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Abstract The ultrasound (US) assisted one pot method
has used to synthesize CuO nanoparticles. The fourier
transform infrared spectroscopy (FTIR) spectrum shows a
characteristic peak of metal-oxygen bond at 535 cm™',
which confirms the CuO formation. The high resolution
transmission electron microscope (HRTEM) images of the
synthesized nano-CuO confirms the size of nanorods with
the length of approximately 25-30 nm, and its breadth is
less than one nanometer. X-ray diffraction (XRD) pattern
of CuO can be readily assigned to those of crystalline CuO,
indicating the formation of single-phase CuO with mono-
clinic structure. The synthesized nano-CuO is mixed with
poly(vinyl alcohol) (PVA) to prepare the PVA/CuO
nanocomposite to improve the thermal stability of PVA.
Their physico-chemical properties are examined by means
of FTIR, XRD, differential scanning calorimetry, thermo-
gravimetric analysis, HRTEM, and scanning electron
microscope (SEM) techniques.
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Introduction

Studies on 1D nanomaterials are of great interest due to
their unique physical, chemical, optical, and mechanical
properties [1, 2]. Among the 1D nanomaterials, primarily
we are very much interested in CuO because of its surface
catalytic effect [3] and chelating effect, whereas the other
conventional metal oxides are having only the surface
catalytic effect, which leads to oxidation reaction. The
oxidized products show unwanted properties like depres-
sion in thermal stability. The combination behaviors of
surface catalytic effect and complex formation effect of
CuO urged us to do the present investigation. CuO is a
p-type semi conductor with a band gap of 1.2 eV. Various
methods are available for the synthesis of such a useful
material. Hydrothermal synthesis of shuttle like CuO was
synthesized and characterized by Chen et al. [4]. Dodecyl
sulfate intercalated CuO was synthesized and characterized
by XRD, thermogravimetric analysis (TGA), TEM, and
SEM techniques [5]. Cu(OH), template synthesis of CuO
nanowire was reported in the literature [6]. Hong et al. [7]
synthesized the CuO nanoparticle by alcohothermal
approach. Solution phase synthesis of CuO nanorod [8],
hydrothermal synthesis of CuO microsphere [9], one step
solid state CuO nanopowder [10], CuO nanocrystals with
different shapes [11], microwave synthesis of CuO nano-
flower [12], CuO synthesis by electrochemical method
[13], and pre-cursor based route [14] reports are available
in the literature. The other authors also reported about the
synthesis and characterizations of CuO nanoparticle by
different approaches [15-22]. By thorough literature sur-
vey, we found that very few reports are available regarding
the synthesis of CuO by ultrasound (US) assisted one pot
method. Hence, in the present investigation, we took this
job as a challenge and synthesized the CuO nanoparticle by
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the US assisted one pot method and made nanocomposite
with poly(vinyl alcohol) (PVA), a bio-degradable polymer,
to boost up the thermal stability of PVA for certain end use
application. The role of nano-sized CuO on the PVA
structure was quantitatively estimated through FTIR spec-
trometer for the first time.

Experimental
Materials

Copper acetate monohydrate (CA) and Hydrochloric acid
were purchased from Ottochemi, India. The PVA used in
this work was obtained in powder form from S.D. fine
chemicals, India with the weight average molecular weight
of 1,25,000 (85% hydrolyzed). Brydson Ultrasonicator,
USA with the frequency of 40 kHz was used for US gen-
eration purpose. Double-distilled (DD) water was used for
the preparation of reactant solutions.

Synthesis of nano-sized CuO

Nanostructured CuO was synthesized by the one pot so-
nochemical method. In a typical experimental procedure:
5 g of CA was dissolved in 100 mL of deionized water in a
beaker, which was placed in an ice bath, and 10 mL of
conc. HCl was poured drop wise in this solution while
stirring it continuously. The stirring was continued for
10 min. Subsequently, the resultant solution was first
sonicated at 40 kHz for 30 min in an ice bath, then at room
temperature while the solution temperature was raised to
80 °C and heated the solution to 130 °C with simultaneous
ultrasonication. The precipitate was filtered and washed
with methanol several times to remove the ionic impurities
and finally dried under vacuum for 48 h at room
temperature.

