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INTRODUCTION

The synthetic pathway for the preparation of metal and
metal oxide nanoparticles has attracted a lot of researchers in
recent years, especially because there has been a dire need for
a greener approach towards the same [1]. In response to this,
several researchers have come up with ideas involving employ-
ment of biopolymers as reducing and stabilizing agents for the
synthesis of nanoparticles, thus leading to a significant evolut-
ion in nanochemistry involving synthesis of varied nanomaterials
where nanoparticles are embedded inside the polymer matrix
also called nanocomposites. Nanocomposites can be described
as materials composed of several components, each having
distinct phase domains. In these materials, there is at least one
phase where one dimension measures in the nanometer scale
[2]. Intriguing possibilities emerge with the versatile applica-
tions of metallic copper and copper oxide nanoparticles spanning
catalysis, biomedical fields, sensing materials and solar cells
[3]. An interesting feature of metal oxide nanoparticles inclu-
ding nanoparticles of copper oxide is their behaviour as semi-
conductors, which finds use in emerging fields like photo-
catalysis, sensing, superconduction, photovoltaics, solar cells,
lithium ion batteries, medical diagnosis, efc. Hence, great
attention has been drawn to the exploration of synthetic routes
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leading to cuprous oxide and cupric oxide nanoparticles. The
Cu,O nanoparticles, especially, have been recognized as p-type
semiconductors and their important physical and chemical prop-
erties have come under thorough investigation in the current
research scenario [4]. Moreover, many researchers have shown
that quantum confinement effect of electrons or electron-hole
pairs are responsible for the way light interacts with matter;
exciton confinement in case of semiconductor nanoparticles
is a consequence of that which opens up possibilities of achie-
ving important modifications in properties through band gap
engineering in semiconductors [5].

It has been well-known that metal oxide nanoparticles
show promising results in several fields including biomedical,
also, the preparation procedures are simple in nature, can be
tailored easily into desired size and morphology, are highly stable
and do not show any variations in swelling and can be combined
easily with hydrophilic and hydrophobic systems. In this view,
the research for synthesizing new nanomaterials involving
nanosized copper oxides has become an interesting field [6].
Furthermore, copper and its complexes have been utilized for
sterilization since significantly long time due to their tested
antimicrobial properties [7]. Despite this potential being proved
to an even greater extent in the nanomaterials involving copper,
the inherent toxicity of these nanoparticles limits their use in
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biological systems. However, a compelling solution lies in
employing biodegradable polymers like polyactic acid, cellu-
lose, starch, alginate, etc. which have been extensively studied
for their use as a matrix for synthesis and stabilization of nano-
particles. In regards to this, the biocompatible and environ-
mentally safe nature of chitosan, a derivative biopolymer of
chitin, has been exploited by several researchers [8,9]. It can
be obtained by the deacetylation of chitin using concentrated
sodium hydroxide solution, where the amide groups of the
biopolymer are converted to amino groups [10]. These amino
groups along with the hydroxyl groups found in the biopolymer
are responsible for its various properties such as complexation
with metal ions leading to their reduction and stabilization as
nanosized particles, cell adhesion, which plays a fundamental
role in its antibacterial nature and biocompatibility which
renders it desirable in biomedical applications [11]. Chitosan
not only serves as an ideal matrix for nanoparticle synthesis
but also effectively addresses challenges related to nanoparticle
growth and oxidation, crucial factors for practical applications
[12,13].

