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Abstract

The main aim of this study was to prepare polyaniline (PANI) nanocomposites. The CdO nanoparticles were obtained by the
sol-gel method. The PANI-CdO nanocomposites were synthesized by in situ chemical oxidative polymerization technique.
The chemical structure of CdO, PANI and PANI nanocomposites were confirmed by FTIR and XRD techniques. The
surface morphology of CdO and PANI nanocomposites was investigated using SEM. The TEM analysis was used to confirm
the actual particle size of the CdO nanoparticles. The morphology and surface roughness of the prepared composites were
examined with the help of atomic force microscopy. The band gap values of PANI and PANI nanocomposites were
determined using Tauc’s plot. The thermal properties of PANI nanocomposites were assessed using thermogravimetric
analysis. The non-isothermal degradation kinetic study was carried out to comprehend the degradation rate and determine the
energy of activation (E,). The dc electrical conductivity study was also carried out for the prepared composites.

Graphical Abstract

The non-isothermal degradation kinetics of PANI/CdO (10 weight % loaded) system was carried out under air atmosphere. It
was found that while increasing the heating rate the degradation temperature of PANI was increased. The energy of
activation for the degradation of PANI backbone was determined by using various kinetic models. It was found that the
Kissinger model is an opt method to determine the E, value for degradation.

P< V. Parthasarathy Kazhipattur, 603 103 Chennai, Tamilnadu, India
vpsarathy11dec@gmail.com 4 Department of Physics, Hindustan Institute of Technology and

>< Kuo-Lun Tung Science, Padur, 603 103 Chennai, Tamilnadu, India
kltung@ntu.edu.tw 5

Department of Chemical Engineering, Luh Hwa Research Centre
for Circular Economy and R&D Centre for Membrane
Department of Physics, Christ College of Science and Technology, Chung Yuan Christian University, Taipei 32023,
Management, Sonnur 563160 Karnataka, India Taiwan

Department of Chemistry, Hindustan Institute of Technology and Department of Chemical Engineering, National Taiwan
Science, Padur, 603 103 Chennai, Tamilnadu, India University, Taipei 10617, Taiwan

Department of Physics, Anand Institute of Higher Technology,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-019-05060-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-019-05060-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-019-05060-w&domain=pdf
mailto:vpsarathy11dec@gmail.com
mailto:kltung@ntu.edu.tw

612 Journal of Sol-Gel Science and Technology (2019) 91:611-623
100
80
w 60 -
7]
<
£
2 40 4
e
(a)
26 (b)
(©)
d
0 ¥ T T T v T Y T T (I )' T 5
100 200 300 400 500 600 700
Temperature (" C)
Highlights

¢ PANI-CdO nanocomposites were successfully prepared by chemical oxidative in situ polymerization technique.
e The FTIR spectrum confirmed that the PANI backbone was made by benzenoid and quinonoid units.

e The average grain size of CdO was found to be 42 nm.

e The degradation temperature (74) of PANI nanocomposites was increased gradually in accordance with the

heating rates.

e The energy of activation for the degradation process was calculated under non-isothermal condition using various
kinetic models. The Kissinger model exhibited the opt energy of activation for the degradation process.

