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Abstract. Herein, reliable work has been carried out on the synthesis of cerium-oxide (CeO;) nanoparticles (NPs) via
hydrothermal and co-precipitation methods. We emphasize the highly adequate hydrothermal method for synthesizing
CeO7 NPs for biomedical applications. Absorption spectra showed peaks at 283 and 274 nm, which confirm the formation
of CeOy NPs for hydrothermal (HYNPs) and co-precipitation (CONPs) methods, respectively. Functional group analysis
firmly showed the presence of organic and inorganic species, which revealed similar characteristics of both HYNPs and
CONPs. The cubic structure and the average crystallite size of the synthesized NPs are determined using Scherrer’s and
Williamson—Hall methods. The obtained average particle size is compared by using high-resolution transmission electron
microscopy, which is around 10 and 5 nm for HYNPs and CONPs, respectively. Further, we studied their antimicrobial
activities and consequently, the synthesized CeO, NPs showed excellent antimicrobial activities. Moreover, HYNPs yielded
promising antioxidant activity with the lowest ICsy as compared with CONPs. Owing to the biological activity of CeO»
NPs, HYNPs act as best therapeutic agents in biomedical applications as well as its vital role in antibiotics.
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Introduction hydrothermal [9,10], co-precipitation [11], reversed micelle
reaction [12], template-assisted precipitation [12], sol-gel
Nanostructural —rare-earth  materials have extensive [13], spray drying system [14], plasma spray technique [15],

applications because of their unique and exceptional char-
acteristics. The interfacial properties of rare-earth inorganic
nanoparticles (NPs), and effects on the rate of reaction medi-
ated on the surface and size-dependent change in crystallinity
of NPs are some of them. Hence, these materials with a
high surface-to-volume ratio and quantum size effect at the
nanoscale enhance interfacial reactivity [1] and show good
optical, mechanical, biomedical, physical and catalytic appli-
cations [2,3]. Among them, cerium is one of the best rare-earth
elements. Generally, nanoceria is prevalent, because of its
unique properties such as being a good oxide ion conductor
in solid oxide fuel cells [4] and as gas sensors [5]. It also
has wide band gap energy which in turn leads to its UV
absorbing ability, high-thermal stability, hard in nature and
catalytic reactivity [6,7]. However, upon variation in its mor-
phologies, ceria exhibits physicochemical properties, which
enables application as catalysts in an emission control sys-
tem, ultraviolet blocking materials, solar cells and sunscreen
cosmetics [8].

Recently, nanoceria has been synthesized using various
methods and also to improve its physical-chemical proper-
ties by different methods. Some of the important methods are

microemulsion procedure [16], self-assembled system [17],
solvothermal [18] and thermal decomposition [19]. Employ-
ing these methods over the past few years, cerium oxide
(CeO,) nanostructures such as NPs, nanorods, nanowires,
nanotubes, nanocubes and nanospheres have been synthe-
sized. CeO, NPs synthesized by sol-gel were studied for
their catalytic activities and electrochemical characteristics to
develop high-sensitivity, third-generation biosensors [20,21].
Electrochemically synthesized CeO, NPs, or a part of them,
are used as transducers in sensors [22]. The robust solution
synthesized ultrathin CeO, NPs are used for high oxygen
storage capacity because of their high surface area-to-volume
ratio [23]. At the surface, CeO, NPs have high-oxygen mobil-
ity and a large oxygen diffusion coefficient, which help in the
conversion of the valence state of cerium and then allow oxy-
gen to be released or stored [23]. Using a green approach,
monodisperse ceria hollow spheres are synthesized and their
photocatalytic activity is enhanced [24]. CeO, NPs were syn-
thesized and benefits of their physical-chemical properties
were reviewed in many fields. Over the past few years, CeO,
NPs have been synthesized and their emerging properties have
been reported; based on these properties CeO, NPs have found
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application in bio-analysis and biomedical fields [22]. The
solution combustion synthesized CeO, NPs have application
in retinopathy, biosensors and cancer therapy [25]. Further,
the synthesis of different types of nanoceria shows the inter-
actions with molecules such as proteins, anions and lipids
[26].

