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Abstract

Composite films of poly (vinyl alcohol) PVA doped with various weight ratios of Cu(NO3),.3H,0 (0, 1, 5, 10 and 20) wt% have
been prepared by solution casting method. Using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), and
Ultraviolet—Visible (Uv-Vis) spectroscopy, the synthetic composites were analyzed. The findings showed that Cu(NO5),.3H,0
interacts with the hydroxyl group present in PVA chain. The XRD analysis revealed that after adding Cu(NOs),.3H,0, PVA
crystallites were destroyed. With increasing Cu(NO;),.3H,O ratio, the absorbance of composite samples increased. The optical
band gap energy of the composite samples was calculated using Tauc’s formula and it reduced by increasing dopant concentra-
tion. The dielectric modulus and ac conductivity of the composite films have been studied. Ac conductivity was found to increase
by increasing the dopant concentration up to 10 wt%. Electrical conduction is carried out using correlated barrier hopping model.

Keywords PVA - Cu (NOj3),.3H,O - Optical properties - Electrical properties - FT-IR.1 introduction

Introduction

Polymeric materials are numerous and have excellent po-
tential in many applications due to their versatility, low
density, complex forms and low production cost. They
can be found in medical equipment, automotive compo-
nents, optical products, electronic circuits, space and mil-
itary technology. Due to the type and the concentration of
the filler used, the electrical and optical properties of the
chosen polymer can be controllably changed [1].

PVA is one of the most important synthetic polymers with a
broad variety of applications. The chemical and physical char-
acteristics of PVA come from its hydroxyl group. In general,
various additives are used to alter and enhance PVA charac-
teristics and provide a high degree of durability against the
environment. Inorganic additives have significant impact on
the optical and electrical properties of PVA polymer. Optical,
structural and other characteristics of PVA with various dop-
ants such as NaCl, CuCl, ZnSe, CdS, NiCl2, MnCl, MgBr,
CrF;, MgCl,, Ca(NOs),, Mg(NOs), and AgNO; have been
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investigated by various research groups using different
methods [2—15].

Copper Nitrate Cu(NO3),.3H,0 was doped into PVA to
enrich the studies of the effect of various inorganic metal salts
on the characteristics of PVA. This research studies the effect
of Cu(NOs),.3H,0 on the structural, optical and electrical
properties of PVA.

Experimental part
Materials

Polyvinyl alcohol [PVA. Alpha chemika, India] and Copper
(IT) nitrate .3H,O Cu(NO3),.3H,0 99%. M,, =241.60.
SDFCL, India] were used as received without further purifi-
cation. Distilled water was used as solvent throughout the
experiment.

Preparation of PVA/Cu(NOs),.3H,0 composite films

Different compositions of PVA/ Cu(NO3),.3H,0 films have
been prepared by solution casting method, using various
weight ratios of Cu(NOs), .3H,0 (0, 1, 5, 10 and 20) wt%.
PVA and Cu(NOs), .3H,0 solution is obtained by dissolving
them in 100 ml of distilled water, and the solution is
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Fig. 1 X-ray diffraction patterns of: a 100/0, b 99/1, ¢ 95/5,d 90/10 and e
80/20 (wt/wt%) PVA/ Cu(NOs),.3H,0 composite films

magnetically stirred continuously at room temperature for 3 h,
until highly homogenous solution has been formed.

The final PVA/Cu(NOs3),.3H,O mixture was casted in
glass dish, allowing the solvent to evaporate slowly for one
week at room temperature. The obtained films were placed in
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Fig.2 FT-IR absorption spectra of: a 100/0, b 99/1, ¢ 95/5, d 90/10 and e
80/20 (wt/wt%) PVA/ Cu(NO3),.3H,0 composite films
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Fig. 3 UV-Vis absorption spectra of: a 100/0, b 99/1, ¢ 95/5, d 90/10 and
e 80/20 (wt/wt%) PVA/ Cu(NOs),.3H,0 composite films

a dust free chamber in order to prevent the moisture effect.
The prepared films were uniform with an average thickness of
40 pm.

Measurements

The pattern of X-ray diffraction (XRD) were obtained using
X’PERT-PRO-PANalytical channel control using Cu-K« tar-
get (A\=1.5406 A, scans were collected over a 20 range of 5°-
60°). FT-IR measurements were carried out in the spectral
range of 4000-400 cm 'using JASCO, FT/IR-6100. UV-Vis
absorption spectra have been recorded in the wave length
range of 200800 nm using UV-630 (Shimadzu) UV-VIS-
NIR spectrophotometer. Dielectric measurements were per-
formed using Broadband Dielectric Spectroscopy (BDS) type
Novocontrol concept 40.

