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ABSTRACT

Surface self-regeneration of CeO2 nanocomposites based on redox-cycling

between Ce3? and Ce4? has gingered its wide application and relevance. In this

study, rerouted facile green synthesis approach was employed to prepare

nanocomposites of CeO2 with chitosan (CS) solutions of ascorbic acid (AAC)

and citric acid (CAC). The XRD studies show that pure chitosan, CeO2/CS/

AAC, and CeO2/CS/CAC were polycrystalline, with calculated crystallite sizes

of 42, 28, and 35 nm, respectively. Meanwhile, CeO2/CS/AAC, and CeO2/CS/

CAC were triclinic and hexagonal, respectively. Also, HR-TEM shows spherical

nanostructures as well as a globular polycrystalline porous morphology

revealed by SEM images. Moreover, the optical properties from UV–Vis spec-

troscopic studies showed peaks at 214, 292, and 351 nm corresponding to

bandgap energies of 5.79, 4.21, and 3.53 eV, respectively. The wide energy

bandgap obtained in the study is typical for rare-earth elements and the

improved electronic properties of the material is promising for application in

electronic/semiconducting devices.

Abbreviations

CeO2 Cerium oxide

CS Chitosan

AAC Ascorbic acid

CAC Citric acid

1 Introduction

Metal oxide nanocomposites are a class of inorganic

nanocomposites that have been extensively studied

for many years [1]. Due to the high chemical reac-

tivity of metal ions, they can be transformed into

various oxides bearing intriguing physical, chemical,
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and electronic properties as well as crystallographic

forms owing to their small sizes and tunable mor-

phologies [2, 3]. However, the incorporation of rare-

earth metal oxide nanocomposites into other systems

have gained attention due to their semiconducting

properties emerging from the unpaired 5d electron

transiting between the lanthanide metal ions and

their specific application in electronic devices [4, 5].

Cerium oxide (CeO2) is an imperative n-type semi-

conductor metal oxide material characterized with

interesting properties such as biocompatibility, high

isoelectric point, wide bandgap, non-toxicity, brilliant

electronic conductivity, and high chemical and elec-

trochemical stabilities [6–8]. Additionally, the low

temperature of processing, tunable functionalities,

optical transparency, chemical inertness, thermal

stability, and outstanding redox property between

Ce4? and Ce3? which promotes high oxygen storage

capacity, and oxygen vacancy mobility have chiefly

engineered the preparation of CeO2-based

nanocomposite [9], which is also helpful in retarding

the recombination of photogenerated electron–hole

pairs [10, 11]. These unique properties have necessi-

tated the fabrication of nanostructured CeO2 for

many applications including sensors [12, 13], fuel cell

technology [14, 15], supercapacitors [16], photocata-

lysts [17] and biomedical fields [18], etc.

The synthesis of polymer/nanocomposite materi-

als is very important in advanced material science as

the novel materials combine both the unique prop-

erties of the metal precursor and the polymeric

material [19], i.e., the polymer matrixes can act as

stabilizers/capping agents that prevent aggregation,

agglomeration and impact uniform size distribution

in the preparation of the metal nanocomposites [20].

Chitosan is a natural cationic biopolymer made up of

abundant primary amino (NH2) and hydroxyl (OH)

groups in its skeletal backbone and is generally sol-

uble in acidic media [21]. Thus, it is non-toxic and

hydrophilic with the special ability to interact with

metal ions or other materials to form solutions by

ionic/electrostatic interaction, hydrogen bonding, or

via metal-chelate complexation reactions [22, 23].