Over the past decade, scientists have showed significant
interest in the medical field using CeO, NPs because of their
promising antimicrobial activities and regenerating antioxi-
dant properties which have been discussed earlier [27]. Fine
crystallites of CeO, with a nano-nature make them very potent
and useful materials in various fields. However, there are some
difficulties in synthesizing CeO, NPs, namely, expensive raw
materials, complex processes, processing parameters, low-
yield production, high-energy consumption, non-eco-friendly
and high-cost of production. These cumbersome processes
involved had motivated us to synthesize CeO, NPs by using
very simple, one-step and economic methods.

Herein, we focus on hydrothermal and co-precipitation
methods to synthesize CeO, NPs. We report a simple and
eco-friendly method. After the synthesis of CeO, NPs we
subjected samples to the spectral characteristic analysis of
optical, functional groups and morphological, compositional
and thermal behavioural studies. Later, based on these results
both HYNPs and CONPs are evaluated for their biological
activities particularly antimicrobial and antioxidant studies
with an aim to select the most suitable CeO, NPs for biomed-
ical applications.

2. Materials and methods

CeO, NPs were synthesized using hydrothermal and co-
precipitation methods. The materials used are as follows:

e cerium(IIl) nitrate hexahydrate (Ce(NO3)s - 6H,0)
e sodium hydroxide pellets (NaOH)
e cthanol (CH3;CH,OH).

Materials were purchased from HIMEDIA Laboratories Pvt.
Ltd., Mumbai, India. All chemicals were of AR grade and
used without any further purification. Deionized water was
used for the preparation of suspension and solution.

2.1 Synthesis of CeO, NPs

2.1a Hydrothermal method: In brief, the procedure is as fol-
lows: 4.34 g of Ce(NO3)3-6H,0 (1 M) was dissolved in
10 ml of deionized water. To prepare NaOH solution, 0.04 g
of NaOH (0.1 M) pellets was dissolved in 10 ml of deionized
water. The prepared NaOH solution was added dropwise to
a cerium precursor with continuous stirring. The mixtures of
both solutions were stirred at ambient temperature for a few
minutes. Then the obtained light brown-coloured solution was
transferred to a 25 ml Teflon-lined stainless-steel autoclave;
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the autoclave was sealed and placed in an oven for 3 h at a
temperature of 180°C and on cooling the precipitate obtained
was centrifuged several times continuously using deionized
water and once with ethanol to remove organic molecules
present on the surface of the product. Finally, the product was
heated at 60°C for 60 min using a laboratory oven to evaporate
the water content. The resulting hydrothermally synthesized
light brown powder was further used for various characteri-
zation techniques.

2.1b Co-precipitation method: Initially, to synthesize CeO,
NPs using the co-precipitation method, the cerium precur-
sor was prepared by dissolving 2.17 g of Ce(NO3)3-6H,0O
(0.5M) in 20 ml of deionized water, the solution was subjected
to stirring and then 0.04 g of NaOH (0.1 M) was dissolved
in 5 ml of deionized water. This NaOH solution was added
dropwise to the stirring cerium precursor. The mixture of pre-
cursor and NaOH solution was being continuously stirred
for 30 min. The obtained antique white solution was kept
overnight for particles to settle down and then the precipi-
tate was centrifuged and washed several times with deionized
water and once with ethanol to remove organic impurities.
The final product was heated at 60°C in a laboratory oven
for 60 min to obtain CeO, nanopowder which was used for
further characterization techniques.

A schematic diagram of the synthesis of CeO, NPs
using hydrothermal and co-precipitation methods is shown
in figure 1.

2.2 Characterization techniques

2.2a Energy band gap studies: UV-Visible spectroscopy was
performed for the study of the absorption maxima and energy
band gap, which were calculated by using UV-Vis absorp-
tion spectra in the wavelength range of 200-600 nm using a
UV-Vis spectrometer (model: V-670 Jasco) at Karnatak Uni-
versity, Dharwad, Karnataka, India.

2.2b Functional group analysis: Fourier-transform infrared
(FT-IR) absorption bands for the synthesized CeO, NPs were
recorded using KBr powder. The FT-IR spectra were recorded
in the range of 4000—400 cm™' using a FT-IR spectropho-
tometer (model: Nicolet 6700) at USIC, Karnatak University,
Dharwad, Karnataka, India.

