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Abstract

In this work, polyvinyl alcohol/sodium alginate (PVA/SA) blend was used as a polymeric material for fabricating nanocom-
posites reinforced with copper nanoparticles (Cu NPs) and zinc oxide nanorods (ZnO NRs) as hybrid nanofillers in differ-
ent concentrations. The TEM micrographs show that the shape of Cu NPs is perfectly round spheres and the shape of ZnO
NRs are rods. Both pure PVA/SA blend and nanocomposite samples were characterized using X-ray diffraction (XRD) and
Fourier transform infrared (FTIR) analyses, which revealed presence of coordinated hydrogen bonds and highly amorphous
PVA/SA blend structure. Moreover, as evidenced by the UV-Vis spectra, the presence of the hybrid nanofillers in the blend
considerably enhanced its optical properties, as absorption was increased while the indirect energy gap was reduced from
4.82 eV for the pure blend to 1.93 eV for the sample with highest concentration. The inclusion of Cu NPs and ZnO NRs also
enhanced the thermal stability at higher temperatures, as confirmed by the thermogravimetric (TGA) curves. In addition, the
impedance spectroscopic study findings confirmed that the alternating current (AC) conductivity was enhanced by adding
the nanofillers to the polymeric matrix. The DC conductivity value (6,.) of PVA/SA blend doped with 1.2 wt% of nanofiller
was 3.16x 10 S.cm™!, which increased by approximately three orders of magnitude due to the increase of charges carriers
and the creation of 3-D channels that lead to an increase in the movement of charges carriers within the blend matrix. As the
dielectric parameters, such as dielectric permittivity and electrical modulus, can be tuned by varying the nanofiller content,
these nanocomposites can be utilized in the development of solid polymeric electrolytes for use in advanced high-density
energy storage applications and flexible-microelectronic devices.
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Introduction

Polymer nanocomposites are obtained by dispersing
nanosized materials (e.g., spheres, rods, plates) in a poly-
meric matrix for a variety of industrial applications [1, 2].
Academic and practitioner interest in these materials has
grown in recent years due to their beneficial properties,
such as greater reinforcement relative to conventionally
doped polymers [3, 4]. Blending two or more polymers
is an easy techneque of produce and control of physical
features within a synthetic system [2, 5].

Polymer blends have become more famous in the
commerce and technology fields than the manufacturing
homopolymers/copolymers in the last decades due to the
blending that allowed the production of new materials with
good features for the required applications at low-cost.
These features mainly depend on the origin features of the
blending component polymers [5, 6]. Extant research has
primarily focused on polyvinyl alcohol (PVA) as a host
material for nanofillers due to its good thermal stability,
water solubility and chemical resistance, as well as opti-
cal transparency [6, 7]. PVA is also advantageous as it is
non-toxic and non-carcinogenic, as well as bio-degrada-
ble and bio-compatible, and has the capacity to reduce
to secondary alcohol groups [7, 8]. However, researchers
have recently started to explore sodium alginate (SA) as
an addition to PVA, as this natural, biodegradable, non-
toxic, hydrophilic, biocompatible, water-soluble, anionic,
and low-cost polymer [9, 10] possesses an amorphous
structure and can be used to obtain a polymeric blend
with superior characteristics compared to PVA [11]. The
available experimental findings further indicate that, as the
SA content increases, the phase separation in the sample
will decrease due to the presence of hydroxyl groups in
SA that react with PVA via hydrogen bonding. Thus far,
SA has been employed in a variety of contexts, including
paper production, medical applications, food packaging,
and electrical devices [10, 12]. These applications can also
benefit from materials that incorporate copper nanopar-
ticles (Cu NPs) as they possess large specific area, good
optical characteristics, high catalytic and antibacterial
activity, and excellent thermal and chemical stability [13,
14]. Therefore, these nanoparticles can be utilized when
designing materials used for producing super capacitors,
as well as in sensing and catalytic hydrogenation processes
[14, 15]. Moreover, nanoparticles exhibit features that dif-
fer from those of their bulk counterparts [15, 16]. Similar
benefits can be attained from ZnO, as evident from its
widespread application in optoelectronics both as a sen-
sor and as a catalyst [17, 18]. To maximize its advantages,
photocatalytic activity in particular, various physical and
chemical methods have been used in extant studies to