Results and discussion
X-ray diffraction
XRD patterns of PVA and PVA/ Cu(NO3),.3H,0 composite

films are shown in Fig. 1. Pure PVA spectrum shows a broad
peak at approximately 260 =19.3° corresponding to (101)
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Fig. 4 Relation between 1600
absorption coefficient o (em™Y)
versus hv (eV) for (o) 100/0, (m)
99/1, (0) 95/5, (@) 90/10 and (A) 1400 +
80/20 (wt/wt%) PVA/
Cu(NOs),.3H,0 composite films
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crystal plane [16, 17], indicating the semi-crystalline nature of
PVA. The crystalline nature of PVA may be due to the strong
interaction of hydrogen bond in the polymer chain between
the hydroxyl groups [18]. For doped samples, the characteris-
tic diffraction peak of PVA beings to decrease in intensity and
increase in broadening. These results mean that adding
Cu(NO3),.3H,0 reduces the crystallinity of PVA. Also, The
absence of any new diffraction peaks for composite films im-
plies a complete dissociation of Cu(NOs),.3H,0O on the poly-
mer matrix.

Fourier transform infrared (FT-IR) spectroscopy

FT-IR spectroscopy is highly sensitive to hydrogen bond for-
mation [19] and can be used to detect interactions in polymer

composites. Figure 2 displays the FT-IR absorption spectra of
pure PVA and PVA/ Cu(NOs),.3H,O composite films. In the
case of pure PVA (spectrum a), it appears that there is no ap-
preciable difference in the absorption bands compared to the
previously reported [17, 20]. The two absorption bands for PVA
at 3369 cm ' and 3276 cm ' were attributed to O-H stretching
vibration of hydroxyl group. The absorption band correspond-
ing to C-H asymmetric stretching vibration occurred at
2914 cm ' The band at 1717 cm ™ is due to C=O stretching
vibration of the remaining vinyl acetate group from PVA. The
absorption band at 1415 cm ' is caused by C-H symmetric
bending of CH, in PVA back bone. A band at 1336 cm ™ is
assigned to CH, wagging. The C-O-C stretching of the acetyl
group on the back bone of PVA is ascribed to a band at
1080 c¢m . For composite samples (spectra b-¢), all spectra

Table 1 The values of the

absorption edge, direct (Eggirect)) Film composition PVA/Cu(NO3),.3H,0 (wt/  Absorption Edge Eg(direct Egindirect) Ey

band gap, indirect (Eg(indirect)) wt%) (eV) (eV) (eV) (eV)

band gap and Urbach energy (Ey)

of PVA/ Cu(NO;),.3H,0 com- 100/0 5.18 5.30 470 041

posite films 99/1 5.15 5.15 4.60 0.74
95/5 4.75 5.05 4.05 1.58
90/10 4.00 4.80 3.00 2.09
80/20 3.65 4.70 2.60 249
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Fig. 5 Relation between (och ) 7.00E+07 T 1.20E+07
(em . eV)? versus hv (eV) for
(0) 100/0, (m) 99/1, () 95/5, ()
90/10 and (A) 80/20 (wt/wi%) 6.00E+07 + + 1.00E+07
PVA/ Cu(NO3),.3H,0 composite
films
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show the PVA peaks but with small shifts and different inten-
sities. The shift and the change in peaks intensity are clear signs
of the formation of charge transfer complex between
Cu(NO3),.3H,0 and PVA molecules. However, the peak posi-
tion of the bands at 3369 cm ™' and 3276 cm ™' up to 5 wt%
Cu(NOs),.3H,0 is significantly shifted, whereas these bands
overlapped beyond this concentration. This may be due to the
physical interaction between PVA and Cu(NO3),.3H,0.