2.2c Grain size and structural studies: The crystal structure
or phase evolution and crystallite size of the synthesized CeO,
NPs were analysed at a scanning rate of 0.02°s~! in the range
of 20-80° using Cu-Ka radiation (A = 1.5406 A) from a pow-
der X-ray diffractometer (model: Shimadzu 7000) at Tumkur
University, Tumkur, Karnataka, India. The peaks of XRD
were compared and analysed by using PCPDFWIN software.

2.2d Surface morphological studies: The particle size and
morphology of the synthesized CeO, NPs were examined
at an operating voltage of 200 kV using transmission elec-
tron microscopy (TEM) (model: JEOL/JEM 2100) at STIC,
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Figure 1. Graphical representation of the synthesis of HYNPs and CONPs.

Cochin, Kerala, India. Further, by using PIXEL software TEM
images were analysed.

2.2e Thermal and stability analysis: Thermal stability and
decomposition of CeO, NPs were analysed using thermo-
gravimetric analysis (TGA) (model: SDT Q600) and differen-
tial scanning calorimetry (DSC) (model: Q20 V24.10 Build
122). TGA was recorded in the temperature range of room
temperature to 700°C. DSC was recorded from room tem-
perature to 500°C at USIC, Karnatak University, Dharwad,
Karnataka, India.

2.3 Biological activities

2.3a Antimicrobial activity: An agar well diffusion method
is used for antimicrobial analysis. Herein, we have con-
sidered five microorganisms for antimicrobial assessment:
for antibacterial studies, Staphylococcus aureus and Bacillus
subtilis as Gram positive bacteria and Escherichia coli and
Pseudomonas aeruginosa as Gram negative bacteria are con-
sidered. For antifungal studies, yeast Candida albicans was
used. Initially, 100 w1l of test organisms were swab inocu-
lated onto the sterile nutrient agar Petri plates for bacteria
and potato dextrose agar for fungi, for which four wells
were bored. Four different concentrations (125, 250, 375 and
500 g ml~! in sterile distilled water) of the synthesized CeO,
NPs were deposited onto the labelled wells, respectively. After
that, the plates were incubated at 37°C for 24 h for bacteria
and at 27°C for 48 h for fungi. Later, we measured the antimi-
crobial activity of the synthesized CeO, NPs by measuring the
zones of inhibition in millimetres using a scale.

2.3b Evaluation of the antioxidant activity of CeO, NPs using
the 1,1-diphenyl 2-picrylhydrazyl (DPPH) radical scaveng-
ing method: The DPPH method was initiated for studying
antioxidant activities of the synthesized CeO, NPs and it was
analysed on the basis of the free radical-scavenging activity
(RSA). The solution of DPPH was prepared according to our
previously published paper [28]. Here, 2 ml of DPPH solution
was added to 1 ml of different concentrations (100, 200, 300,

400 and 500 wg ml~!) of the synthesized CeO, NPs. Ascorbic
acid (100, 200, 300, 400 and 500 pg ml~") was used as a ref-
erence. The mixture of 1 ml distilled water and 2 ml DPPH
solution was used as the control. The reaction mixture was
mixed and incubated at room temperature in the dark for
30 min. The absorbance was analysed spectrophotometrically
at 517 nm.

The antioxidant activity of the synthesized CeO, NPs was
estimated based on the percentage of DPPH RSA by the fol-
lowing equation:

BRSA — Control absorbance — Sample absorbance

Control absorbance
x 100

SPSS software (version 20.0) was used for statistical analysis.
Experiments were carried out in triplicates, and the data were
expressed as mean =+ standard deviation by one-way analysis
of variance. Tukey’s multiple comparison tests were used to
determine significant differences between the standard and
synthesized compounds. Correlation analysis was carried out
using Pearson’s correlation analysis using p = 0.01.