Also, the biopolymer can serve as a good host

material for semiconductor nanostructured devices

due to its biocompatibility and biodegradability

properties and have been widely applied for charge

trapping layer in photoinduced systems [24]. Gener-

ally, the dissolution of chitosan has been achieved

with unpleasant smelling, corrosive and toxic organic

acids such as 1–2% glacial acetic acid and acetate

buffer solutions, and have been used for the prepa-

ration of several CeO2 nanocomposites [24, 25]. For

example, Alves et al. [26] used a solution casting

approach for the preparation of ionic conducting

membranes based on chitosan, glycerol, and cerium

triflate Ce(CF3SO3)3, and reported the material as a

promising candidate for polymer electrolytes in

electrochemical devices. Also, Cai et al. [27] devel-

oped an electrochemical immunosensor based on

nanocomposite-modified glass carbon electrode by

utilizing the biospecific surface of CeO2-chitosan for

the determination of sulfamethoxazole in food. In

addition, Liang and co-workers [28] synthesized new

adsorbent based on mixed rare-earth metals (La and

Ce) modified with chitosan for the successful chela-

tion and removal of fluoride ions from drinking

water. Some other authors have also reported the

preparation of metal oxides based on V2O5, ZrO2,

FeO, CuO, TiO2 and MnO2 nanocomposites via dif-

ferent synthesis routes and studied their optical and

electrochemical properties for application in numer-

ous fields [29–34]. Interestingly, more attention is

been focused on the use of natural organic acids (e.g.,

ascorbic and citric acids) with dual functions of dis-

solving chitosan and acting as crosslinkers for

improving the functional properties of chitosan-

based materials [35]. Also, as cerium oxide

nanocomposites is often combined with other phases,

attempts are made at shaping the final material

around a specific hierarchy and with a precise pattern

to fine-tune its interaction with other components

and fully exploit the corresponding properties [36].

Herein, we have rerouted cerium oxide nanopartic-

ulate embedding by employing a facile green syn-

theses approach to fabricate a glucose reducing

nanostructured cerium oxide composites at ambient

conditions. The optical bandgaps and morphological

properties of CeO2/CS/AAC and CeO2/CS/CAC

nanocomposites were further studied and discussed.

2 Experimental details

2.1 Chemicals

All starting materials (Chitosan, CS (161.1 kDa, cer-

ium nitrate hexahydrate, ascorbic acid (CAS: 50-81-7),

citric acid (CAS: 77–92-9), Glucose (99%) and absolute

ethanol (99.7%)) with analytic purity were purchased
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from Maya Reagent, Sinopharm Chemical Reagent

Co. Ltd. and Shanghai Macklin Biochemical Co. LTD,

China and used without further depuration.

2.2 Synthesis procedure

The synthesis procedure was according to the pre-

vious report of [37, 38] with few modifications. Typ-

ically, 1.0 g of chitosan was dissolved in 5% (w/v) of

ascorbic acid and agitated under a magnetic stirring

condition at 60 �C for 45 min to form a clear homo-

geneous solution. Furthermore, 1.0 mM Ce salt was

added with continuous stirring for 60 min. The

nanocomposites were formed by the careful addition

of 10 mL (1 M) glucose solution gently under stirring

for another 60 min until the formation of a pale-yel-

low precipitate which was centrifuged, washed with

ethanol and dried under vacuum at 60 �C overnight.

A similar approach was repeated with citric acid

until the formation of gray precipitates. The prepared

nanocomposites were fully characterized and sub-

jected to optical bandgap test.

2.3 Sample characterization

The as-prepared nanocomposite materials were

characterized using Fourier transform infrared (FT-

IR) instrument recorded with Nicolet 5700 spec-

trometer. KBr was used for sample preparation, with

data scanning from 4000 to 400 cm-1. Also, the

crystallinity of the composites was determined using

a Rigaku D/Max-A (Ultima IV) X-ray diffraction

(XRD) instrument equipped with a Cu Ka irradiation

X-ray source (l = 0.154 nm). The XRD patterns were

recorded from 10 to 70� at a scan speed of 20�/min.