synthesize different ZnO structures, such as nanorods,
nanotubes, and nanospheres [18, 19]. Doping with ZnO
has been shown to increase carrier mobility and photoca-
talysis efficiency, while the resulting materials are easy
to fabricate and non-toxic, making them ideal for use in
photovoltaic cells, semiconductors, and next-generation
lithium-ion batteries [14, 19]. The literature survey depicts
that the optical, thermal and electrical properties of the
PVA/SA blend via the addition of hybrid nanofillers (Cu
NPs and ZnO NRs) have not been observed yet and are
so far to be found for increasing their industrial and tech-
nological uses. The structural differences and formations
of the interactions between the polymeric matrix and the
hybrid nanofillers are characterized using FT-IR, X-ray
and TEM measurements. The optical and electrical fea-
tures of the nanocomposites were examined, which can
lead to the judgment of their effective uses in industries.
Thus, the work reported in this paper aims to contribute to
this research stream by examining the physical properties
of PVA/SA blends incorporating different Cu nanoparticle
(NP) and ZnO nanorod (NR) amounts intended for energy
storage and optical device applications.

Materials

PVA (99% hydrolyzed, M.W. ~ 89 kg/mol) and copper
NP powder were purchased from Sigma, Aldrich (USA),
while SA powder (M.W. = 350 kg/mol) was purchased from
LANXESS Co, zinc nitrate was procured from Merck, and
sodium hydroxide was purchased from EI Nasr Co. Egypt.
In all preparations, double-distilled water (DDW) served as
solvent.

ZnO NRs Synthesis

The zinc alkali solution required for the present study was
obtained by dissolving 30 g of zinc nitrate and 8 g of sodium
hydroxide in DDW after which the sodium hydroxide solu-
tion was heated to a specified temperature. Next, the zinc
nitrate solution was slowly added into the sodium hydroxide
under constant stirring. After allowing 90 min for reaction to
develop, the resulting white precipitate collected at the bot-
tom of a bottle was filtered and rinsed three times with DDW
and ethanol, respectively. Finally, ZnO NRs were obtained
by centrifugation and were left to dry in vacuum at 500 °C
for three hours.

PVA/SA/Cu NPs —ZnO NRs Nanocomposite Synthesis
The PVA/SA blend (70:30 wt%) required to obtain the

nanocomposite was synthesized by the standard casting
method. For this purpose, PVA and SA were placed in a
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solvent which was stirred for six hours to ensure complete
dissolution. Next, different Cu NP and ZnO NR concen-
trations (0.00, 015, 0.30, 0.60 and 1.20 wt%, while ensur-
ing 50:50 ratio) were sonicated in an aqueous solution for
10 min before gradually adding the contents to the PVA/
SA blend. The obtained solution was stirred for eight hours,
followed by tip sonication for eight minutes. Finally, the
resulting homogenized PVA/SA/Cu NP — ZnO NR solutions
were poured into Petri dishes and were left to dry completely
at 45 °C.

Characterization of Prepared Samples

For the characterization of the polymeric samples containing
different Cu NP and ZnO NR amounts, transmission electron
microscopy (TEM) micrographs were taken by a JEM-2100
(JEOL) electron microscope. Moreover, a high-resolution
X-ray diffraction (XRD) system (X’Pert/PRO Materials
Research diffractometer PW-3040, PANalytical/Almelo,
The Netherlands) was used to examine the crystalline struc-
ture, while Fourier transform infrared (FTIR) spectrometer
(Spectrum GX/FTIR, Perkin/Elmer, Waltham, MA, U.S.A.)
was employed to assess the absorption characteristics. In
addition, UV—Vis spectra of the prepared samples were cap-
tured by a UV-Vis spectrophotometer (UV 1800 Shimadzu,
Kyoto, Japan), while thermogravimetric (TGA) curves were
obtained using the TGA apparatus (NETZSCH/STA/409CD,
Germany, 5 °C/min scan rate, 0.01 °C/min accuracy) under
nitrogen atmosphere to test the nanocomposite decomposi-
tion characteristics over a wide temperature range, i.e., from
room temperature (RT) to 700 °C. The alternating current
(AC) conductivity of prepared samples was investigated
using an Agilent 4284a Precision LCR meter (Santa-Clara,
CA, USA) in the frequency range spanning from 0.01 HZ
to 2,000 kHz.