3. Results and discussion

3.1 Energy band gap studies

UV-Vis spectrophotometry was carried out to study the
energy band gap and also for preliminary confirmation
of the presence of CeO, material, the absorption max-
ima (Ap.x) were observed for both HYNPs and CONPs.
For both the cases, UV-Vis spectra of CeO, NPs were
recorded using ethanol as a solvent at ambient temperature
and absorption maxima were found to be 283 and 274 nm for
the hydrothermal and co-precipitated methods, respectively
(figure 2a).

The band gap energy of the CeO, NPs was estimated by
the Kubelka—Munk transformation method. Optical absorp-
tion (o) is used as a function of band gap energy (hv) of
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Figure 2. (a) UV-Vis spectra of HYNPs and CONPs and (b) Tauc’s plot for HYNPs and CONPs.

the synthesized CeO, NPs and is expressed by the following
equation:

n

oahy = A(hv — Eg)

where « is the absorption coefficient; 4 v is the photon energy;
A is the constant; E, is the band gap energy and n is the nature
of transition; n = 1/2 for allowed direct transition and n = 2
for allowed indirect transition [29,30].

For the CeO; NPs, the direct band gap energy (E,) was
determined by fitting the absorption data to the direct transi-
tion equation and the graph of (ahv)? vs. hv is plotted. The
band gaps of CeO, NPs synthesized by the hydrothermal and
co-precipitation methods were estimated by extrapolation of
the linear portion of the curve towards absorption equal to
zero, which gives E, for direct transitions and is shown in
figure 2b. This is also known as Tauc’s plot. The estimated
direct band gaps of the HYNPs and CONPs were found to be
3.85 and 2.69 eV, respectively.

3.2 Functional group analysis

FT-IR spectroscopy was performed to analyse the presence of
functional groups, which exhibits the characteristic vibration
bands of organic and inorganic species. The IR spectra of
HYNPs and CONPs were recorded by the KBr pellet method
in the range of 4000400 cm™! at a resolution of 2 cm™'. The
FT-IR spectra of HYNPs and CONPs are shown in figure 3.
The observed IR bands are tabulated in table 1. Both spectra
are analysed and all vibration modes are in good agreement
with the literature [8,31-33].

Due to the use of the same chemicals in both methods the
resultant samples provide unique and desirable results. Hence,
there is not much appropriate alteration in the occurred peaks
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Figure 3. FT-IR spectra of HYNPs and CONPs.

and no main significant differences between the spectra of
HYNPs and CONPs.

3.3 Grain size and structural studies

X-ray diffraction (XRD) was used to determine the existing
crystallite phase of the synthesized CeO, NPs. XRD pat-
terns of CeO, NPs which are obtained using hydrothermal
and co-precipitation methods are shown in figure 4a and b,
respectively. From the XRD pattern of the hydrothermally
synthesized CeO, NPs, we observed a series of characteris-
tic peaks: 28.54 (111), 33.05 (200), 47.47 (220), 56.33 (311),
59.07 (222), 69.40 (400), 76.68 (331) and 79.06 (420) and
for the co-precipitation method: 28.46 (111), 32.96 (200),
47.26 (220), 56.10 (311), 58.80 (222), 69.62 (400) and 77.04
(331). These are the Bragg’s angles (20) and their corre-
sponding Bragg’s reflection plane values (hkl), respectively.
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Table 1. Spectral region and their corresponding band assignments
of HYNPs and CONPs.

HYNP spectral CONP spectral Functional

region/wavenumber region/wavenumber group/band

(em™) (em™) assignment

3437 3445 O-H stretching
vibrations
(absorption of
moisture)

2922 2931 Methyl C-H
asymmetric
stretching

2857 2852 Methyl C-H
symmetric stretching

2431 2425 C—C stretching

1635 1635 O-H stretching
vibration

1384 1384 N-Oj3 stretching
(nitrate)

1113 1118 Ce—OH overtone

1056 1053 C-0 bending (alcohol)

841 841 C-0-O0 stretching
(peroxides)

451 479 Ce-O stretching
(vibration)

These values are in accordance with the Joint Committee
on Powder Diffraction Standards (JCPDS file no. 81-0792),
which indexed that the synthesized CeO, NPs are with a
face-centred-cubic structure. No other peaks of impurity are
observed, suggesting that high-purity CeO, was obtained.
Also the reflection peaks are sharp, so by the broadening
of the X-ray line of reflections the average crystallite size
of the sample was calculated. XRD data can be utilized to
evaluate the average particle size of the CeO, NPs. Herein,
we calculated the crystalline size by Scherrer analysis and
the Williamson—Hall (W-H) method using the broadening of
peaks in the XRD pattern.