Keywords

1 Introduction

Conducting polymers (CPs) have received much more
attention among the researchers owing to their technological
importance in rechargeable batteries, organic photovoltaic
cells, supercapacitors, electroluminescent devices, chemical
sensors, aircraft structures and polymer based electronic and
optoelectronic devices [1]. They have alternative single and
double bonds conjugation resulting with charge delocali-
zation along the entire polymer chain. The current con-
duction occurs in CPs is only through charge delocalization.
The electrical properties of these polymers can be altered by
the partial oxidation or reduction of the polymer chain
during the doping or de-doping process. CPs such as poly
(pyrrole), poly(thiophene), poly(aniline), poly(acetylene),
poly(p-phynylene), and their derivatives have been studied
for their potential applications [2—4]. Among these poly-
mers, poly(aniline) (PANI) is a well-known electrically CP
studied for its good stability, good conductivity, facile
synthesis, electrochromic behaviour, acid-base properties
and good processability [5, 6]. It is used in sensors, bat-
teries, electronic devices, and corrosion protection in
organic coatings [7-9]. The addition of nano-sized inor-
ganic fillers will enhance the electrical and microscopic
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properties of PANI [10]. Hence, the preparation of polymer/
inorganic hybrid structure is one of the ideal ways to obtain
new composite materials with the synergetic properties of
both polymer and an inorganic filler. The PANI/TiO,
nanocomposite was studied by Balaz and his research team
in the year 2006 [11]. The PANI/NiFe;0,4/graphite nano-
composite has microwave absorbing property [12]. PANI
magnetic nanocomposite film was analyzed by XRD, UV
visible spectrometry, TEM and conductivity measurement
[13]. Liu et al. [14] reported that the thermal stability of
polyaniline was increased after dispersing some Cu nano-
particles in the polymer matrix. The structural properties of
PANI-CdS nanocomposite were studied with FITR, XRD
and TEM by Ingle and his co-workers in the year 2014 [15].
The dc conductivity and thermal stability of PANI tungsten
oxide nanocomposite were analyzed by Sastry and his
research team [16]. It revealed that the thermal stability of
PANI composites improved when compared with pristine
PANI due to the incorporation of tungsten oxide in the
PANI matrix. Researchers are interested in preparing
polymer composites using metal oxides as they possess
remarkable optical, physical and chemical properties. The
incorporation of such nanofillers into PANI matrix will
facilitate the synergistic effect between the constituents.
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CdO is an n-type semiconductor with the direct band gap
of 2.2eV to 2.5eV and is used as transparent conductive
oxides. It is mainly used in solar cells [17], diodes and
transparent electrodes [18] as it has high transparency in
the visible region of solar spectrum. CdO has been
selected for this work to prepare PANI nanocomposites
due to its low resistivity and good optical transparency as
well as its gas sensing performance. Aashis et al. [19]
reported that the ac conductivity of PANI nanocomposite
increased while increasing the concentration of CdO in
PANI. The thermal stability of different metal oxide
doped PANI was reported in the literature [20]. The
understanding of thermal stability and thermal degrada-
tion behaviour under the non-isothermal condition is more
important for processing, thermal recycling, and applica-
tions for any types of polymers. The available literature
revealed that there was no report on the thermal degra-
dation kinetics of PANI nanocomposites. This urged us to
do the present investigation. This type of composite will
be used as a gas sensor to detect various gases based on its
change in resistivity as well as in optoelectronic devices
due to its semiconducting nature.

2 Experimental
2.1 Materials

Aniline (ANI, monomer) was procured from S.D. fine
chemical, India. It was purified prior to polymerization
reaction by distillation to remove the impurities present in
the monomer. All other chemicals required for this work
were used as received. Cadmium acetate dihydrate and
sodium hydroxide were supplied by Ottokemi, India.
Hydrochloric acid (HCl) and ammonium perox-
ydisulphate (PDS) were purchased from Reachem, India.
Double distilled water (DDW) was used for making
solutions.

2.2 Preparation of CdO nanoparticles

Cadmium acetate dihydrate was used as a starting material
to prepare cadmium oxide nanoparticles. The low cost
sol—gel technique has been employed for the preparation of
nanoparticles. A predetermined amount of cadmium acetate
was separately dissolved in 100 mL of distilled water. Then,
ammonium hydroxide solution was added dropwise into the
above mentioned solution till pH reaches 8. The obtained
homogeneous gel was separated by filtration. Afterward, it
was dried overnight in an oven at 100 °C. Thus obtained
cadmium hydroxide was grounded as a fine powder using
mortar and pestle. The resultant powder was kept in a

furnace at 400 °C for 2h to get CdO nanoparticles. The
obtained powder was brown in colour.