Preparation of PVA/CuO nanocomposite film

Poly(vinyl alcohol) with molecular weight of 1, 25,000
(85% hydrolyzed) was used as basic polymeric material in
this work. PVA films were prepared by using a casting
technique. PVA solution was prepared by dissolving 1.0 g
PVA in DD water and maintained for 24 h at room tem-
perature to swell. The solution was then warmed up to
60 °C and thoroughly stirred, using a magnetic stirrer for
4 h until the polymer produced a clear solution. The
solution was poured onto polyimide film to get a film with
uniform thickness. Homogeneous films were obtained after
drying in an air oven for 48 h at 40 °C and PVA films filled
with as-synthesized nano-sized CuO mass fractions 0, 2, 4,
6, 8, and 10% were also prepared. The prepared films were

free from air bubbles and with uniformly dispersed CuO
nanoparticles. The thicknesses of the produced films were
in the range of 0.1-0.21 mm and cut into pieces suitable for
measurements.

Characterizations

The FTIR spectrum was recorded using a Shimadzu FTIR-
8400 S model instrument. The relative intensity (RI) of
peaks was determined after proper baseline correction by
using FTIR software as follows:

RlIof C=0 = RI[C:O/CH] = A1733/A344, (1)
Rlof C=C = RI[C:C/CH] = A1661/A344. (2)

XRD of the samples were recorded with a help of
Philips PW 1050/80 diffractometer with Ni-filtered CuKo
radiation generated 30 kV and 15 mA. Thermal analyses
were performed by differential scanning calorimetry (DSC)
using Shimadzu DSC-50 under nitrogen atmosphere at the
heating rate of 10 °C/min in nitrogen atmosphere. The
thermal stability of nanocomposite was examined by TGA
instrument by using STA 1500 PL Thermal Sciences
instrument. Synthesized nanomaterial topography and size
were observed by HRTEM on a JEM-200 CX transmission
electron microscope and cross-section of morphology of
the films was studied using SEM, S-2830N Hitachi, Japan
instrument.

Results and discussion

This section is broadly classified into (i) characterizations
of synthesized nano-CuO and (ii) characterizations of
PVA/CuO nanocomposites.

Characterizations of synthesized nano-sized CuO
FTIR study

The FTIR spectrum of pristine CuO is given in Fig. 1.
The metal-oxygen (M-O) stretching was observed at
650 cm™!. A broad band in the range of 3,600-3,100 cm™!
is due to the OH stretching of water molecules chemically
associated with CuO. Recently, Parveen et al. [23]
explained the M-O stretching in Cu(OH),. The present
investigation is in accordance with their report.

XRD analysis
The crystalline nature of synthesized nano-CuO was

observed by the various sharp crystalline peaks in the XRD
pattern of nano-CuO. XRD pattern of CuO (Fig. 2) was
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Fig. 2 XRD pattern of pristine CuO

compared with the data of the JCPDS file no. 5-0661 and
all peaks can be readily assigned to those of crystalline
CuO, indicating the formation of single-phase CuO with
monoclinic structure [24].

HRTEM images

The HRTEM images (Fig. 3a) of the CuO nanorods
revealed that these materials have a relatively straight rod
like shape and smooth surfaces. It can also be seen that the
nanorods are having the length of approximately 25-
30 nm, and its breadth is less than 1 nm. The visible
fringes illustrate that the nanorod is crystalline. Figure 3b,
c indicate the agglomerated rod-shaped CuO. The SAED
pattern (Fig. 3d) exhibits bright dots rather than rings,
indicating that it consists of CuO nanocrystals with ran-
domly oriented crystallographic planes [24]. By using the
US assisted one pot method, we produced a typical nano-
sized CuO when compared with the literature value [6].