Chitosan is a powerful stabilizer that apart from efficiently
slowing down the growth-rate of nanoparticle size also prevents
copper nanoparticles from easily reacting with oxygen by acting
as a physical barrier between atmospheric oxygen and nano-
particles, which is a important factor to take into account since
copper nanoparticles are difficult to store even in airtight
containers because they easily oxidize when exposed to air
[14]. Additionally, chitosan has been found to have antibacterial
properties. However, when combined with copper, chitosan
and copper nanocomposites exhibit greater antibacterial activ-
ities than their pure forms, making them a great choice for
antibacterial applications [15]. In addition to improving the
biocompatibility of the resulting nanocomposites, biopolymers
like chitosan also lower production costs [16]. Chitosan has
become a popular choice of support matrix for the stabilization
of nanoparticles, consequently. Chitosan’s polar functional
groups link with the metal ion precursor during the reduction
and stabilization processes thereby aiding the formation of nano-
particles. Furthermore, chitosan is a more environmentally
friendly option than synthetic polymers used for the same pur-
pose because it is derived from natural sources and is biodeg-
radable [17].

Several synthetic methods have been used to prepare
chitosan-copper nanocomposites, using reducing agents like
ascorbic acid, hydrazine, sodium borohydride, sodium phosp-
hinate and polydentate ligands, among others [18-22]. An atte-
mpt has been made to prepare biocompatible chitosan-cuprous
oxide (CS-Cu,0O) nanocomposite through the ethanol-assisted
reduction of metal ions. In other contexts, ethanol has been
used as a reducing agent to form metal nanoparticles other than
copper, which is likely due to the fact that copper nanoparticles
are more inclined to oxidation and easily convert to CuO upon
exposure to air and hence harsh chemical methods are the pre-
ferred options for the synthesis of copper nanoparticles [23,24].
However, ethanol has been deemed as a comparatively environ-
ment friendlier alternative for the purpose of reduction and
been called as a greener mono-alcohol. It has been substantially

argued that ethanol is a better prospect even compared to meth-
anol when it comes to metal ion reduction during nanoparticle
synthesis because of its cheap cost and easy availability [25,26].

Thus, this work reports the synthetic procedures carried
out for the development of chitosan-cuprous oxide (CS-Cu,O)
nanocomposite and characterized. The UV-visible spectral
analysis has been utilized to preliminarily confirm the formation
of nanoparticles and shed light on the optical properties of the
nanomaterial, including its optical band gap. The interaction
of metal with chitosan has been explored through FTIR trans-
mittance data, whereas, the morphological details have been
observed and reported with the electron microscopic images.
The identification of lattice parameters and the formation of
nanoparticles have been discussed through XRD and SAED
patterns obtained during HRTEM analysis. The oxidation state
of metal has been further confirmed by X-ray photoelectron
spectroscopy.

EXPERIMENTAL

Copper sulphate pentahydrate, ethanol, glacial acetic acid,
sodium hydroxide and chitin used in this work were purchased
from Merck.

Preparation of chitosan solution: High molecular weight
chitin was ground to a fine powder and deacetylated using several
cycles of heating in 50% NaOH followed by centrifugation till
a small sample of the resultant chitosan was found to be soluble
in acidic medium. The chitosan so formed was separated from
the NaOH solution using centrifugation followed by decanta-
tion, washed several times with double distilled water till the
decanted liquid showed neutral pH and dissolved in 1% acetic
acid solution to obtain a colloidal solution of chitosan [27,28].
Small portions of chitin and chitosan powders were dried in
hot air oven at 60 °C and the dried powder was characterized
using Fourier transform infrared (FTIR) spectroscopic analysis.

Preparation of chitosan-Cu,O (CS-Cu,0) nanocompo-
site: A CuSO, solution (25 mL of 75 mM) was mixed with 50
mL of 1% chitosan solution (in 1% acetic acid) under constant
stirring to obtain a light blue solution. Pure ethanol (25 mL)
was added, the pH was adjusted to 8 by adding dilute NaOH
dropwise and the resultant mixture was agitated at 500 rpm for
30 min in an inert atmosphere, thereby causing a transition
from blue to brown colour. The brown colour mixture was centri-
fuged at 5000 rpm, the obtained precipitate was washed with
ethanol, dried at room temperature and analyzed [29,30].