Results and Discussion

TEM Micrographs of Cu Nanoparticles and ZnO
Nanorods

TEM was utilized to investigate the sizes, crystallinity, and
shapes of the nanofillers used in the present study. As shown
in Fig. 1a, most Cu NPs are perfectly rounded spheres with
a diameter ranging from 6.10 to 20.91 nm, with an aver-
age of cca. 13.54 nm [20, 21]. On the other hand, Fig. 1b
confirms that ZnO formed rods of 19.67 —39.10 nm and
33.59-90.09 nm average width and length, respectively
[22, 23]. These findings are confirmed by the correspond-
ing XRD scans.

@ Springer

XRD Scans

The structure parameters and phase purity of Cu NPs and
ZnO NRs were tested using XRD and the findings are
shown in Fig. 2a. As can be seen from the graph, the spec-
trum pertaining to Cu NPs exhibits the strongest peak at
20=43.22° which corresponds to the (111) plane, while
the peak at 20=50.35° is attributed to the (200) plane
(JCPDS File Number 04-0836) [13, 16]. Both peaks are
well-aligned with the reported values for the face centered
cubic (FCC) metallic Cu, indicating that Cu NPs are free
from any impurities. On the other hand, ZnO NRs produce
spectra characterized by several peaks, located respectively
at 20=31.67°, 34.25°, 36.11°, 47.35°, 56.34°, 62.69°, and
67.79°, which can be attributed to the (100), (002), (101),
(102), (110), (311) and (312) planes (JCPDS, File Number
36-1451), confirming the crystalline structure of ZnO NRs
[24, 25]. These findings are supported by the XRD pattern,
confirming the single-phase nature and a hexagonal (wurtz-
ite) structure of the ZnO NRs [24, 26]. The identified peaks
were used to calculate the average crystallite size of Cu NPs
and ZnO NRs using Scherer’s relation [27]:

D = 0.941/Bcos6 (1)

where A is the XRD wavelength, B denotes the line width at
half maximum of the peak intensity, and 6 represents the dif-
fraction peak angle. These calculations yielded 14 and 31 nm
average size for Cu NPs and ZnO NRs, respectively [28, 29].
Moreover, as can be seen from the XRD patterns generated
by the pure PVA/SA blend and PVA/SA/Cu NPs —ZnO NRs
nanocomposite samples provided in Fig. 2b, the PVA/SA
blend produces a broad and diffused peak at around 20=19°,
confirming its amorphous nature. However, addition of
nanofillers increases the degree of amorphosity, while their
random distribution increases the number of defects, thereby
enhancing the electrical conductivity [18]. The addition of
Cu NPs and ZnO NRs leads to further inter/intramolecu-
lar interactions that lead to softening chains backbones of
the polymeric matrix and disruption of crystalline area [17,
18]. These structural differences within the nanocompos-
ites denote that the PVA/SA structure is influenced by the
presence of nanofillers. Therefore, films of the nanocom-
posites are expected to display an improvement in electrical
conductivity [9, 17]. The XRD patterns produced by the
PVA/SA/Cu NP —ZnO NR nanocomposite also incorporate
the diffraction peaks at 20=31.67°, 34.25°,36.11°, 43.22°,
47.35°,50.35°, 56.34° and 62.69° produced by pure nanofill-
ers, confirming that their morphology has not been altered
by inclusion into the PVA/SA blend [30, 31]. The crystallin-
ity degree (Dc%) was obtained in term of size of crystalline
(C) and amorphous (A) region: Dc% =C x 100/(C+ A) [30].
The calculated Dc% values were reported in Table 1, where
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Fig.2 The XRD scans of a: Cu NPs and ZnO NRs and b: PVA/SA/
Cu NPs-ZnO NRs nanocomposite samples. Note The phase of PVA/
SA blend was identified via the symbol (inverted triangle), while the
phases of ZnO NRs and Cu NPs were identified via the symbols (*)
and (triangle), respectively

the Dc % of the PVA/SA matrix decreased from 31.10% to
13.62% for the sample with the highest concentration of Cu
NP —ZnO NR. These structural characteristics were further
investigated through FTIR analysis.