Optical studies

The UV-Vis absorption spectra of pure PVA and PVA/
Cu(NOs3),.3H,0 composite films are shown in Fig. 3. The
absorbance spectrum of pure PVA reveals a shoulder like peak
at 280 nm, which was due to the 7t-7t* transition from unsat-
urated bonds, mainly (C=0 and/or C=C) in the polymer [4,
21]. In general the absorbance of composite films increases

Fig. 6 Relation between (och )0 100 -
(em . eV)®? versus hv (eV) for
(o) 100/0, (m) 99/1, (0) 95/, (e) 90 -+
90/10 and (A) 80/20 (wt/wt%)
PVA/ Cu(NOs3),.3H,0 composite 80 +
films 0
= 70 +
?
o 60 -+
§ 501
s, 40 +
2
g 30 T
20 T
10 +
0 :
2
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Fig. 7 Relation between In [ (cmﬁl)] versus hv (eV) for (o) 100/0, (m)

99/1, (0) 95/5, () 90/10 and (A) 80/20 (wt/wt%) PVA/ Cu(NOs),.3H,0
composite films

with an increase in Cu(NO3),.3H,O ratio. For all composite
films, a new peak appears at approximately 255 nm with dif-
ferent intensity. This observation confirms the interaction be-
tween the filler and PVA matrix. The absorption coefficient
a(A) is calculated using the Beer Lambert’s formula [22].

«(\) = 2303 %‘ (1)

Where d is the thickness of the film and A is the absor-
bance. Figure 4 illustrates the absorption coefficient x(A) of
pure PVA and PVA/ Cu(NOs),.3H,0 composite films versus
hv (eV). From the plot, the absorption edge; which is the value
ofthe photon energy at zero absorption; is acquired by extrap-
olation of the linear relationship to zero absorption. The values
obtained are given in Table 1. As the ratio of Cu(NO3),.3H,0
increases, the absorption edge values for the investigated sam-
ples decrease. This decrease can be ascribed to changes in
PVA crystallinity induced by Cu(NOs),.3H,0 which are com-
patible with X-ray data. This may also reflect changes in the
number of final states available according to the composition-
al ratio. The energy band gap E, of the composite films was
calculated using the Tauc relation [23].

ahv = B (hv—Eg)" (2)

Where h is the incident photon energy, {3 is a constant and
m is the power coefficient with the value that is determined by
the type of possible electronic transitions. m=1/2 or 2 for
direct and indirect allowed transitions respectively. As

illustrated in Figs. 5 and 6, the interception of extrapolations
of the liner portions of (ech )* and (ach )2 to zero absorption
on h axis gives the values of direct and indirect optical band
gap energy. For all investigated samples, the obtained values
of direct and indirect optical band gap energy are shown in
Table 1. Table 1 shows that the direct and indirect optical band
gap values of PVA decreased as the content of
Cu(NO3),.3H,0 increased. Due to the incorporation of copper
nitrate as impurity in the PVA matrix, the reduction of energy
band gap is due to the formation of trap levels within the band
gap. The increase in density of trap levels leads to narrowing
of the band gap.

The absorption coefficient obeys Urbach empirical relation
[24].

a(v) = apexp (;—Z) (3)

Whereqy is a constant and Eyy (Urbach energy) is the width
of the tail of the localized states within the band gap. The
values of Ey were calculated from reciprocal of slopes of the
linear portions of the graphs shown in Fig. 7 and given in
Table 1. The Ey values increase with an increase in
Cu(NOs),.3H,0 ratio in the composite system indicating a
rise in number of charge trapping centers.

Electrical studies
Dielectric modulus

The frequency dependence of dielectric modulus allows one
to obtain information on the relaxation processes in the stud-
ied samples [25-28]. The advantage of this impersonation is
the minimization of the effects of electrode polarization. The
complex dielectric modulus (M") is calculated using the fol-
lowing equation [25-28]

e (4)

M*(w) = — =M (w) +i M= g2 4" g2 4"

where M’ and M” are real and imaginary parts of dielectric
modulus. Figure 8 demonstrates the dependence of the real
part of the dielectric modulus M’ on frequency at various
temperatures for all studied samples. It is noted that at low
frequency the M’ approaches to zero due to the electrode
polarization effect is dominant and increases with frequency
and reaches the maximum value at high frequency. The s-
shaped graph shows the ionic nature of the materials [29].
Fig. 9 shows the frequency dependence of M” at different
temperatures for all studied samples. In all samples, a bell-
shaped peak was noted. This peak is evident of relaxation
transition. The bell shaped peaks are found to move to higher
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Fig. 8 The relation between the frequency and M’ of a 100/0, b 99/1, ¢ 95/5, d 90/10 and e 80/20 (wt/wt%) PVA/ Cu(NO3),.3H,0 composite films at