Characterization: For UV-visible spectral analysis, the
aqueous dispersion of precipitate was scanned within wavelength
range 200 nm to 750 nm using Shimadzu® UV-VIS NIR spectro-
photometer, UV-3600 Plus model using quartz cuvettes. The
FTIR spectrum was recorded using Perkin-Elmer Spectrum
RX-IFTIR within wavenumber range of 4000-400 cm™. The
X-ray diffraction was performed using RIGAKU Smart® lab
3kW X-ray Diffractometer from 20° to 80° Bragg’s angle with
step size 0.02 s with scan speed as 10° per min. The electron
microscopic images were recorded using FEG-SEM and TEM;
JEOL JSM-7600F FEG-SEM was used to obtain SEM images
of sample, whereas JEOL, JEM-2100F was used for TEM anal-
ysis along with the SAED patterns. The HRTEM images were
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recorded with accelerating voltage of 200 kV for high resol-
ution imaging. The oxidation state of sample was deciphered
using XPS analysis. Kratos Analytical Ltd AXIS Supra model
X-ray photoelectron spectrophotmeter, equipped with a mono-
chromatic Al Ko X-ray source at 1486.6 eV and a dual AlKa/
MgKo. achromatic X-ray source was used for this purpose.
The C 1s core level spectral peak was used for calibration. The
sample was first etched with Ar* ion sputtering using Ar* ion
at 500eV to clean the surface from surface oxidation and then
analyzed using the aforementioned X-ray source.

RESULTS AND DISCUSSION

The purpose of this research was to produce Cu,O nano-
particles embedded in a chitosan matrix. The blue colour of
the reaction mixture due to copper sulphate pentahydrate taken
as the metal precursor converted to pale blue and then finally,
upon rise in pH to reddish brown with the formation of Cu,O
nanoparticles inside the polymer matrix [31]. The colour change
observed is considered to be the preliminary indication of the
formation of nanoparticles. Due to addition of dil. NaOH when
the mixture was maintained at pH 8, the Cu,O formed precipi-
tates with chitosan present in the mixture as chitosan is insoluble
in alkaline medium.

The Cu* ions when stirred with chitosan produce a light
blue colour solution showing the complexation of Cu®* ions
due to the polar functional groups of chitosan matrix. The action
of ethanol results in the reduction of Cu** to Cu*[23], in which
pH plays important role [32]. Chitosan matrix acts as a stabilizer
to control the growth of Cu,O particles within nano-level, thus
resulting in the formation of CS-Cu,O nanocomposite [33].

UV-Visible absorbance studies: Fig. 1a shows the UV-
visible spectrum of CS-Cu,O nanocomposite recorded between
200 to 750 nm. A broad absorption peak for CS-Cu,O nano-
composite was observed at 430 nm, corresponding to the surface
plasmon resonance of the nanomaterial, which confirmed the
formation of Cu,O nanoparticles in the chitosan matrix. Another
peak between 250-300 nm can be attributed to absorbance of
the chitosan matrix in the ultraviolet region. The absorption

in visible range is intense; also a steep gradient can be observed
thus ruling out a transition due to impurity [34]. This peak
position for Cu,O nanoparticles has been reported by several
other researchers also [35-39]. Tauc plot method was used to
determine the band gap of the resulting nanoparticles and found
tobe 1.99 eV (Fig. 1b). The semiconducting nature of the pre-
pared nanoparticles is thus confirmed through the aforemen-
tioned band gap analysis [40]. Thus, this nanocomposite can
be potentially explored for its application in relevant fields.
However, the slight lowering in the optical band gap than the
reported band gap of 2.0-2.4 eV for Cu,O is due to the chitosan
coating. This lowering of band gap energy has been shown by
other researchers as well for semiconducting metal oxide nano-
particles [4,41-43].