FTIR Analysis

The PVA/SA pure blend and PVA/SA/Cu NP —ZnO NR
nanocomposite samples were subjected to FTIR analysis to
determine the interactions between the blend components

(PVA and SA) and the nanofillers, and the findings are
shown in Fig. 3. Several peaks are evident in the FTIR
spectrum produced by the pure PVA/SA blend, and that
located at about 3330 cm™! is attributed to OH stretching,
while the peaks located at 2935, 1724 and 1596 cm™! can
be ascribed to the asymmetric stretching vibration of CH,,
stretching vibration in C=0 and COO~ stretching vibration,
respectively [32-34]. Moreover, the bands at 1413, 1318
and 1085 cm™! are respectively attributed to bending vibra-
tions in CH,, CH, wagging and C—O stretching in the C=0
groups comprising the PVA backbone [34, 35]. On the other
hand, the spectra produced by the PVA/SA/Cu NP-ZnO
NR nanocomposite samples indicate that the presence of
nanofillers reduced the absorption intensity without chang-
ing the position of the peaks for most of the functional
groups, especially the bands of OH stretching, asymmetric
stretching vibration of CH,, COO™ stretching vibration and
COO- stretching vibration, and this reduction is propor-
tionate to the nanofiller concentration [36, 37, 39]. These
findings reflect the interactions and structural arrangements
between the blend and the nanofillers, such as the hydrogen
and coordination bonding or Vander-Waals forces which
increase the degree of amorphosity [38], that induced the
presence of charges transfer complexes dominant between
the hybrid nanoparticles and the polymeric chains and low-
ering in the degree of crystallinity as concurred in the XRD
scans.

UV-Vis Analysis

Figure 4 displays the UV-Vis spectra produced by pure
PVA/SA blend and PVA/SA/Cu NP—ZnO NR nanocompos-
ite samples. The spectrum related to the pure PVA/SA blend
displays an absorption peak at 210 nm which was attributed
to the = — = electronic transitions due to the existence of
the C=0 group within the polymer structure [39, 40]. This
peak exhibits a red shift as well as an increase in amplitude
as a result of addition of nanofillers in progressively greater
concentrations. These changes suggest that the crystallinity
ratio decreases as a result of the interactions and complexa-
tion between the polymeric chains and the Cu NPs and ZnO
NRs, as showed in Table 1. In addition, the UV—Vis spectra

Table 1 The values of
indirect, direct energy gaps,
DC conductivity (6,,) and the

crystallinity degree (Dc%) for
PVA/SA/Cu NPs-ZnO NRs

films Blend/0.15 wt% Cu NPs- ZnO NRs

Samples Dc% 04 (S.cm™) E, (eV)
Indirect E, Direct E,
Pure sample 31.10 1.93 x107 12 4.82 5.26
26.85 2.75 x10710 4.35 4.90
Blend/0.30 wt% Cu NPs- ZnO NRs 2191 5.62x10710 2.45 3.51
Blend/0.60wt% Cu NPs- ZnO NRs 17.85 9.77 x10710 2.14 3.24
Blend/1.20 wt% Cu NPs- ZnO NRs 13.62 3.16 x107° 1.93 2.96
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Fig.4 The UV-Vis of PVA/SA samples doped with different ratios
of Cu NPs-ZnO NRs

of doped films also incorporate a new band at about 379 nm
which is produced by the electrons in ZnO NRs transition-
ing from the valance to the conduction band, giving rise
to surface plasmon resonance (SPR) [41]. As the nanofiller
concentration increases, the SPR peak increases in intensity
and its position shifts to longer wavelengths, suggesting that
the NR diameter has increased. This red shift also confirms
the influence of quantum confinement. To further examine
these optical phenomena, the optical energy gap (E,) was
determined by applying the following expression [42]:

ahv = A(hv — E,)" )

where hov represents photon energy, A is a constant and n
takes the value of 2 and 1/2 for allowed indirect and direct
transitions, respectively. In the graphs shown in Figs. 5a
and b, (ahv)"? and (ahv)? is plotted as a function of photon
energy (hv) of PVA/SA/Cu NP-ZnO NR samples. Moreo-
ver, the indirect and direct Eg values listed in Table 1 indi-
cate that the E,, values of pure PVA/SA blend are in good
agreement with those reported in the literature (4.82 and
5.26 eV for indirect and direct Eg, respectively) [39, 41]. Itis
also evident from Table 1 that both indirect and direct E, of
doped samples decrease with the increase in nanofiller con-
tent due to the greater defect production as well as greater
disorder ratio, as new energy levels are generated by the
inclusion of Cu NPs and ZnO NRs [41, 42].