@ Springer

Characterizations of PVA/CuO nanocomposites
FTIR report

The FTIR spectra of pristine and CuO filled PVA is shown
in Fig. 4. The important peaks are characterized below: a
strong broad band at 3,427 cm™ ! s assigned to O-H
stretching vibration of hydroxyl groups of PVA. The band
corresponding to C-H asymmetric stretching vibration
occurs at 2,925 cm™' and C-H symmetric stretching
vibration at 2,861 cm™'. A peak at 1733 corresponds to
C=0 stretching vibration and 1,640 cm ™" is corresponding
to a C=C group in PVA backbone and can be explained on
the basis of intra/inter molecular hydrogen bonding with
the neighboring OH groups. A sharp band at 1,087 cm™'
corresponds to C—O-C stretching of acetyl group present
on the PVA back bone. The corresponding bending, wag-
ging of CH, vibrations are at 1,437 and 1,379 cm_l,
respectively, and the C—H wagging at 1,247 cm™'. The
incorporation nano-sized CuO in PVA caused the slight
changes in the intensities of absorption bands at 1,733 and
1,640 cm™! as well as the formation of new absorption
bands in the range of 1,000-600 cm™ !, Peak around 1,000—
600 cm ™' is attributed to the metal-oxygen stretching of
CuO [25]. This confirmed the presence of nano-sized CuO
particles present in the PVA matrix. Peaks at 1,733 and
1,640 cm™"' were assigned to C=O stretching, and C=C
group in PVA backbone were increased while increasing
the wt% loading of nano-sized CuO. The added nano-CuO
was acting as a catalyst for the oxidation process in the
PVA backbone, which was confirmed in the FTIR-RI
analysis.

Surface catalytic effect of CuO on the PVA matrix

The added nano-sized CuO altered the structure of PVA in
two ways. First, it activated the conversion of secondary
alcoholic group into a keto group via thermolytic oxidation
reaction. Second, it boosted the formation of double bond
along the PVA chains through its surface catalytic effect.
The C=C might be formed at the PVA chain end or in the
middle of PVA chain. Figure 5a shows a plot of log(wt%
of CuO) versus log(RI;c=o/cnj) and Fig. 5b shows a plot of
log(wt% of CuO) versus log(RIjc=c/chy). The added nano-
CuO converted the secondary alcoholic group into keto and
oxidized the vinyl group into alkenes in the PV A backbone.
The order of reaction for the above mentioned plots were
determined as 1.41 and 1.56, respectively, for carbonyl and
alkene formation reactions. It means that 1.5 mol of nano-
sized CuO is required to convert 1 mole of secondary
alcoholic group into a keto group and 1 mole of alkene
group. This confirmed the catalytic effect of nano-CuO in
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Fig. 3 a-d HRTEM images
of CuO nanorods
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Fig. 4 FTIR spectrum of PVA loaded with CuO at a 0 wt%,
b 1 wt%, ¢ 3 wt%, d 5 wt%, e 7 wt%, f 9 wt%

the oxidative degradation reaction in PVA backbone. This
is in accordance with Parveen’s report [15].

XRD studies of polymer nanocomposite

Figure 6 reveals the XRD scans of pristine PVA and PVA
containing different wt% loading of CuO. It is obvious that
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there is no significant effect on the general shape of the
XRD pattern. The observed spectra characterized a semi
crystalline polymer possessing, a clear crystalline peak for
all studied samples. A peak at 260 = 20° is corresponding to
(101) crystal plane for PVA, which indicates the semi
crystalline nature of PVA. The crystalline nature of PVA
results from the strong intermolecular interaction between
PVA chains. The intensity of the PVA main diffraction
peak (101) is further decreased due to the host effect of
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Fig. 6 XRD of PVA loaded with CuO at a 0 wt%, b 1 wt%, c 3 wt%,
d 5 wt%, e T wt%, 9 wt%

nano-CuO. This is because of interactions between PVA
and mixed CuO lead to a decrease in the intermolecular
interaction between PVA chains and thus the lower the
crystalline degree [26].