FTIR analysis: Fig. 2 represents the FTIR spectra of chitin,
chitosan and chitosan-cuprous oxide (CS-Cu,O) nanocom-
posite. In chitin (CH) spectra, the stretching vibrational frequen-
cies related to C=0 of the amide functional group can be
observed by the two peaks at 1655 and 1621 cm™. The peak at
1655 cm™! can be attributed to the stretching frequency of the
C=0 group which is linked to the N-H bond of neighbouring
chain through hydrogen bonding, whereas, the another peak at
1621 cm™ could be indicative of the amide C=0 group hydrogen
bonded to the OH group of the next chitin residue in the same
chain. These peaks are also a clear indication for this chitin being
an o-chitin. The peaks observed at 1310 cm™ and 1552 cm™
are assigned to amide C-N stretching vibrations and N-H bending
vibrations of the amide, respectively. The peak at 1552 cm’!
verifies the structural conformation as being of the o-type.
After deacetylation of chitin, the peak at 1552 cm™ shifted
to1562 cm™ as shown in chitosan FTIR spectrum, confirmed
the conversion of amide groups to amino groups [44-46].

A close observation of chitin and chitosan spectral data
further verify the deacetylation of chitin to produce chitosan.
The broad peak between 3500 and 3300 cm™ is attributed to
the newly formed —-NH, groups, the peak of which have over-
lapped with the —OH groups and further developed hydrogen
bonds with the water molecules existing in vicinity due to the
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Fig. 1. (a) UV-Vis spectrum and (b) Tauc-plot of CS-Cu,O nanocomposite



2314 Dillu et al.

0 1000 2000 3000 4000
gaf—Cs-Cu0 | 7 ) ' !

102.0—CH

0 1000 2000 3000 4000

Wavenumber (cm™')
Fig. 2. FTIR spectra of chitin (CH), chitosan (CS) and CS-Cu,O nanocomposite

ambient moisture in air. This part of the spectrum further incre-
ases in intensity when CS-Cu,O is formed, which suggests that
the interaction of chitosan with Cu** has an important part to
play in the formation of Cu,O nanoparticles. The broad peak
at 3436 cm™ and the peak ~2800 cm™ in chitosan, which is
attributed to the well established stretching frequencies of
—OH and -NH, groups, undergoes a red shift to 3395 cm™,
indicating that these groups are involved in the complexation
of Cu* to form CS-Cu,0 and keeps the newly formed nano-
particles stabilized [45]. A comparison of the intensities of
the stretching frequency peaks in case of -NH, and in case of
C=0 of amide group shows that the amide groups in chitin
have higher intensity than that of -NH,, but the similar peaks
in case of chitosan shows reverse pattern, i.e., the broad peak
for -NH, has stronger intensity than the peak for the carbonyl
linkage of the amide group. This is a clear evidence of deacety-
lation of chitin to produce chitosan. A peak observed at 1629
cm is associated with the C=0 groups present in the biopoly-
mer, which suggests that the deacetylation process undertaken
to convert chitin into chitosan may be incomplete. This peak
can also be observed at 1628 cm™ in the FTIR spectrum of
CS-Cu,0 nanocomposite. The degree of deacetylation (DD)
can be calculated using the following formula [47]:

DD (%)=100 —[&XIOO / 1.33}
3436
where A ¢ss and Asuse represent the absorbance values calculated
from the obtained transmittance values at 1658 cm™ and 3436
cm’', respectively. The degree of deacetylation was calculated
to be 70%. The appearance of a sharp peak at 601 cm™, which
is attributed to the formation of Cu,O nanoparticles, is at a lower
wavenumber than the usual 622 cm™, showing the stabilization
of nanocomposite with chitosan [45].