TGA Analysis

As can be seen from the TGA scans of PVA/SA/Cu
NP — ZnO NR nanocomposite samples shown in Fig. 6,
TGA results in weight loss, due to evaporation of absorbed
moisture below 100 °C, mass loss within the 225 — 300 °C
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Fig.5 a: (chv)”? and b: (ahv)? versus photon energy plots of PVA/
SA samples doped with different ratios of Cu NPs-ZnO NRs
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Fig.7 Plots of log ¢ versus log frequency of PVA/SA samples doped
with different ratios of Cu NPs and ZnO NRs

range (due to the loss of OH groups such as H,O, alde-
hydes, and methyl ketone) [43] and the decomposition
products (carbon and hydrocarbons, generated by the deg-
radation of blend structure) at about 438 °C [43, 44]. On
the other hand, nanofiller addition reduces the weight loss
and thus improves thermal stability. These findings are
expected, as the flexibility and softening of blend chains
are reduced by the inclusion of Cu NPs and ZnO NRs,
allowing for strong cross-linking interactions between the
polymeric molecules and the nanofillers. This enhance-
ment can be ascribed to the homogeneous dispersion of
Cu NPs and ZnO NRs within the PVA/SA blend, allowing
the nanofillers to efficiently inhibit the polymeric structure
degradation [43, 45].

@ Springer

AC Conductivity

Figure 7 shows the variation in (o,.) conductivity as a func-
tion of nanofiller content [46] and frequency, which is gov-
erned by the Jonscher’s power law given below [31]:

o= 1/p 3)

where p is the electrical resistivity.

The increase in AC conductivity with a progressively
greater nanofiller content is due to the increased charge car-
rier mobility as well as greater number of defects, in accord-
ance with the percolation theory [46, 47]. Specifically, as the
nanofiller content increases, the molecules begin to bridge
the gap between two localized states, and having energy
greater than the potential barriers between them facilitates
charge carrier transport [7]. From the Figure, the conduc-
tivity shows three distinct parts: (i) the lower frequencies
dispersion part, (ii) the frequency-independent plateau part
and (iii) the higher frequencies scattering region. The lower
values of conductivity in the lower frequencies dispersion
part (i) was due to the accumulation of ions (electrodes-
polarization), which results from the slow periodic reversal
of electrical fields [48, 49]. At the second part (ii), the mid-
dle part of frequencies denotes to the frequency independent
plateau part and the DC conductivity can be calculated from
this part. The high-frequency scattering part is assigned to
the space charges polarization at the blocking electrodes.
These scattering parts obey the Jonscher's power law equa-
tion [50, 51]. Table 1 shows the measured DC conductiv-
ity values at ambient temperature. As showed in the Table,
the DC conductivity of the polymeric matrix increased to
3.16x 10~ S.cm™! for the PVA/SA blend doped with 1.2
wt.% of the hybrid nanoparticles. Moreover, the raise of
the DC conductivity detects that the Cu NPs and ZnO NRs
produce a 3-D conductive channels in the nanocomposites
[47, 51]. It is depicted that the added of the hybrid nano-
particles within the PVA/SA blend may have increased the
favorable positions and produced some additional charges
carriers [46].

Dielectric and Modulus Parameters

As shown in Figs. 8a and b depicting dielectric constant (')
and dielectric loss (") as a function of frequency, presence
of Cu NPs and ZnO NRs results in a considerable involve-
ment of the Maxwell Wagner Silars (MWS) mechanism of
interfacial polarization (IP) due to the difference in the per-
mittivity and conductivity between the nanofillers and the
host blend [46, 47]. Moreover, &' declines as the frequency
increases from 10 to 30 kHz, as the dipoles cannot rotate in
the direction of the externally applied field at higher frequen-
cies [52]. In addition, as Cu NPs and ZnO NRs have higher
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¢’ value than the pure blend; this increases the €' value of
the nanocomposites as a result of electrostatic interactions
between the nanofillers and dipole groups in the polymeric
matrix. This in turn assists in the correct dipole arrangement
within the nanocomposite material, increasing its dielectric
permittivity [52, 53]. Similarly, increase in nanofiller con-
centration increases the €' value due to the greater charge
carrying capacity [7]. Similar trend is observed for the
increase in frequency, which is attributed to greater charge
mobility and thus to a decrease in polarization. The linear
variation of the complex dielectric permittivity (¢’ and €'’)
values across the audio frequency range (below 20 kHz)
confirms the dielectric behavior of nanocomposites, indi-
cating that these materials can be used for producing nano-
electrodes for a variety of electronic applications [51, 53].
According to the available findings, these phenomena are
expected, as nanofiller inclusion increases ionic conductiv-
ity, whereby the polymer chains become more flexible [7,
53].

