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Thermal Stability and Electrical Conductivity of Polyvinyl
Alcohol Composites Reinforced with Mn,03-rGO

R. Gamal,2I T. S. Soliman,*P! and A. Khalid!< 9]

The current work is concerned with the study and examination
of the thermal and electrical characteristics of polyvinyl alco-
hol (PVA)/Mn,0s-reduced graphene oxide (rGO) nanocomposite.
The Mn,05;-rGO composite was synthesized using a hydrother-
mal approach technique, and then PVA films were strengthened
with varying amounts of Mn,0;-rGO nanoparticles (NP) pre-
pared by the casting method. Raman analysis was applied to
polymer films to ensure the complexation between the PVA
and Mn,0;-rGO. Thermogravimetric analysis (TGA) and electri-
cal analysis are used to investigate the effect of Mn,03;-rGO NP

1. Introduction

Introducing nanoparticles to a polymer matrix is one of the
common methods for producing new materials with enhanced
physical properties in modern science and technology."” This
field of work is in progress for replacing the hard metals with
a flexible organic material.’®! So, most of the researcher’s work
is in the direction of enhancing polymer materials more and
more through the use of different types of metal oxides."**
Early on, a lot of work has been done on enhancing the phys-
ical properties of the polyvinyl alcohol (PVA) matrix through
reinforcing metal oxides. PVA was selected because of its good
characteristics, which include high capacity, good film forma-
tion, and good dielectric properties. Several metal oxides, like
Cu0,'™ ZnO,B! Si0,,! Ti0,,!®! Fe;04,”' MgO,'®! and others, were
reinforced in PVA, and fascinating results were obtained. Further-
more, researchers have found that adding graphene oxide to the
PVA matrix separately or as a composite with metal oxides can
enhance the thermal and conductivity of the matrix.1*'!
Graphene exhibits a high degree of charge carriers mobility,
high transport efficiency, a large surface area, excellent electri-
cal conductivity, ultrahigh mechanical properties, and excellent
chemical stability.?"™! These ideal properties make it appropri-
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on the thermal stability and electrical conductivity of the poly-
mer films. The films’ thermal stability was raised by increasing
the Mn,03-rGO content in the PVA matrix. The polymer films
exhibit an increase in electrical conductivity from 2.023 x 10~8
S-cm~! for pure PVA to 1.895 x 10~> S-cm~' for PVA-1.5% Mn,0;—
rGO, which arises from the rise in free charge carrier mobility
and hopping ionic hopping. Furthermore, in accordance with the
Arrhenius relation, conductivity increases with temperature. The
results nominated the present composite in flexible electronic
applications.

ate for several applications like sensors, batteries, and catalysts,
but reduced graphene oxide (rGO) is very useful in the produc-
tion of large-scale graphene-based materials.®! Several reports
have recently been done using rGO and/or GO sheets inside
the polymer matrix that enhanced their structural and physi-
cal properties.'*'8! Several metal oxides, like Fe;0,,1"! Co30,,2"
CoO-Li,0," ZnO-NiO,2! Mn,05-rGO,’2?Y Sn0,,'! and MnO!%°!
have a wide range of uses in various fields, such as the appli-
cation of radiation resistance, storage devices, semiconductor
transistors, etc. Manganese oxide (Mn,0s) is highly stable, low-
cost, and environmentally friendly when compared to other
metal oxides, particularly in energy storage applications where
it exhibits excellent catalytic efficiency and a large surface area.
Combining Mn,0; and rGO has been shown to be extremely
beneficial for creating nanocomposites with great electrochemi-
cal efficiency.["232427]

The Mn,0;-rGO nanoparticles were first synthesized and
then inserted into the PVA matrix at various concentrations. XRD,
surface roughness, and UV-visible investigations have previously
been investigated.”?®! Herein, the Raman shift, thermal, and elec-
trical properties have been investigated. The thermal and elec-
trical characteristics of PVA-Mn,05/rGO films were studied via a
thermogravimetric analyzer (TGA) and CHI604E electrochemical
workstations.