The thermogravimetric analysis (TGA) profiles of the

samples were determined on a NETZSCH TG 209F3

instrument under a nitrogen atmosphere from 30 to

800 �C at a heating rate of 10�/min. Furthermore, the

internal morphologies of the nanocomposite were

observed using high-resolution transition electron

microscopy, HR-TEM (Tecnai G2 T20) at 200 kV

voltage, and resolution power of 0.24 nm. The optical

absorption properties and electronic transition of the

materials were studied using UV-2600 (Shimadzu

Corporation, Japan) spectrophotometer with a

wavenumber scan from 200 to 800 nm at room tem-

perature. Additionally, the surface morphology of the

as-prepared nanocomposites was studied using FEI-

110730002486 scanning electron microscope (SEM)

coupled with energy dispersive X-ray (EDX) with a

magnification of 9 20 to 30,000 (Resolution-HV

3.0 nm), while elemental analysis was carried out

with an AXIS HIS 165 Spectrometer (Kratos Analyt-

ical, Manchester, UK) with a monochromatic Al Ka
X-ray source (1486.71 eV photons).

3 Results and discussion

3.1 FT-IR studies

The FT-IR spectra of pure chitosan show broad and

weak absorption bands at 3454 cm-1 which is due to

the -OH and -NH overlapping stretching vibrations.

Also, the band at 1631 cm-1 is assigned to C=O

stretching mode in amide I according to previous

report [23]. The bands at 1389 cm-1 and 1093 cm-1

are attributed to -NH deformation mode in amide 1

group and C–O–C stretching vibrational mode in

glucose circle, respectively (Fig. 1a) [27]. However,

the interaction due to the addition of Ce salt was

accompanied by hyperchromic shifts (Fig. 1b and c).

More so, the shapes of the absorption peaks become

intense, broader, and red-shifted due to the involve-

ment of the –OH/–NH overlapping groups in the

assembly of CS with CeO2 nanocomposites and

subsequent immobilization of the absorbing mole-

cules onto the nanocomposite matrix [39]. Evidently,

the marked difference between the peaks due to

ascorbic acid and citric acid could be attributed to the
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Fig. 1 FT-IR spectra of (a) Pure chitosan (CS) (b) CeO2/CS/AAC

nanocomposites (c) CeO2/CS/CAC nanocomposites
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different electronic and structural environments of

the atoms that make up the compounds, i.e., the

conjugated 5-membered ring system in AAC stabi-

lizes and increases the hydrogen bond interaction

with CS compared to the competing hydrogen

bonding and ionic interaction between the acyclic

citrate anions and protonated cationic CS solution

(Fig. 2). Thus, the –OH/–NH overlapping band in CS

was red-shifted to 3431 cm-1 and 3441 cm-1 due to

CS/AAC and CS/CAC, respectively. Also, promi-

nent red shifts were observed due to C=O, C–O–O

and -NH deformation bands at 1626 cm-1,

1072 cm-1, and 1382 cm-1 due to CS/AAC and

1590 cm-1, 1086 cm-1 and 1384 cm-1 due to CS/

CAC, respectively. It is noteworthy that the stretch-

ing band of CeO2 nanoparticles is expected to appear

around * 465 cm-1 due to Ce–O. In this study, the

spectra reveal twin peaks appearing at 617 and

559 cm-1 due to the strong interaction between CS

and CeO2 to form the nanocomposite [11].

3.2 X-ray diffraction (XRD) studies

The XRD patterns of chitosan and CS-CeO2

nanocomposites are shown in Fig. 3. According to

Fig. 3a, pure chitosan powder shows only one broad

peak at 2h = 19.8o depicting a polycrystalline nature

[26]. However, the XRD pattern of the nanocompos-

ites shows reduced peak intensity and reflection

planes higher than that of bulk chitosan powder. Bulk

or commercially available pure CeO2 crystals are

characterized as cubic fluorite crystal facet [40].

Moreover, the XRD pattern of CeO2/CS/AAC

nanocomposites (Fig. 3b) shows one very broad

diffraction peak at 2h = 23.6� corresponding to (1 1 1)

reflection plane according to JCPDS PDF No.

