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ABSTRACT

The present work is focusing on characterizing the films of poly (vinyl alcohol) (PVA) and
poly (vinyl pyrrolidone) (PVP) with various mass fractions of NiCl,/CdCl, by different
techniques. XRD scans revealed the semicrystalline nature of the prepared films and
demonstrated that complexation between the blend and the filler took place in the
amorphous region. FT-IR and UV-visible studies confirmed these results. UV-visible
analysis also revealed that the optical energy gap was affected by adding the mixed filler,
indicating that there are charge transfers complexes arose in the polymer blend matrices.
DSC revealed single T, which indicates miscibility of the prepared films. The electrical
conductivity was enhanced from 2.16 x 10°® S/cm of pure blend to 1.1 x 10 S/cm for the
blend filled with 20 wt % of the mixed filler so, From these data the prepared films can be
used for rechargeable batteries.
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1. INTRODUCTION

Materials with improved characteristics are produced by blending two or more polymers in
order to combine their properties for certain purposes which cannot be achieved by one of
them alone. Interest in studying polymer blends has considerably increased due to their
industrial applications. The concept of physically blending of two polymers, in general has
been adopted as a strategy for suppressing the crystallinity and enhancing the conductivity.
The conventional methods for producing polymer blends are: melt blending, co-precipitation
and solvent casting [1].

In order to investigate the miscibility and phase behaviour of polymers, differential scanning
calorimetry (DSC) has been frequently used to determine the glass transition temperature
(Tg) [2]. A miscible polymer blend would exhibit a single transition between T, of the two
components.

PVA is a semicrystalline, synthetic water-soluble polymer and has very important
applications due to the role of hydroxyl groups and hydrogen bonds [3]. These hydrogen
bonds assist in the formation of polymer blends. Because of its mechanical properties and
both ionic and electrical conduction, it has some technological advantages in
electrochemical devices, fuel cells, etc.

PVP deserve a special attention among the conjugated polymers; because of its good
environmental stability, easy processability and moderate electrical conductivity. It has a
broad wide range of applications such as electrochemical devices (batteries, displays) [4].

PVA/PVP blend is a potential material having a good charge storage capacity and dopant-
dependent electrical properties. Their interactions have been described in many papers
because of the interesting properties of the resulting blend, which combine the features of
both polymers [5,6]. The use of modifiers can change the properties of PVA/PVP blend in
many aspects. However, it is necessary to keep in mind the original idea of application and
according to that choose the appropriate filler.

Recently, our research group focused on synthesizing polymer blend with high conductivities
at room temperature to be used it in batteries such as rechargeable lithium batteries [7] and
nickel/cadmium batteries as in this work.

The main goal of the present study is to prepare new composite fiims based on PVA/PVP
blend doped with of different concentrations of equal mass fractions of NiCl, and CdCl, using
casting techniques. A systematic investigation of structural, optical, morphological, thermal
and electrical properties of these system are discussed by different tools and techniques.

2. EXPERIMENTALS
2.1 Materials and Samples Preparation

PVA was obtained from E-Merck (Germany) of molecular weight M,, = 14,000 and PVP from
SISCO Research Laboratory Ltd. (Mumbai, India) of M,, = 40,000. Equal amount of PVA and
PVP (5 gm from each polymer) by weight percent was added to double distilled water with
stirring the solution at 328 K to complete dissociation. Nickel chloride (NiCl,) and cadmium
chloride (CdCl,) were used as mixed filler. Required quantities of the two fillers (equal weight
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of each other) were also dissolved in distilled water and added to the polymeric solution drop
by drop. This solution was kept in oven until a suitable viscous solution is formed.

To prepare the polymeric films filled with mass fractions 0.5, 2.5, 5, 10 and 20 wt % of the
mixed filler, the viscous solution was poured onto cleaned glass Petri dishes and kept in a
vacuum oven at 338 K for 4 days to ensure removal of the solvent traces. After drying, the
prepared films were peeled from Petri dishes and kept in vacuum desiccators until using
them. Thicknesses of the obtained films were in the range of 60-120 um and were measured
by a digital micrometer (Mitutoyo no. 293-521-30, Japan).