2. Experimental Section and Methods

Polyvinyl alcohol (PVA) films doped with varying amounts of
Mn,0;-rGO were synthesized as described previously,'”! and
the process is illustrated in the schematic synthesis shown
in Figure 1. The Mn,03-rGO composite was prepared via the
hydrothermal method,’*”! 0.6 g Mn,0; and 0.3 g GO (ratio 2:1)
were dissolved in 100 mL distilled water and sonicated for 15
min. Then, the as-prepared Mn,0;-rGO composite was added
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Figure 1. Schematic steps of PVA/Mn,0;-rGO film synthesis.

to the PVA solution (1 g PVA/20 mL distilled water) with differ-
ent concentrations and distributed using the probe ultrasonic
procedure. The mixed solutions were poured into glass dishes
and left to dry in a warm atmosphere for several days. The
PVA/Mn,0;-rGO films are labelled as pure PVA, M;, M,, M;, and
M, for 0, 0.5, 1.0, 1.5, and 2.0% Mn,0s;-rGO, respectively. Ther-
mal analyses (TGA) were measured by Themsus One+, SETARAM,
France, N, atmosphere, and heats from 30 °C to 900 °C, with a
temperature rate of 10 °C/min. The CHI604 electrochemical work-
station model was used to study electrochemical impedance
spectroscopy (EIS). ZView software was employed for the analy-
sis of the acquired data. Using EIS, the ionic conductivities of the
samples were determined at various temperatures (308-338 K) in
the 10-10° Hz frequency range.

3. Results and Discussion
3.1. Raman Analysis

Raman spectroscopy is an essential analytical tool for charac-
terizing materials and provides insights into their molecular
composition and structural properties. The data was recorded
using a laser with an excitation wavelength of 633 nm. The
Raman shifts for pure PVA, M,, and M, films are represented in
Figure 2.

The Raman spectra display distinct peaks at 857 (C—C
strech), 919 (C—C strech), and 1439 (C—H and O—H bend) cm™
for the PVA thin film.*! By adding 1% (M;) and 2% (M,) of
Mn,03-rGO nanocomposite to the PVA film, additional peaks are
observed at 205, 304, 580, 644, and 660 cm~". These peaks are the
distinctive for Mn, 03, which agreed well with the literature.30-3!
Moreover, additional characteristic peaks at 1339 (D band) and
1582 cm™' (G band) are characteristic of rGO as reported in the
literature.?*343%1 As the concentration of Mn,05-rGO increases,
the intensity of the distinct peaks of pure PVA decreases, while
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Figure 2. Raman shifts of the PVA/Mn,03-rGO films.

the intensity of the peaks associated with the Mn,0; rises. This
can be associated with the formation of hydrogen bonding
between the functional group of Mn,0;-rGO and the PVA. Fur-
thermore, the intensity of G and D bands is increased for the
M2 sample compared to the pure PVA, indicating the increase of
the disordering in the polymer matrix.?#3*3] This result matched
the XRD data in previous work.”®! The D and G bands lessened
at higher concentrations (M4 sample) can be ascribed to the
higher content of Mn,0; and the agglomerations that may cover
the Raman signal from both G and D, reducing their intensity.
This result indicates a good interaction between Mn,0;-rGO and
PVA.

