (%) of Ce3+ has been improved when the prepared cerium oxide
nano-particles treated with cold plasma for about 60 min.
− Also the relative fraction (%) of Ce3+ has been increased as the plasma’s tube current was minimum 30 mA.
− Nano-ceria is suitable to use in the Gamma rays applications especially in the radiotherapy as a free radical scavenger
where, the relative fraction (%) of Ce3+ was not affected badly by the gamma rays except for the largest dose (5 Gy).
− The investigated samples when treated with different doses of gamma radiation, showed very poor crystallinity and
a structure deformation because of the gamma rays high power, this effect did not appear for the plasma-exposed
sample’s crystals.
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