2.2 Measurements

X-ray diffraction scans were obtained using DIANO Corporation with Cu Ka radiation
(A = 1.540 A, the tube operated at 30 kV, Bragg's angle (26) in the range of 4-60°). FT-IR
absorption spectra were carried out using the single beam Fourier transform infrared
spectrometer (FT-IR-430, JASCO, Japan). FT-IR spectra of the samples were obtained in
the spectral range of 4000-400 cm™. UV-visible absorption spectra were measured in the
wavelength region of 200-600 nm using spectrophotometer (V-570 UV-VIS-NIR, JASCO,
Japan). Morphology of the films was characterized by scanning electron microscope using
(JEOL 5300, Tokyo, Japan), operating at 30 kV accelerating voltage. Surfaces of the
samples were coated with a thin layer of gold (3.5 nm) by the vacuum evaporation technique
to minimize sample charging effects due to the electron beam. The differential scanning
calorimetry of the prepared films was carried out using Shimadzu DSC-50 from ambient
temperature to 500°C with a heating rate of 10°C/min under argon atmosphere. DC electrical
conductivity was measured using an insulation tester (Level type T M14) of accuracy +0.2%.

3. RESULTS AND DISCUSSION
3.1 X-ray Diffraction Analysis

X-ray diffraction analysis has yielded much valuable information on the configuration of
macromolecules, structure, orientation and size-ordered regions in the material [8]. Fig. (1)
shows the X-ray diffraction spectra of pure PVA/PVP (50/50) blend and the blend filled with
different concentrations of NiCl,/CdCls,.

From this figure, it is observed that the polymer blend exhibited a semicrystalline structure of
the blend with two peaks at 26= 11.84° (assigned to PVP) and 19.68°. The main broad peak
was observed at 26= 19.68°, which known as the amorphous hump, is originated from (101)
plane of crystalline PVA [9]. This broad band stemmed from reflection of the amorphous
region of the blended PVA/PVP.

The decrease in relative intensity with increase in broadness of the apparent peak at 19.68°
of the filled samples has been observed when compared with pure polymer blend. This can
be interpreted in terms of the Hodge et al. [10] criterion, which has established a correlation
between intensity of the peak and the degree of crystallinity. Thus, the increase in broadness
of this peak reveals increase in the amorphous regions in the samples. It is clear that, there
are no new peaks appeared after adding fillers in the prepared samples spectra. This
indicates the complete dissolution of the mixed filler in amorphous regions of the polymers.
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From all previously results, the interaction between the filler and polymer blend results in
decreasing crystallinity with rich amorphous phase. This amorphous nature is responsible for
higher conductivity and confirms the complexation between the mixed filler and the polymer
blend.

(NiCl/CdCl) wt %
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Fig. 1. X-ray diffraction of pure PVA/PVP (50/50) b lend and the polymer blend filled
with different concentrations of the mixed filler ( NiCl,/CdCl,)

3.2 Fourier Transform Infrared Analysis
To confirm the complexation of pure blend and the blend filled with NiCl,/CdCl,, FT-IR

spectroscopy has been used due to its ability to detect the intermolecular interaction
between the polymer blend and its interaction with the mixed filler.
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FT-IR absorption spectra of the present system recorded at room temperature in the range
of 4000-400 cm™ are shown in Fig. 2. The spectra exhibited characteristic bands of
stretching and bending vibrations of OH, C-H, CH,, C=0O and C=C groups. These
characteristic bands in the present spectra are assigned and listed in Table 1.
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Fig. 2. FT-IR absorption spectra of the present sys  tem recorded at room temperature
in the range 4000-400 cm t

From the spectra, the observed absorption band at about 3349 cm™ is assigned to the
stretching vibration of hydroxyl groups (OH) stemmed from the presence of PVA. This band
became broader after adding the mixed filler as shown in this figure, where this is due to
hydrogen bonds formation and due to the presence of CI" ions. This gives a clear indication
about the specific interaction in the polymer matrices.