45–0589, thus revealing a triclinic crystal facet due to

cerium nitrate trihydrate (Ce2O(NO3)6.3H2O). The

formation of pure polycrystalline CeO2 nanocom-

posites with hexagonal crystal facets was revealed in

the XRD pattern of CeO2/CS/CAC (Fig. 3c) with a

single diffraction peak at 2h = 21.6� corresponding to

(1 1 0) reflection plane attributed to JCPDS PDF No.

44-1001, which is in agreement with previous reports

of Solanki et al. [41] for chitosan-based CeO2

nanocomposite. Also, the crystallite grain sizes of

chitosan and the as-prepared nanocomposite mate-

rials were calculated using Debye–Scherrer formula

(Eq. 1) [42].

D ¼ Kk
bcosh

ð1Þ

where D is the crystallite size (nm), k is the Debye–

Scherrer constant (0.9), k is the wavelength of the

X-ray source (0.15406 nm), b is full width at half

Fig. 2 Possible (a) Hydrogen

bond interaction between CS

and conjugated 5-membered

ring in AC (b) Ionic

interaction between the acyclic

citrate anions and protonated

cationic CS solution

Fig. 3 XRD pattern of (a) Pure chitosan powder (b) CeO2/CS/

AAC nanocomposites (c) CeO2/CS/CAC nanocomposites

J Mater Sci: Mater Electron (2021) 32:16324–16334 16327



maximum, FWHM (radians) and h is the peak posi-

tion (radians). The calculated crystallite sizes of the

amorphous chitosan powder were 42 nm, while the

polycrystalline materials were 28 nm and 35 nm for

CeO2/CS/AAC and CeO2/CS/CAC nanocompos-

ites, respectively.

3.3 TGA studies

The TGA studies which reveal the thermal stability of

the as-prepared nanocomposite at elevated tempera-

ture are presented in Fig. 4. The thermogram of the

materials shows three prominent stages of weight

loss up to 800 �C. For CeO2/CS/CAC, the first

weight loss (6.5%) was observed at 184 �C, while

CeO2/CS/AAC show 8.1% weight loss at 95 �C.

These weight losses could be attributed to the loss of

solvated water molecules in the composite matrix

[43]. However, the second stage of total weight losses

(44.1% and 56.7%) was observed up to 520 �C and

486 �C for CeO2/CS/CAC and CeO2/CS/AAC,

respectively. These losses could be due to the gradual

degradation of polymeric chitosan [44]. The third

stage of weight loss at higher temperature[ 520 �C
could be due to the breaking of the intermolecular

hydrogen bonds and denaturation of the material

[45]. The results show that CeO2/CS/CAC is more

thermally stable and could withstand high-tempera-

ture conditions with minimal loss in the mass of the

material.

3.4 HR-TEM studies

The morphology of the CeO2 nanocomposites inves-

tigated by HR-TEM (Fig. 5a–d) shows a spherical-like

nanostructure [46]. According to Fig. 5a, the spherical

nanostructured particles which are monodispersed

could be as a result of the acidity and pH of citric acid

solution (3.2) which instigates the easy dispersion of

the cerium oxide particles. However, in Fig. 5c, a

clustered spherical nanostructured particle was

observed. This could be due to the high acidity and

lower pH (2.5) of ascorbic acid in solution forcing

more dispersion of the cerium oxide particles [47].

Furthermore, the single area electron diffraction

(SAED) pattern (Fig. 5b and d) exhibited weak

reflections due to the polycrystalline nature of the

CeO2 nanocomposites.