Electric modulus of pure PVA/SA blend and PVA/SA/
Cu NP —ZnO NR nanocomposite samples was also inves-
tigated as it reflects the relaxation process within hetero-
geneous structures. The real (M') and imaginary (M") part
versus frequency plots for pure PVA/SA blend and PVA/
SA/Cu NP —ZnO NR nanocomposite samples are shown in
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Fig.9 Plots of a: M' and b: M" versus log frequency of PVA/SA
samples doped with different ratios of Cu NPs and ZnO NRs

Figs. 9a and b, respectively, and were obtained by applying
the following calculations [54]:

M* =1/(") = M’ +iM" 4)
M = 6/(8/2 + 6”2) )
MN — 5///(6,2 + 5”2) (6)

As can be seen from Figs. 9a and b, the plots produced
by both pure PVA/SA blend and PVA/SA/Cu NP —ZnO
NR nanocomposite samples exhibit ‘step-like’ change
in M’ value, while the M" values reflect the influence of
MWS dynamics within the polymeric structure [53, 54],
as the relaxation peaks shift upwards with the increase
in frequency and the nanofiller amount within the poly-
meric matrix. Moreover, M’ values are the lowest at the
lowest frequency due to the negligible effect of electrode
polarization [54, 55], while the M" curves confirm that
the addition of nanofillers promotes relaxation. It also
reduces the strength of hydrogen bonds within the blend,

@ Springer



2938

Journal of Polymers and the Environment (2023) 31:2930-2940

as the modulus relaxation time (tM) is a function of fM—
™™ = 1/2n(fM)—where fM is the frequency of relaxation
peaks [56]. Furthermore, these shifts in peak positions
confirm the previous observation that the Cu NP and ZnO
NR inclusion enhances charge carrier mobility by building
conductive paths in the PVA/SA blend [55, 56].

Conclusion

PVA/SA blend electrolyte was prepared via doping with
different concentrations of Cu NPs/ZnO NRs and was pre-
pared using solution casting method. The increase in the
amorphous degree of the doped samples was confirmed by
XRD scans. The FTIR spectra showed the complexity and
the strong interactions between the hybrid nanofillers and
functional groups of the blend. Moreover, the UV-visible
spectra revealed that the optical absorption was significantly
increased due to the inclusion of the hybrid nanoparticles,
while the optical energy gap was reduced due to the pres-
ence of charge transfer complexes. TGA scans of the nano-
composite films confirmed that the interactions between the
polymer blend and the Cu NPs and ZnO NRs (which inhibit
the degradation of the blend bonds) enhanced the thermal
stability of the nanocomposites. The complex dielectric per-
mittivity and electrical modulus spectra of these samples
confirmed, at first, that ¢’ and ¢"” decrease gradually with
increasing frequency, but remain constant at higher frequen-
cies. On the other hand, the M" peak intensity increases
and its position shift toward higher frequencies with the
increase in the nanofiller content. The maximum value of
AC conductivity has been found to be 1.23 x 107 S.cm™!
at ambient temperature for PVA/SA blend doped with 1.2
wt% of the hybrid nanoparticles. These beneficial findings
indicate that Cu NPs and ZnO NRs improve the dielectric
and structural properties, as well as thermal and electrical
conductivity of the PVA/SA blend, making this nanocom-
posite suitable for a variety of applications. This confirms
the potential candidates as tunable nano-electrochemical and
ionic conducting samples for biodegradable microelectronic
applications such as organic electronic sensors, high-density
energy storage, harvesting devices, high dielectric constant
layers in transistors and the development of solid electrolytes
polymeric materials.
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