Another strong band observed at about 2940 cm™ indicates an asymmetric stretching mode
of CH, group [11]. The vibrational band at about 1657 cm™ is assigned to C=0 stretching
which confirms the intermolecular interactions between the hydroxyl groups of PVA and
carbonyl groups of PVP in the prepared films. It is remarkable that the present double bonds
segments are considered as suitable sites for polarons and/or bipolarons [12]. Also,
appearing of C=0 stretching is due to the semicrystalline nature of the blend, which confirm
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results of X-ray diffraction analysis. The two observed peaks at about 1374 cm™ and 1439
cm™ are assigned to CH, bending and scissoring vibrations, respectively. Because the
vibration of the later, most influenced upon the coordination interaction between the carbonyl
groups and ions was occurs [13].

Table 1. Assignment of the characteristic bands in the present spectra

Vibrational frequen cy (cm™) Band assignment

3349 OH stretching

2940 CH; asymmetric stretching

1657 C=0 stretching

1539 C=N (pyridine ring)

1439 CH, scissoring

1374 CH,; bending

1291 C-H wagging and/or C—-N stretching
1224 C-C stretching and/or CH, deformation
1094 C-O stretching

913 out-of-plane rings C—H bending

845 C-H rocking

733 CH, rocking

579 C—Cl stretching

The vibrational sharp peak observed at about 1291 cm™ may be attributed to C—N stretching
of PVP [14], while the other weak band at about 845 cm™ may be assigned to C—H rocking
of PVA [15]. It is observed that intensities of the previous ed peaks increased for the
concentrations < 2.5 wt % and started to decrease for that > 2.5 wt % of the mixed filler
content.

The observed small shifts in positions of some bands in the present spectra indicate the
chemical interactions and complexation between NiCl,/CdCl, and the polymer blend
matrices [16].

3.3 UV-visible Analysis

UV-visible spectroscopy is useful as an analytical technique for two reasons. First, it can be
used to identify some functional groups in molecules and secondly, it can be used for
assaying (i.e. determining the content and strength of a substance).

UV-visible spectra in the wavelength range of 200-600 nm of the present samples recorded
at room temperature are shown in Fig. (3). The spectra exhibit a weak band centered at
about 208 nm, which can be assigned to n — Tt transition. During such transition in a
molecule, electrons are promoted from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO).
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Fig. 3. UV-visible spectra in the wavelength range  of 200-600 nm of the prepared
samples recorded at room temperature

The presence of main absorption edge at about 218 nm is due to the semicrystalline nature
of the samples. This absorption edge has small shift toward longer wavelengths with
increasing the fillers content, indicating the complexation between all used components. This
also may be attributed to change in crystallinity due to adding the mixed filler [17], which
confirms XRD and FT-IR results.
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The observed absorption shoulder centered at about 270 nm may be attributed to ™ — 1t
which comes from unsaturated bonds, mainly; carbonyl groups (C=0 and/or C=C) [6], which
is responsible for electrical conduction in the samples. Another band observed at about 410
nm can be assigned to Ni-ions, where its intensity increased with increasing the mixed filler
content. The appearance of this band confirms the occurrence of complexation between the
fillers and blend. With increasing the mixed filler content, it is observed that this band is
shifted toward higher wavelengths at about 430 nm.

The study of optical absorption gives information about the band structure of organic
compound. Semiconductors are generally classified into two types: a) direct band gap and
b) indirect band gap. In direct band gap, the top of the valence band and the bottom of the
conduction band both lie at the same zero crystal momentum (wave vector). If the bottom of
the conduction band does not correspond to zero crystal momentum, then it is called indirect
band gap [2]. In indirect band gap, transition from valence to conduction band should always
be associated with a phonon of the right magnitude of crystal momentum [18]. Davis and
Shalliday [19] reported that near the fundamental band edge, both direct and indirect
transitions occur and can be observed by plotting (O(hu)2 and (orhu)l/z, respectively, as a
function of energy (hv) (where h is Planck's constant). The analysis of Thutpalli and Tomlin
[20] is based on the following relations:

(nahu)? =C,(hu-E,) D)
(nahv): =C,(hu-E,) )

where, hu is the photon energy, Eyq , the direct band gap, Ey , the indirect band gap, n,
integer, C, , C,, constants and a is the absorption coefficient. The absorption coefficient (a)
can be determined as a function of frequency using the formula [21]:

a(v)= 2.303x§ (3)

where, A is the absorbance and d is the path length of the quartz cuvette. The experimental
data have been fitted with theoretical equations (1) and (2). As expected, the best fit is
obtained for equation (2). This behaviour indicated that the transitions are indirect allowed
transitions. So, we plot (O(hu)”2 versus photon energy (hvu) in order to determine the optical
band gap energies (Ey) by drawing the extrapolation of the straight portion of the curve to the
hu-axis, i.e., at a = 0. The optical band gap energy obtained in the present work is given in
Table (2). From this table, values of E, of the filled blend have been decreased, indicating
that there are charge transfers complexes arose in the polymer blend (host lattice) by small
amounts of Ni/Cd ions [22].

All curves are characterized by the presence of an exponentially decay tail at low energy.
The tail of the absorption edge is exponential indicating the presence of localized states in
the energy band gap, also indicating the presence of amorphous regions which correlated to
the previous measurements. The origin of this band tailing is still a matter of conjecture but
according to Dow and Redfield [23], it arises from the random fluctuations of the internal
fields associated with structural disorder.
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3.4 Differential Scanning Calorimetry

In order to get information about temperatures of the different phase transitions, DSC
measurements have been carried out on the prepared samples. DSC also is one of the most
convenient methods to determine miscibility and thermal properties of polymer blend [2].

The DSC thermograms obtained for pure and filled blend with different concentrations of the
mixed filler are shown in Fig. 4. All samples were heated from ambient temperature to 450°C
at a heating rate of 10°C/min under argon atmosphere. From this figure, the observed
thermal transitions can be assigned as follows: The exothermic peak (T,,) at about 48°C for
all samples could be due to a small amount of moisture present in them unless it is carefully
vacuum dried.
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Fig. 4. DSC thermograms obtained for pure and fille  d blend with different
concentrations of the mixed filler

The glass transition temperature (Tg4) of pure PVA is about 53.3°C and 170°C for pure PVP
[24,25]. Pure PVA/PVP blend curve shows a small single transition at about 64°C attributed
to T, relaxation process resulting from micro-Brownian motion of the main chain backbone
[6,25]. In general, DSC curve of a miscible polymer blend system shows a single T4 or
melting peak, because the component polymer molecules would interact with each other
[26]. This interaction would affect the crystallization and glass transition temperature of the
blend. The presence of this single T4 indicates miscibility of the blend. This miscibility should
be promoted by hydrogen bonding formation between hydroxyl groups of PVA and carbonyl
groups of PVP.
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The broad exothermic peak centered at about 175°C was attributed to a-relaxation
associated with the crystalline regions [27]. The position of a-relaxation temperature (T)
was slightly shifted toward higher temperatures and its intensity decreased with increasing
the mixed filler content. The change in the position of T, might mainly have been due to the
effect of filling on the orientation of crystals, crystallinity and micro-structure of the samples
[28]. It is observed that it was disappeared at W = 10 wt % and this may be due to its
weakness and/or increasing the amorphous regions in the samples.

The endothermic peak observed at about 212°C is assigned to melting temperature (T,,) and
that at about 335°C is assigned to decomposition temperature (T4). The endothermic peak at
about 420°C may be assigned to second decomposition temperature (Tg,). It is clear that,
the melting temperature decreased with the increase of NiCl,/CdCl, content. This decrease
of T,, (from 212°C to 197°C) suggests a large influence of the intercalation treatment of the
polymer blend matrices.

The influence of filling on the enthalpy of fusion (Hy) of the present system was observed as
shown in Table (2), where its values decreased with increasing concentrations of the mixed
filler. This behaviour may be due to high viscosity of the prepared samples which makes
crystallization more difficult. The tendency of an apparently disproportional decrease in H;
with increasing the fillers content implies a rapid decrease in the degree of crystallinity of the
polymer blend component due to filling with NiCl, and CdCl,. The sensitivity of H; and T, of
the prepared samples indicates the presence of interaction between the mixed filler and the
blend matrices.