XRD studies: Fig. 3 presents the XRD diffraction pattern
of the chitosan-cuprous oxide (CS-Cu20) nanocomposite,
illustrating a characteristic nature of a polycrystalline material.
Peaks at 20 values 30.06° 36.90°, 42.70° and 74.40° due to
110, 111 and 200 and 311 planes of Cu,O were observed which
were matched with JCPDS card no. 034-1354 indicating a
cubic arrangement of Cu,O in the synthesized nanocomposite
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Fig. 3. XRD diffraction pattern of CS-Cu,O nanocomposite

[48-51]. The average crystallite size of the nanomaterial has
been calculated using the famous Debye-Scherrer’s equation:

kA
BcosO

where D represents the average crystallite size; A is the wave-
length of X-ray used (i.e. 1.54 A); 0 is the Bragg’s angle; k
denotes the shape related factor of 0.94 and P represents the
full width at half maximum (FWHM) of the peak used.The
calculated mean crystallite size was found to be 19.48 nm.
The FWHM of sharp peak arising from the110 plane has been
used as the numerical value of §3 for this purpose [52]. Besides
the peaks arising due to Cu,O, the intense peak observd at 20
value 20.20° shows the crystalline nature of chitosan and the
observation of the aforementioned peaks confirmed the succe-
ssful formation of the chitosan-Cu,O nanocomposite [53,54].

Morphological studies: The image obtained through
SEM (Fig. 4a) show the presence of spherical nanocomposite
embedded in the chitosan matrix. The EDS spectrum (Fig. 4b)
obtained during SEM analysis is consistent with the formation
of CS-Cu,0 nanocomposite. The weight percentage for Cu as
calcu-lated using the intensities depicted in the EDS plot is
25.86. The peak shown at 0.28 KeV represents carbon content,
whereas those present at 0.4 KeV and 0.53 KeV are due to
nitrogen and oxygen, respectively. The presence of C, N and O
shown in the EDS analysis verify the other analyses supporting
the stabilization of Cu,O nanocomposite by chitosan and hence
are considered as an evidence for the successful formation of
CS-Cu,0 nanocomposite.

Fig. 5a-b shows HRTEM image of the sample recorded
at 200 kV whereas Fig. 5c shows TEM image of the sample at
120 kV. Both of the imaging procedures revealed the presence
of spherical Cu,O nanoparticles. However, aggregates of those
nanoparticles in the form of longitudinal structures can be seen,
which further aggregate to form centrosymmetric nanostruc-
tures (Fig. Sb-c). This shows the crystalline nature of these nano-
particles resulting in their self-assembly into more complex
nanostructures. A similar result has been reported using different
reduction methods and for different metal nanoparticles [55,
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56]. However, this research has been successful in attaining
the same using ethanol as a reducing agent.

The SAED pattern (Fig. 6) shows clear evidence of muti-
phasic system with polycrystalline chitosan matrix along with
crystalline Cu,O nanoparticles. The measured d-spacing using
diffraction due to 111 planes was found to be 0.269 nm.

XPS studies: The two major peaks in the XPS data as
shown by the obtained plot (Fig. 7a) are Cu 2p3/2 and Cu
2p1/2 core-level peaks for copper. The binding energy of the
Cu 2p3/2 core-level peak is 932 eV, while the binding energy
of the Cu 2p1/2 core-level peak is 952.1 eV. The difference in
binding energy between the two peaks is due to the different
spin states of the electrons. The full width at half maximum
value around 1.9eV also supports the formation of Cu* thus
confirming Cu,O [57]. The presence of these two major peaks
in the XPS data suggests that the copper atoms in the nanocom-
posite are in a different chemical environment than metallic
copper. This is due to copper atoms being stabilized by —-NH,
groups of chitosan, which has resulted in a shift in the binding
energy of the Cu2p core-level peaks. Moreover, the presence
of O 1s peak in the O1s spectra (Fig. 7b) at 530.9 eV confirms

Fig. 6. SAED diffraction pattern of CS-Cu,O nanocomposite
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Fig. 7. XPS spectra of (a) Cls, (b) Cu2p and (c) Ols CS-Cu,O nanocomposite
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