3.3a Crystallite size using Scherrer’s method: The particle
size of the CeO, NPs was determined using the XRD peak.
We have calculated average particle sizes of CeO, NPs using
Scherrer’s equation:

b— kn 091
"~ (BcosO)  (Bcosh)

where D is an average particle size, A is the wavelength of Cu-
Ko radiation (0.15406 nm), k is the shape factor (k = 0.9), B
is the full-width at half-maximum (FWHM) and 0 is Bragg’s
angle of the peak. The crystallite size was estimated from the
line broadening of the maximum intense peak at the (111)
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plane. The estimated average crystallite size of HYNPs and
CONPs is 9.53 and 5.4 nm, respectively.

3.3b Crystallite size by W-H method: In addition to the X-ray
peak broadening, the crystallite size and lattice strain are the
two independent parameters that contribute to the total peak
broadening. The W-H method will assume that the strain is
present in the material and it is uniformly distributed. The
strain-induced line broadening S is given by the relation S
= 4¢ tan Oyy;. The total peak broadening is the sum of the
contributions of the crystallite size and the strain present in
the material. The W—H equation for the uniform determination
model is given by [34-37]

kA .
BscosO = ) +4esin6

where S is the FWHM, 6 is the Bragg’s diffraction angle,
k is the shape factor, X is the wavelength of radiation, D is
the crystallite size and ¢ is the lattice strain. Fitting a plot by
taking 4 sin 6 vs. Bs cos 6 is shown in figure 4c and d for the
hydrothermal and co-precipitation methods. The crystalline
size is obtained from the intercept value of the plot. The esti-
mated size of the HYNPs and CONPs was 9.66 and 7.02 nm,
respectively.

3.4  Surface morphological studies

The morphology and the nano-nature of the synthesized CeO,
NPs were further examined by TEM. The TEM overview
image of HYNPs is shown in figure 5a along with the selected
area electron diffraction (SAED) pattern in figure 5b and it is
confirmed that NPs are regular and uniform in morphology
with a cubic structure. The average size of the CeO, NPs is
found to be 10.5 nm. In figure 5b, we observed the bright spot
and intense rings which indicate that the sample is well crys-
tallized in nature. Figure 5c shows the TEM overview image
of CONPs. In this figure, we observed that CONPs are nar-
row in size distribution, which is randomly oriented. It may
indicate that CeO, NPs are well crystallized. But most of the
NPs were aggregated, due to the non-dispersion of the parti-
cles in a solvent before the sample preparation for TEM. The
average particle size of CeO, NPs is found to be 5.78 nm.
Figure 5d presents the SAED pattern of CONPs, representing
the rings which could be attributed to reflections of the struc-
ture of CeO,. The broadening of the diffraction rings which
are less intense than the rings shown in figure 5d suggests that
the particles are small and/or are of low crystalline in nature
[8,37].

3.5 Thermal and stability analysis

To study the thermal characteristics of CeO, NPs, we car-
ried out TGA and DSC. The sample was allowed to heat at
a constant rate of 10°C min~'. To avoid any premature heat-
ing, it is important to use an inert gas for performing this



24 Page60f 10

a soo

HYNP

(111)

700 -

600

(220)

500

400 4

Intensity

300 +

200 4

100

0 10 20 30 40 50 60 70 80 a0

001454 = HYNP

0.0140
0.0135
E 0.0130 -
0.0125

¥=0.0147-7.35TE4 X
0.0120

0.0115

T T T T T

T T T L
08 10 12 14 16 18 20 22 24 26
4sin0

Bull. Mater. Sci. (2020) 43:24

b 22
=
2004 < CONP
180 -
160 Fy
~
N —
2140 z
@ o
=
120 4
=
100 -
80 -
60
40 T Ll T T T T T T
0 10 20 30 40 50 60 70 80 90
20
0.035 . CONP
0.030
0.025
%
§ 0.020 4 Y=0.008+0.003E-4 X
0.015 /
-
. - =
00104 " «
L} L) L] T L)