different temperatures

frequencies with raising temperature in all examined samples.
The frequency region below the peak maximum determines
the range in which charge carriers occur due to long range
hopping. The carriers are restricted to potential wells at fre-
quencies above the peak maximum and therefore, are mobile
for only short distances [30-33]. This type of behavior indi-
cates the presence of a temperature dependent hopping mech-
anism for electrical conduction. The frequency (w,,) at which
the maximum, M”,,.«, is found defines the relaxation time (T
m) by w o, T, = 1. Table 2 represents the conductivity relaxa-
tion time (T,,) for all composite samples at different tempera-
tures. For all composite samples, the relaxation time decreases

@ Springer

as temperature increases. A plot of In (T,,) as function of
reciprocal temperature for all composites are shown in
Fig. 10. The points show the experimental data, while the
solid lines show the least square fit according to Arrhenius
Equation [34],

T, = Toe AE/KT)

(5)

Where T ,, is the high temperature limit of the relaxation
time, k is Boltzmann’s constant, T is the absolute temperature
and AE is the activation energy for conductivity relaxation.
Figure 10 shows the existence of two slopes for all samples
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Fig. 9 The relation between the frequency and M” of a 100/0, b 99/1, ¢ 95/5, d 90/10 and e 80/20 (wt/wt%) PVA/ Cu(NO;),.3H,0 composite films at

different temperatures

that indicate the existence of two activation energies. The
values of the activation energy for the composite samples have

Table 2 Conductivity relaxation

time of PVA/ Cu(NO3),.

composite films

3H,0

been calculated from the Arrhenius fit corresponding to Eq. 5;
the values were shown in Table 3.

Film composition
PVA/

Conductivity relaxation time, T (sec.)

Cu(NO3),.3H,0 (wt/ 40 °C 60 °C 80 °C 100 °C 120 °C 140 °C
wt%)

100/0 6.75x10%  275x10° 276x10° 1.01x10° 504x107 3.74x107
99/1 9.12x10*  411x10° 412x10°% 1.02x10° 557x107 456x107
95/5 500x10%  204x107° 337x10° 226x10° 226x10° 1.12x10°
90/10 9.14x107°  6.14x10° 1.01x10° 456x107 338x107 277x1077
80/20 13.6x10%  555x10° 829x10°% 337x10° 226x10° 1.52x10°¢

@ Springer
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Fig. 10 The variation of In
[Tm(s)] versus 1000/T(K) for: a
100/0, b 99/1, ¢ 95/5, d 90/10 and
e 80/20 (wt/'wt%) PVA/
Cu(NOs),.3H,0 composite films.
The solid line displays the fitting
according to Eq. (5)
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The dependence of real part of electrical conductivity
In(o) on reciprocal temperature at a selected frequency
1 kHz for pure PVA and PVA/ Cu(NOs3),.3H,0 composite

Table 3 Activation energies of
the conductivity relaxation for
PVA/Cu(NO3),.3H,0 composite
films according to Eq. (5)

@ Springer

films is shown in Fig. 11. The conductivity increases with
increasing temperature in a manner following Arrhenius

type relation.

o = Age 2F/KT (6)
Film composition PVA/ Cu(NO;),.3H,0 (wt/wt%) AE, (eV) AE, (eV)
100/0 1.31 0.33
99/1 1.28 0.27
95/5 1.43 0.21
90/10 1.07 0.16
80/20 1.22 0.26
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Fig. 11 The variation of In -10
[o(£2.cm) '] versus 1000/T(K)
for: (3) 100/0, (m) 99/1, (A) 95/5,
(A) 90/10 and (o) 80/20 (wt/ -14 -
Wt%) PVA/ Cu(NO5),.3H,0 &
composite films at 1 kHz £
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&
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where AE is the activation energy, A, is the pre-
exponential factor, k is Boltzmann constant and T is the
temperature. For all samples, two distinct regions are
identified as region I (313 <T <353 K) and region II
(T>363 K).