3.2. Thermal Analysis

Thermal stability is crucial in determining a polymer’s ability
to maintain functionality at elevated temperatures. The ther-
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Figure 3. (a-e) TGA and DTGA curves of the PVA/Mn,05-rGO films and (f) -log[-log(1-a)/T?] versus 1000/T for PVA/Mn,03-rGO films.

mogravimetric analysis (TGA) and differential thermogravimetric
analysis (DTGA) curves of PVA/Mn,0;-rGO films are presented
in (Figure 3a-e). Adding Mn,0;-rGO significantly enhances the
thermal stability of the polymer films, with three distinct stages
of weight loss observed. In the initial stage, the weight loss is pri-
marily attributed to the evaporation of physiosorbed water from
the sample.l**¥”! The second stage of weight loss is associated
with the decomposition of hydroxyl and carboxyl groups within
the reduced graphene oxide (rGO), with the complete decompo-
sition of rGO occurring around 600 °C.!¥"! The third stage involves
the degradation of the polymer matrix, which is linked to the
carbonization and collapse of the polymer chains. The degra-
dation temperature in this phase was further confirmed using
DTGA.?38] The thermal activation energy (E) of the films was
calculated using the Coates and Redfern equation:**!
—log(1 — a) R 2RT E

log [ T2 ]:IOQE [1 - T] T 2.304RT M
where T is the temperature in Kelvin, R is the universal gas con-
stant (8.31 J/mol K), and « is a weight ratio obtained by the
following equation:

wj — W

@

o =
wifwf

where w; is the actual weight, w; is the initial weight and wr is
the sample final weight. Plotting -log[-log(1-a)/T?] versus 1000/T
helps to determine the E value using the equation:

E = 2.303R x slope (3)

By plotting -log[-log(1-«)/T?] against 1000/T, the activation
energy (E) can be determined from the slope of the resulting
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Table 1. Thermal parameters of PVA/Mn,0;3-rGO films.
Sample Activation Energy  Activation Energy  Activation Energy
(Region 1) (Region 1) (Region Il

Pure PVA  0.61 40.32 533

My 15.23 58.46 1.81

M, 1.83 65.37 3.85

Ms 223 20.99 258

My 12.25 81.98 7.85

curve, as illustrated in Figure 3f. The values of activation energy
for the different stages of the PVA/Mn,0;-rGO films are provided
in Table 1. These results demonstrate that energy activation
generally increases with higher Mn,0;-rGO content, suggesting
enhanced thermal stability.

3.3. Ac Conductivity Properties

The cole-cole plot of PVA and PVA/Mn,0;-rGO films is presented
in Figure 4a. The plot does not exhibit a perfect semicircular
shape, but still allows for the calculation of the bulk resistance
(Rp). It was observed that R, decreases with an increase in the
Mn,0s-rGO concentration within the PVA matrix. The intercept
on the Z'-axis can be used to calculate both the bulk-resistance
(Ry) and the bulk-conductivity (o},) (Table 2) as follows:[°]

1

Op = — X

R (4

|~
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Figure 4. (a) Col-col plots. (b) The bulk conductivity of the Mn,03-rGO content in PVA. (c) The conductivity versus the temperature. (d) The conductivity

versus the frequency for PVA/Mn,0s3-rGO films.

Table 2. The activation energy (E;) and relaxation time (z) of PVA/Mn,0s-
rGO films.
Samples

R,(Q) o, (Sem™) Eil(eV) E, Il (€V) 7 (s) s

Pure PVA 1,007,402 2.02 x 10~% 118 1.05 718 x 107*  0.60

M; 9070 1.83 x 107 0.8 032 6.05 x 107* 077
M, 2043 811 x 10°° 0.84 0.44 133 x 1074 075
Ms 874 1.89 x 10~ 0.04 0.14 6.08 x 107* 076
My 1358 122 x 107° 146 075 441 x 107° 078

where t is the thickness of the polymer films and A is the
area of the surface. Figure 4b shows the relationship between
bulk conductivity (o) and the concentration of Mn,03;-rGO in
the PVA matrix. As the concentration of Mn,O3;-rGO increases,
the conductivity rises, reaching a value of 1.9 x 10~ Scm™
for the M3 sample. This increase in conductivity is attributed
to the high porosity and large surface area of the Mn,05-
rGO, which enhances charge transfer within the polymer
matrix.[442!

Figure 4c displays the plot of L,(o) versus 1000/T from 308 K
to 338 K for all the polymer films. The data follows the Arrhenius
relation:[843!