T T L) T
08 10 12 14 16 18 20 22 24 26
4sin0

Figure 4. XRD pattern of: (a) HYNPs and (b) CONPs and W-H plot for: (¢) HYNPs and (d) CONPs.

study. For TGA of HYNPs and CONPs, about 5.5 mg of NPs
was placed in a pan and heated from room temperature to
700°C. In the temperature region between room temperature
and 50°C, 5.76% of weight loss was observed for HYNPs.
For CONPs there is 7% weight loss observed in the temper-
ature range of room temperature to 70°C. This is due to the
evaporation of absorbed moisture. Next for both cases, up to
320°C 3.8 and 6.8% loss is observed for hydrothermal and co-
precipitation NPs, respectively, which indicate the removal
of water molecules adsorbed by the NPs. Finally, at 320-
700°C there is a weight loss of 2.6% for HYNPs and 1.4%
loss for CONPs. This minor weight loss is due to the break-
down of agglomerated organic surface impurities present in
the NPs or combustion of organic residues. Totally 12.16 and
15.4% of weight loss was observed for the NPs synthesized
by hydrothermal and co-precipitation methods, respectively.
Based on the DSC thermograph, each sample shows endother-
mic peaks. For HYNPs there are two broad endothermic
peaks observed at ~200 and ~340°C. For CONPs there are
two broad endothermic peaks observed at ~67 and ~315°C
[30,32,37].

These endothermic peaks were attributed to the evapo-
ration of observed water and dehydration of dried organic
matter. Figure 6a and b shows the TGA and DSC curves of

the corresponding HYNPs and CONPs, respectively. There
is a remarkable difference in the thermal properties of the
NPs synthesized by hydrothermal and co-precipitation meth-
ods. That is, up to ~400°C HYNPs are more stable than
CONPs.

3.6 Biological activities

3.6a Antimicrobial assessment. The antimicrobial assay of
the synthesized CeO, NPs was evaluated against the four
pathogenic bacteria. Gram-positive bacteria S. aureus and B.
subtilis, Gram-negative bacteria E. coli and P. aeruginosa and
fungi C. albicans showed zones of inhibition on the culture
plates which indicate that the NPs are having potent antimi-
crobial strength.

The microbial efficiency of CeO, NPs normally depends on
their surface area, size, shape, etc. This interaction between
NPs and microbial will observe the inhibition of microbial
growth and also the reactive oxygen species generation, which
leads to cell death. Our findings are in accordance with Thill
et al [38], who suggested three types of interactions between
bacteria and Ce NPs: (1) adsorption, (2) oxi-reduction and
(3) toxicity. Herein, we have shown that HYNPs have higher
antibacterial activities compared to CONPs. As discussed by
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Lian Wang and Sang-Hocha et al, the shape of the NPs plays  is also dependent on the shape of the synthesized NPs. As
a very crucial role. They have been reported that the antibac- ~ we have shown in the TEM images of HYNPs and CONPs
terial strength is not only dependent on the NPs, instead it in figure 5a and c, respectively, there are morphological
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Table 2. Antimicrobial activities of HYNPs and CONPs.
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S. aureus B. subtilis E. coli P. aeruginosa C. albicans
. HYNPs CONPs HYNPs CONPs HYNPs CONPs HYNPs CONPs HYNPs CONPs

Concentration

(ngml~") Zone of inhibition in mm

125 15£068 13£0.75 20+£0.64 18+0.74 14+£0.71 13+0.83 10+0.73 — — —
250 17£072 14+£084 25+0.76 21+£0.82 17+£0.73 16+0.87 12+0.97 11+0.88 — —
375 19+088 15+£096 29+£092 25+1.02 194084 18+£096 15+1.02 14+094 11+1.32 —
500 20+£1.02 16+£1.08 32+1.05 30+£1.12 23+096 20+ 1.11 20121 17+1.14 13+1.02 —

Figure 7. (a) Antibacterial activity of HYNPs with B. subtilis, (b) antifungal activity of HYNPs
with C. albicans, (¢) antibacterial activity of CONPs with B. subtilis and (d) antifungal activity of
CONPs with C. albicans.