Generally, the initial increase in conductivity with increas-
ing temperature may be due the release of more charge carriers
from traps and/or to greater mobility through the amorphous
region of PVA matrix. Figure 11 demonstrates that the con-
ductivity of composite samples is higher than that of pure
PVA. At concentrations of 1, 5 and 10 wt% Cu(NOs),.3H,0
composite samples, the conductivity increases monotonically
with an increase in doping ratio over the temperature range
from 313 K — 415 K. This may be explained as a result of
highly facilitated complex formation and the delocalization of
more charge carriers transfer. It should be noted that the dop-
ant concentration 10 wt% Cu(NQOs3),.3H,0 shows a maximum
conductivity. On the other side, at concentration 20 wt%
Cu(NOs),.3H,0 the conductivity decreases, and it remains
higher than pure PVA. This can be attributed to the reduction
in the mobility of charge carriers, mostly due to scattering of
ionized molecular aggregates.

The activation energy AE for the different regions were
calculated according to Eq. (6) and listed in Table 4. The
values of AE suggest that the ion hopping mechanism may
be assumed to be efficient in region I while the electron

2.5 27 2.9 3.4 33
1000/T(K)

hopping mechanism in region II is effective. The lower values
of activation energy are associated with the intermolecular
conducting processes. While the higher values of activation
energy are associated with the intramolecular conducting pro-
cess. The intermolecular conducting process is less effective
than the intramolecular one, because more charge carrier scat-
tering is expected through the intermolecular covalent bonds
than in the physical intramolecular bonds [35].

In general, the total conductivity can be represented by an
empirical relation (universal power law) [36].

o(w) = o4. + Aw® (7)

where 0y, is the dc conductivity, the factor A and the universal
exponent s are both function of temperature and the conduc-
tion mechanism. Figure 12 displays the variation of the ac
conductivity In [o,.(w)] versus frequency at chosen tempera-
tures for pure PVA and PVA/ Cu(NOs),.3H,O composite
films. By linear fitting of o, curves in Fig. 12, the values of
exponent s were determined. Figure 13 illustrates the temper-
ature variation of the exponent s for pure material and its
composites. As observed from Fig. 13, with increasing tem-
perature, the exponent s decreases and its value is less than
unity i.e. 0 <s < 1. These findings therefore lead to the predic-
tion that the correlated barrier hopping (CBH) is the most
appropriate mechanism to describe the ac conduction behavior
in the studied samples [37].

Table 4 Activation energy values

for PVA/ Cu(NO3),.3H,0 com- Film composition PVA/ Cu(NO;),.3H,0 (wt/wt%) AE; (eV) AE; (eV)

posite films at 1 kHz according to

Eq. (6) 100/0 1.113 0.371
99/1 1.032 0.232
95/5 1.027 0.201
90/10 1.005 0.056
80/20 1.034 0.253
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Fig. 12 Dependence ofa.c. conductivity on frequency for: a 100/0, b 99/1, ¢ 95/5, d 90/10 and e 80/20 (wt/wt%) PVA/ Cu(NOs),.3H,0 composite films.
The solid lines display the fitting according to Eq. (7)

Conclusions properties. The prepared samples were subjected to study the

structural, optical and electrical properties. The chemical in-
The inorganic salt Cu(NO3),.3H,0 was used in this paper to teraction between Cu(NOs),.3H,0 and PVA chain in compos-
doped into PVA by casting method to improve its physical ite films has been identified using XRD and FT-IR techniques.
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Fig. 13 Thermal variation of the factor A and exponent s for: a 100/0, b 99/1, ¢ 95/5, d 90/10 and e 80/20 (wt/wt%) PVA/ Cu(NO3),.3H,0 composite

films. The solid lines display the fitting according to Eq. (7)

Cu(NO3),.3H,0 could interact with PVA chain via hydrogen
bonding between the ions and the hydroxyl group. Adding
Cu(NOs),.3H,0 reduces the degree of crystallinity of PVA.
The red shift for the absorption edge of the composite samples
and the reduction in the optical energy gap, which is caused
due to the change in the crystallinity within PVA matrix,

confirmed the complexation between Cu(NOs3),.3H,O and
PVA. The dielectric modulus plots indicate the single phase
character of the composite samples. The electrical conductiv-
ity increased with increasing Cu(NOs),.3H,O content in the
host material up to 10 wt% because the increase of the effec-
tive free volume in the polymer matrix. On further increase of
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ratio of inorganic salt, the electrical conductivity values de-
creased, indicating the inhomogeneous distribution of
Cu(NO3),.3H,0. The correlated barrier hopping (CBH) is
the dominant mechanism that describe the ac conduction be-
havior in the studied composite samples.
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