Table 2. Eg, Ty, glass transition (T ), melting (T ), decomposition (T 4) temperatures
and the enthalpy of fusion (H )

W (wt %) Eq (eV) Tw (°C) T4 (°C) Tm (°C) Tq (°C) H (V. s/img)
0.0 5.4 48 64 212 335 23.04

2.5 5.2 51 65 201 315 21.54

5.0 5.1 49 65 197 295 7.39

10 4.98 50 67.5 - 282 7.97

20 4.75 52 68 - 268 3.12

The position of T4 shifts toward lower temperatures from 335°C to 268°C indicating the
formation of an intermolecular interaction between the polymer blend and mixed filler. This
confirms the results obtained by X-ray, FT-IR and SEM studies.

3.5 DC Conductivity Studies

Fig. (5) shows the variation of log (o) as a function of inverse absolute temperature for
various concentrations of the mixed filler in PVA/PVP blend. From this figure, it is observed
that, as the temperature increases, values of conductivity are increased for all the prepared
samples. The conductivity behaviour does not show any abrupt jump with temperature. This
indicates amorphous structure of the prepared films [29], which is confirmed from XRD
study.
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Fig. 5. The variation of log (@) as a function of inverse absolute temperature for the
present samples

This is in agreement with the free volume theory [30]. This theory is, at higher temperatures,
thermal movement of polymer chain segments and the dissociation of fillers would be
improved, which increased ionic conductivity for all complexes. As temperature increases,
the amorphous polymer can expand easily, which results in an increase in the free volume of
the system. Thus, the segmental motion either permits the ions to hop from one site to
another or provides a pathway for ions to move. In other words, the segmental movement of
the polymer facilitates the translational ionic motion.

Thus, ions, solvated molecules and/or polymer segments can move to the free volumes. So,
according to this theory of polymers, when temperature is increased, the vibrational energy
of a segment is sufficient to push against the hydrostatic pressure imposed by its
neighboring atoms and create a small amount of space surrounding its own volume in which
vibrational motion can occur [31]. An increase in temperature produces more free volumes,
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which increases the mobility of ions and segments that will assist ion transport and
practically compensate the retarding effect of the ion and hence conductivity [32]. It is clear
that, no linear dependence obtained in the figure suggest that ion conduction follows
Williams-Landel-Ferry (WLF) mechanism not Arrhenius [33]. Thus, the results may be
effectively represented by the following equation [34]:

-1

o = AT 2 exp

k(T -T,) @

where, E, is related to the activation energy of ion transport associated with the
configurationally entropy of the polymer chains, and its values are listed in Table (3). Thus,
the non-linearity of the plots suggests that ionic transport in the samples is associated with
the polymer segmental (i.e., polymer chain) motion.

Table 3. Values of activation energy of ion transpo  rt associated with the
configurationally entropy of the polymer chains

W (wt %) Activation energy (eV)
0.0 1.37
0.5 1.28
1.0 0.93
25 0.75
5.0 0.80
10 0.74
20 0.60

From Fig. (5), the conductivity was improved, where its values changed from (2.16 + 1) x
10°® S/cm of pure PVA/PVP blend to (1.1 + 0.8) x 10™S/cm of the blend filled with 20 wt % of
the mixed filler. These results suggest that this system can be used in some applications
such as nickel/cadmium batteries.

3.5.1 Determination of the hopping distance ( R,)

It is well-known that, double-bond segments and structural defects (detected by FT-IR
spectroscopy) are considered as suitable sites for the formation of polarons and/or
bipolarons in the polymeric matrix. Therefore, the electrical conductivity can be expressed by
[35]:

_ AeZV(T)2 4 Yo Yop - 2BR,
o= 2 > &X 5
kT R0 (yp + ybp) Z

where, A= 0.45, B=1.39, y, and y,, are the concentration of polarons and bipolarons,
1

respectively, R, is the typical separation between impurities, Z = (Z"ZDZ)s is the average

decay length of a polaron and bipolaron wave function, {j and ¢. are the decay lengths
parallel and perpendicular to the polymer chain, respectively. Bredas et al. [36] reported that
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the extension of defect should be the same for both polarons and bipolarons. The electronic
transition rate between polaron and bipolaron states can be expressed as [35]:

y(T) =1.2x10" (T /300K )" (6)
Where, nis a constant = 11.