Eq

o =0, el ") (5)

where o is the conductivity at temperature T, and o,, K, and
E, are, respectively, constant, the Boltzmann constant, and the
activation energy. As shown in Figure 4c, the conductivity
increases as the temperature increases, which is attributed to
the free volume model. This model suggests that as the tem-
perature increases, the free volume also increases, facilitating
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polymer expansion, enhancing charge transfer, and increasing
conductivity.’®! Two distinct regions are observed: from 3.25
to 31 K" and from 3.14 to 2.96 K, indicating different con-
duction mechanisms and material behaviors at low and high
temperatures (Table 2). These two temperature ranges are below
the PVA glass transition temperature (Ty = 343 K), suggesting
that the conductivity mechanisms are active in the temperature
region below the T,.**! When doping the PVA with Mn,0;-rGO,
the activation energy E, is notably lower than 0.8 eV, indicat-
ing that charge transport occurs via electron motion at lower
temperatures, below the T,, consistent with Jonscher’s the-
ory of electronic conduction.*#*1 As the temperature increases,
PVA undergoes expansion, increasing the free volume, allow-
ing greater electron mobility, and further enhancing thebrk
conductivity.[*6]

Figure 4d presents the conductivity of pure PVA and
PVA/Mn,0;-rGO films as a function of frequency at 308 K. The
conductivity of films increases with increasing frequency. This
frequency-dependent behavior of the conductivity follows the
universal power law:[#48]

Otot () = 04c + A’ (6)

where o4 is the dc conductivity, A is constant, w is the
angular frequency of the electric field, and s is the expo-
nent factor which obtained by using the least square fitting
of Equation (6). The values of the exponent factor s are
presented in Table 2, suggesting that the conduction mech-
anism is governed by hopping conduction.[*#4] According
to the jump relaxation model, at low frequencies, electrons
hop from one site to another. At higher frequencies, due to
shorter time intervals, the electrons can return to their origi-
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nal sites more quickly, thus enhancing the overall conductivity.
The relaxation time () can be calculated using the following
equation:#8!

Y = ()" )
u

where v is the distance on the col-col plot between (O,
Rp) and an experimental point, u is the distance between
the experimental point and (0, 0) and h=2a/m where
a is the depressed angle from the Z-axis (inset Figure 4a).
Table 2 shows that the addition of Mn,0Os;-rGO to the PVA
matrix leads to a reduction in 7. This is attributed to the
increased free volume and enhanced conduction pathways,
which facilitate the movement of electrons and polymer
segments within the matrix, thereby improving the overall
conductivity.

4. Conclusion

Polymer nanocomposites of PVA/Mn,0;-rGO films were fabri-
cated successfully via the casting method. Structural charac-
terization through Raman spectroscopy confirmed the incor-
poration of Mn,0;-rGO into the PVA matrix, with distinct
Mn,0;-rGO bands observed. Thermal stability analysis via TGA
demonstrated a significant enhancement in the thermal prop-
erties of the PVA films upon the addition of Mn,0;-rGO
nanoparticles. The electrical conductivity of the PVA film was
improved with an increase in the Mn,03;-rGO content. Electri-
cal conductivity measurements revealed a noticeable improve-
ment in the conductivity of PVA film with the incorpora-
tion of Mn,0;-rGO. The bulk conductivity increased up to
1.895 x 107° S-cm™' for PVA-1.5% Mn,03-rGO, indicating a sub-
stantial enhancement in charge transport. The activation energy
for conductivity in the PVA/Mn,0;-rGO films decreased as the
Mn,0;-rGO content increased, suggesting that the conduc-
tion mechanism shifts towards easier electron mobility with
the addition of Mn,0;-rGO nanoparticles. In conclusion, the
PVA/Mn,0;-rGO films with enhanced thermal and electrical
conductivity are suited for applications in flexible electronic
devices.
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