TGA analysis

Thermal stability of the polymer/nanocomposites was
evaluated by TGA method. The TGA of pristine and var-
ious wt% of CuO loaded PVA is represented in Fig. 7. The
thermal degradation of the pristine PVA has two-step
degradation processes. In the first minor weight loss step,
the elimination of moisture and physisorbed H,O mole-
cules occurred, and in the second weight loss step, PVA
main chain degradation occurred. Rachna and Rao [27]
reported about the thermal degradation of PVA. Our
reports coincided with them. Similarly, the thermal deg-
radation of PVA/CuO nanocomposite showed a two-step
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Fig. 7 TGA of PVA loaded with CuO ata 0 wt%, b 1 wt%, c 3 wt%,
d 5 wt%, e T wt%, 9 wt%
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degradation process. The thermogravimetric curve of the
PVA/CuO nanocomposite is situated at a higher tempera-
ture than that of the pristine PVA. The introduction of CuO
nanoparticles on PVA matrix greatly improved the thermal
resistance. Therefore, the PVA/CuO nanocomposite is
thermally more stable than the pristine PVA. The increase
in thermal stability is due to the surface catalytic effect and
complex formation effect of CuO nanoparticles. Because
the surface catalytic effect of CuO makes the PVA back-
bone more rigid via creating C=C double bond. The Cu*"
ions of CuO involved in the complex formation with the
OH groups of PVA. Hence, the combined effect of surface
catalytic effect and chelating effect increased the thermal
stability of PVA. Peng and Kong [28] reported the similar
result for filled SiO,—PVA nanocomposite system. When
compared with the literature, the present system exhibited
somewhat improved thermal stability of PVA.

DSC analysis

Figure 8a shows the DSC of pristine PVA with the Ty y, T,
and T, values of 111.5, 195.6, and 328.3 °C, respectively.
On making nanocomposite with CuO, the T, value of PVA
was drastically reduced due to the hydrolytic oxidation and
oxidative degradation reactions. The 2 wt% CuO loaded
PVA exhibited the T, value at 259.2 °C (Fig. 8b). While
increasing the wt% loading of CuO (Fig. 8c-f), the Ty,
value of PVA was slightly increased up to 8 wt% loading.
This explained the complex forming behavior of metal ions
with PVA. Such a complex formation of metal ions with
PVA was reported by Gaffer et al. [29]. The important
point noted here is while increasing the wt% loading of
CuO, the second T, was observed at 242.3 °C. This is due
to the T, of PVA chains with different molecular weight.
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Fig. 8 DSC of PVA loaded with CuO ata 0 wt%, b 1 wt%, ¢ 3 wt%,
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Fig. 9 SEM image of a 2 wt%
Cuo loaded PVA, b 10 wt%
CuO loaded PVA

Different molecular weight of PVA was obtained as a
result of C=C formation at the chain end. Formation of
terminal double bond was accelerated with the surface
catalytic effect of CuO. At 10 wt% CuO loaded in PVA
matrix, the second T, has been clearly observed with the
reduction in first T, value. This clearly explained that
at higher wt% loading of CuO, due to the surface cata-
Iytic effect, the formation of terminal C=C was acceler-
ated, which can be further supported with the order of
Rljc—c/cny- The DSC study revealed that at lower wt%
loading of CuO, the complex formation and surface cata-
Iytic effects were competitive one, whereas at higher wt%
loading of CuO, the later effect was a dominant one due to
the active surface area with nano size. This concluded that
at higher wt% loading of CuO, the catalytic effect is
dominating than the chelating effect [30]. Moreover, at
higher wt% loading of CuO, agglomeration occurred and
produced the depressed product.

SEM images

The morphology of 2 and 10 wt% nano-CuO filled PVA
were studied using SEM image and shown in Fig. 9. The
synthesized nano-CuO particles are uniformly dispersed in
the lower wt%, i.e., 2 wt% (Fig. 9a). The morphology of
higher wt% (10 wt%, Fig. 9b) of CuO loaded PVA showed
the agglomeration of CuO nanoparticles when increasing
its content. This confirms the higher concentration of nano-
filler leads to the agglomeration in PVA matrix.

Conclusions

The CuO nanorods with ca. less than 1 nm in diameter and
25-30 nm in length were synthesized via a one pot sono-
chemical method. The formation of CuO was confirmed by
the metal-oxygen peak at 650 cm™'. The catalytic effect of
synthesized CuO, involvement in simultaneous oxidation,

9007 20kU  Soum

and thermal degradation processes on PVA in the order of
1.5 was confirmed by FTIR-RI and XRD revealed that the
filled CuO lead to the lower crystalline degree of PVA
matrix due to decrease in the intermolecular interaction
between PVA chains. The introduction of CuO nanoparti-
cles in PVA matrix greatly improved the thermal proper-
ties, which were confirmed by TGA and DSC analysis.
Formation of double bond in PVA backbone was acceler-
ated with the surface catalytic effect of CuO. The higher
wt% loading of CuO nanoparticles onto PVA matrix led to
agglomeration observed in SEM images.
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