Using a computer-aided program, the order of magnitude of ¢ in the present system was
adjusted with the impurity concentration, which actually was the fitting parameter. The
parameters ¢ = 1.06 nm and g1 = 0.22 nm depend on the interchain resonance energy and
the interchain distance. Taking y, = yu, for simplicity, which is an acceptable approximation,
using equations (5) and (6), we can obtain values of the hopping distance R,.

1
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Fig. 6. The different concentrations of the mixed f iller dependence on calculated R

and log ( o) at constant temperature (T = 370 K)

It is remarkable that, the calculated values of R, are in the range of 0.1-4.1 nm. Considering
the monomer unit length to be = 0.25 nm [37], it can be noticed that the hopping distance is
of the 0.4-16.4 monomer unit lengths. This indicates that the present conduction mechanism
is of an intrachain one-dimensional hopping type. Fig. 6 above shows the different
concentrations of the mixed filler dependence on calculated R, and log (o) at constant
temperature (T = 370 K). It is clear that R, decreased while the conductivity was increased
with increasing the concentration of the mixed filler, which suggest the choice of NiCl,/CdCl,
as mixed filler to improve the electrical conductivity of PVA/PVP blend.
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Fig. 7. SEM micrograph of the surface of: (  a) pure blend, (b) 2.5, (c) 5, (d) 10 and (e) 20
% of the mixed filler at magnification 1000 times
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3.6 Scanning Electron Microscopy

SEM is used to investigate fully the effect of the mixed filler content and the phase
morphology of the films. Fig. 7 above shows the SEM micrograph of the surface of pure and
filled polymer blend films at magnification 1000 times. The image of pure sample has a
uniform surface morphology revealing a rather smooth surface.

For the filled samples, they have uniform surfaces, but there are semi-tori with different sizes
in the range 1.39-4.17 um. These semi-tori appeared as bright spots in all filled samples with
different degree of roughness. The observed uniform distributed bright spots on the back-
scattered images, as shown in the figure, seem to be agglomerates of the Ni/Cd particles,
which increase with increasing the mixed filler content.

The degree of roughness of the surfaces increased with increasing NiCl,/CdCl, contents.
This indicates segregation of the mixed filler in the host matrix and this may be confirmed the
interaction and complexation between the mixed filler and the polymer blend.

4. CONCLUSION

 PVA/PVP polymer blend pure and filled with different mass fractions of NiCl2/CdCI2
as mixed filler have been prepared by solution casting technique.

« XRD scans revealed increase in the amorphous regions inside the prepared
samples with increasing Ni/Cd ions content. The complex formation in the polymer
matrices has been elucidated in XRD, FT-IR and UV/visible studies.

e The relatively strong and weak bands appeared in FT-IR spectrum indicates the
presence of stretching and bending vibrational modes of OH, C-H, CH2 and C=0
groups.

» From UV-visible results, the main absorption edge at about 218 nm for all curves is
attributed to the semicrystalline nature of the blend. Also, the decrease in values of
the optical band gap of the filled blend indicates that there are charge transfers
complexes arose in the polymer blend (host lattice) by small amounts of Ni/Cd ions.

e DSC study confirmed miscibility of the blend due to the presence of single glass
transition temperature.

* The electrical conductivity was enhanced from 2.16 x 10-8 S/cm of pure polymer
blend to 1.1 x 10-4 S/cm of the blend filled with 20 wt % of the mixed filler.

e Hence, PVA/PVP polymer blend filled with NiCI2/CdCI2 as mixed filler looks
desirable and promising for fabrication of nickel/cadmium batteries.
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