3.5 SEM–EDX studies

The SEM micrographs of pure CS and the corre-

sponding CeO2/CS/CAC and CeO2/CS/AAC

nanocomposites were obtained to show the surface

morphologies and interaction between CS and the

metal oxide. The SEM micrograph of the pure chi-

tosan powder reveals a smooth surface with some

straps which could be due to a high degree of chitin

deacetylation (Fig. 6a) [48]. However, the micro-

graphs obtained for the CeO2/CS/CAC and CeO2/

CS/AAC nanocomposites displayed a globular

polycrystalline porous morphology which implies a

strong interaction due to the alteration of the original

smooth morphology of pure CS (Fig. 6b, c). This may

be attributed to ionic interactions between cationic CS

and surface charged CeO2 nanoparticles as observed

by Malhotra and Kaushik [11]. Furthermore, ele-

mental mapping of the nanocomposite materials

shows an even distribution of C, O and Ce in pro-

portionate amounts (Fig. 7a, b). More so, the EDX

spectra of the prepared nanocomposite materials

(Fig. 7c, d) show a significant percentage of the ele-

mental composition due to C, O, and Ce with slight

variation (Fig. 7c, d inset). However, a remarkably

high composition of N was observed in CeO2/CS/

CAC which projects the possibility of an ionic inter-

action in the nanocomposite material. Also, the high

percentage composition of oxygen in the materials

could be an indication of the redox property between

Ce4? and Ce3? which can be beneficial in high oxy-

gen storage devices.
Fig. 4 Thermogram for TGA of (a) CeO2/CS/AAC (b) CeO2/CS/

CAC nanocomposites
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3.6 XPS studies

The elemental composition and chemical states of the

as-prepared cerium oxide nanocomposite were con-

firmed using XPS with intensity counts from 200 to

1000 eV. The XPS survey scan spectrum shows the

major absorption peaks due to C, N, O, and Ce

(Fig. 8). The obtained elemental composition and

distribution was in agreement with the results

obtained from EDX. The XPS spectra reveal an

intense peak at 284 eV which corresponds well with

the abundance of C 1 s. However, the distribution of

N 1 s was revealed by a single peak at 396 eV for

CeO2/CS/AAC nanocomposites, while CeO2/CS/

CAC nanocomposites displayed two signals at 398

and 496 eV which could be due to N–H and N-metal

Fig. 5 HR-TEM micrograph

and SAED pattern of (a,

b) CeO2/CS/CAC and (c,

d) CeO2/CS/AAC

nanocomposites, respectively

Fig. 6 SEM micrograph of (a) Pure chitosan powder (b) CeO2/CS/CAC, (c) CeO2/CS/AAC nanocomposites

J Mater Sci: Mater Electron (2021) 32:16324–16334 16329



bonds, respectively. More so, the abundance of O 1 s

was revealed in the signal at 533 eV. The XPS spec-

trum cerium consist of two distinct small signals of

Ce 3d5/2 and 3d3/2, corresponding to different ionic

states of Ce4? and Ce3?. These signals appeared at

781 and 975 eV, respectively, representing the rela-

tive amount of the cerium’s electronic state concen-

trations present in the prepared nanocomposites and

the spectral data are in tandem with what have been

Fig. 7 Elemental mapping of (a) CeO2/CS/CAC and (b) CeO2/CS/AAC nanocomposites. EDX Spectra and percentage elemental

composition (Inset) of (c) CeO2/CS/CAC and (d) CeO2/CS/AAC nanocomposites

Fig. 8 XPS scan spectrum of (a) CeO2/CS/AAC and (b) CeO2/CS/CAC nanocomposites
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reported in literature for cerium nanocomposites

[49, 50].

3.7 Optical absorption properties

The optical properties of a material can be derived

from the energy bandgap which is the energy dif-

ference between the valence band (VB) and the con-

duction band (CB) (measured in electron volts, eV) in

insulators and semiconducting devices. Ordinarily,

CS is not expected to give rise to UV–Vis absorption

because of the absence of chromophoric species in its

backbone. Thus, extinction coefficients of CS for

wavelengths shorter than approximately 225 nm is

non-zero [51]. However, the UV–Vis absorption

spectra of the CS/AAC reveal two sharp and intense

peaks at 232 nm and 287 nm which could be due to

the conjugation in ascorbic acid (Fig. 9a), while that

of CS/CAC reveal two peaks: one sharp and intense

peak at 230 nm and a weak peak 292 nm (Fig. 9b).