differences between them. The HYNPs are well dispersed
and uniform in nature with a cubic structure looking like
nanocubes. CONPs are randomly oriented, aggregated and
they look like NPs or spheres. Among these two, we observed
the potent bacterial activity for hydrothermally synthesized
nanocubes compared to the co-precipitation synthesized
NPs. Based on the surface morphology, the intermolecular
interactions vary with bacteria [39]. Therefore, based on
the shape, we may predict that HYNPs (nanocubes) will

get much exposed stable reactive planes. As reported, to
form oxygen vacancies very less energy is required for the
stable planes on the surface. Therefore, HYNPs will have
good interaction with the bacteria; and CONPs have less
exposed planes on the surface [40] and less interaction with
bacteria. This indicates that the HYNPs exhibit a potent
antimicrobial activity to kill microorganisms as compared
to the CONPs. Also, the compounds showed comparatively
higher antimicrobial activity for the Gram-positive bacteria
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as compared to that of the Gram-negative ones and very less
active for the yeast and hence can be stated that these NPs
are more active as the antibacterial agents. Further, we also
observed the concentration-dependent antimicrobial activi-
ties. Herein, we observed a maximum zone of inhibition
for the higher concentration which is shown in table 2. The
antimicrobial activities of HYNPs for (A) B. subtilis and (B)
C. albicans, and of CONPs for (C) B. subtilis and (D) C.
albicans images are shown in figure 7a—d.

3.6b Antioxidant assessment: We have studied the radi-
cal scavenging assessments for ascorbic acid, HYNPs and
CONPs using the DPPH for five different concentrations (100,
200, 300, 400 and 500 pg ml~"). The residual DPPH could
be quantified by comparing absorbance at 517 nm against
the blank, and the percent inhibition could be calculated.
RSA assessment of ascorbic acid, HYNPs and CONPs is
shown in figure 8 with an error bar and in the same graph
the statistics bar shows the significance of that. We found
a significant difference among the respective materials. The
DPPH value increases as the concentration increases. The
recorded value for the lowest concentration is 100 jug ml~! for
HYNPs and CONPs; their scavenging activities were 39.37 +
0.47 and 31.78 +£ 1.43, respectively. Comparatively, HYNPs
possessed a higher scavenging activity compared to CONPs.
Thus, HYNPs act as potent antioxidants compared to CONPs
and they may be useful for the treatment of several diseases.

4. Conclusion

The present investigation concludes that CeO, NPs were
successfully synthesized through hydrothermal and
co-precipitation methods. The results obtained from both
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methods were analysed and compared. Herein, we noted the
following results:

e Initially the presence of CeO, NPs is confirmed by
UV-Vis spectroscopy and from Tauc’s plots, it is
confirmed that HYNPs have higher band gap energy
compared to CONPs.

e FT-IR analysis revealed the presence of Ce—O bands,
O-H bands, C—H bands, nitrates, and noted that there
are no significant differences in both the synthesized
CeO; NPs from hydrothermal and co-precipitation
methods.

e XRD data determined the size of the synthesized CeO,
NPs, both are having the face-centred-cubic struc-
ture. Further, using XRD data the crystallite size was
calculated by Scherrer’s method, W—H method and
compared by TEM analysis.

e Hydrothermally synthesized NPs have almost the same
particle size by Scherrer’s method, W-H method
and TEM analysis, which strongly concludes that
hydrothermally synthesized NPs are well crystallized
in nature and thus no agglomeration of particles.

e TGA/DSC studies found that the HYNPs are more sta-
ble than CONPs.

e The HYNPs showed more potent antimicrobial activ-
ities for the four pathogenic bacteria compared to the
CONPs.

e Comparatively, the antioxidant properties of HYNPs
are more potent than those of CONPs.

Based on the above findings, we suggest that the hydrother-
mal method is a very simple, eco-friendly, cost-effective and
one-step synthesizing method with all potent results. Further,
due to their antimicrobial activities against bacteria we can
say that the synthesized CeO, NPs can be used in medicine
as therapeutic agents and fungi-evaluated in vitro studies due
to their potent antioxidant activities.
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