Furthermore, the UV–Vis spectra of the as-synthe-

sized CeO2 nanocomposite shown in Fig. 9c and d

reveal three prominent hypochromically shifted

peaks appearing at around 214 nm, 292 nm, and

351 nm which may be due to interaction between the

CS solutions and Ce salt. These electronic absorption

could be attributed to n-p* and p-p*electronic transi-

tion from O2
- 2p to Ce4? 4f orbital (Eqs. 2 and 3)

[43, 52, 53].

Ce4þ þ e� ! Ce3þ ð2Þ

Ce4þ þ O2 ! Ce4þ þ O��
2 ð3Þ

These absorption peaks correspond to a bandgap

energy of 5.79 eV, 4.21 eV and 3.53 eV (typical for

Fig. 9 UV–Vis spectra of the as-prepared (a) Chitosan ascorbic

acid solution (CS/AAC) and (b) Chitosan citric acid solution (CS/

CAC). Nanocomposites of (c) CeO2/CS/AAC and (d) CeO2/CS/

CAC nanocomposites. Tauc’s plots of (e) CeO2/CS/AAC and

(F) CeO2/CS/CAC. g Bandgap energy showing the conduction

band and valence band
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CeO2), respectively, according to the relationship

(Eq. 4);

E ¼ h:
c

k

� �
ð4Þ

where E is the bandgap energy, h is Planck’s constant,

c is the speed of light and k is the wavelength of

absorption. However, the experimental photon

energies obtained from the Tauc’s plot were 2.09 and

3.11 eV for CeO2/CS/AAC and CeO2/CS/AAC

nanocomposites, respectively (Fig. 9e, f). The result

shows that CeO2/CS/CAC possess a photon energy

equivalent to the bandgap energy for CeO2 materials,

which could enable photons to be absorbed by the

material and trigger the excitation of an electron into

the conduction band. Thus, both minority and

majority photon carrier can be generated after

absorption [54].

Also, there was a slight increase in the absorbance

of CeO2/CS/AAC nanocomposites at 215, 307,

350–376 nm and a significant reduction toward the

visible region of the spectra, this could imply that the

material will be better suited for visible-light

absorption [4]. The is because the corresponding

decrease in the bandgap energy from the UV to vis-

ible region of the spectra is an implication of the

lowering of the energy required for the generation of

conduction band electrons (e-) and valence band

holes (h?) (Fig. 9g) [55]. This property as well as the

wide energy bandgap is typical for rare-earth ele-

ments, which is an indication of improved electronic

properties suitable for semiconducting devices and

supercapacitors [56].

4 Conclusion

CeO2 nanocomposites were successfully prepared via

a facile green synthesis route using chitosan solutions

of weak organic acids (AAC and CAC) at low tem-

peratures. The as-synthesized nanocomposites were

characterized by various techniques to obtain infor-

mation on its morphology and optical properties. The

crystalline phases of the CeO2 were identified by

XRD and the calculated crystallite sizes according to

Debye–Scherrer equation are given as 42 nm, 28 nm,

and 35 nm for pure CS powder, CeO2/CS/AAC, and

CeO2/CS/CAC nanocomposites, respectively. How-

ever, the formation of CeO2 nanocomposite was

confirmed with CeO2/CS/CAC possessing a

hexagonal crystal defect and a spherical morphology

of the material was revealed by HR-TEM. Addition-

ally, the material shows a wide energy bandgap and

improved optical properties, while the results from

TGA show that CeO2/CS/CAC could withstand

high-temperature conditions with minimal loss in

mass of the material. These results obtained from the

study are helpful in expanding the syntheses route of

CeO2 nanocomposites for application in electronic

wares, semiconducting devices, and supercapacitors.
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