2.3 Preparation of PANI and PANI-CdO
nanocomposites

PANI was prepared by polymerization of ANI using HCI as
a dopant and PDS as an oxidant by the chemical oxidative
polymerization technique. Ten millilitres of 1 M ANI was
taken in a 250 mL capacity round bottomed flask main-
tained at 0-5°C under N, atmosphere. 0.50 g PDS was
dissolved separately in 5 mL of 1 M HCI solution, and that
was added to the above said solution with vigorous stirring
to initiate the polymerization reaction. The temperature was
maintained at 0-5°C until the completion of the poly-
merization reaction. The polymerization took place with the
visible appearance of green colour during this process. The
polymerization is continued for further 2h. The obtained
green precipitate was filtered using G4 sintered crucible and
washed many times with 1 M HCI followed by distilled
water till the filtrate becomes colourless. Finally, the pre-
cipitate was washed with excess ethanol to remove the
unreacted monomer and dried at 65 °C for 6 h. Thus pre-
pared PANI was weighed and stored in a zipper lock cover.
The same method was adopted for the preparation of PANI/
CdO nanocomposites in the presence of different % weight
loading of CdO nanoparticles such as 5, 10 and 15 weight
%. The in situ polymerization technique was adopted for the
preparation of PANI/CdO nanocomposites. As mentioned
above, 10 mL monomer and 5 mL PDS solutions were taken
in a 250 mL round bottomed flask. With this 5% weight of
CdO nanoparticles (for instance) was taken and stirred well
at 0-5 °C under inert atmosphere. After 2 h of polymeriza-
tion reaction, the dark coloured precipitate was filtered
using G4 sintered crucible and washed three times with
excess amount of ethanol. The precipitate was dried at
65 °C for 6h. Thus obtained PANI/CdO nanocomposite
was weighed and stored in a zipper lock cover under
nitrogen atmosphere to avoid oxidation by air.

2.4 Characterization

All the prepared samples were analyzed using various
analytical tools to assess their structure and properties. FTIR
spectra of prepared CdO nanoparticles and PANI-CdO
nanocomposites were taken using Shimadzu 8400S FTIR
spectrophotometer by KBr pelletization method. To record
FTIR spectrum, 10 mg of sample was mixed with KBr, and
that was grinded together using mortar and pestle. The
finely grinded powder was made as a thin film to record the
spectrum. The structure of the nanoparticles and polymer
nanocomposites was further confirmed by X-ray
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diffractometer (Brucker K 8600) using the CuK, (1=
1.5405 A) radiation. The particle size of the CdO nano-
particles was estimated by Scherrer’s formula [21].

d— 0.94 1
p cos 0

(1)

where P represents the full width half maximum (FWHM),
0 is the diffraction angle, d describes the average grain size
and A denotes the wavelength of X-rays.

The optical properties of nano-sized CdO and PANI
nanocomposites can be analyzed using UV-visible spec-
troscopy. The UV-vis spectra were recorded for all the
prepared samples using UV-1800 Shimadzu double beam
spectrometer. The energy bandgap of the nano-sized CdO,
PANI and PANI composites can be determined using
Tauc’s relation [22]:

(aho)'/™ = A(ho — E,) (2)

where a represents the absorption coefficient, E, is the
bandgap energy, hv is the energy of photon and the
exponent n takes different values such as 1/2, 3/2, 2 and 3
for direct allowed, direct forbidden, indirect allowed and
indirect forbidden transitions respectively [21].

The morphology of the nanoparticles and polymer
nanocomposites was investigated using SEM (JEOL JSM
5610 LV). The actual particle size and the crystalline nature
of the as prepared CdO nanoparticles can be assessed using
JEOL 2100 transmission electron microscope (TEM). Fifty
milligrams of PANI/CdO nanocomposite sample was made
as a thin sheet by applying the pressure of 7 tons. After-
wards, it was gold coated under vacuum prior to SEM
analysis. The thermal stability of pure PANI and PANI
nanocomposites was analyzed using TG/DTA 6200 thermal
analyser in the temperature range of 30-700 °C at four
different heating rates from 10 °C/min to 25 °C/min in steps
of 5 °C/min under air atmosphere.

The conductivity measurement was also performed for
the polymer and polymer nanocomposites using two probe
method. The powder samples were pelletized by using the
hydraulic press to carry out this analysis. The electrical
conductivity was measured using the following expression,

o0c = (8 /em) (3)

where A =2.25cm? is the area of the silver electrode, d
denotes the thickness of the prepared pellet and R its
resistance.

2.5 Non-isothermal degradation kinetics

The non-isothermal degradation kinetic studies for the
prepared PANI nanocomposites were assessed by using
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three kinetic models such as Flynn-Wall-Ozawa (FWO),
Kissinger and Auggis-Bennet models [23]. The reaction
conversion (a) is determined using the following equation:

a=W,—W/W, — W 4)

where W, is the initial weight, W; is the weight at the end of
the process and W, is the weight at a particular temperature.

2.5.1 FWO method

The degradation of materials can be studied under dynamic
conditions by using the FWO method [23]. It is one of the
most used models which gives more accurate results with-
out any assumptions. This model proposes the following
mathematical expression to estimate the activation energy,

R _AWwp

Ea=1052 " a0 )

where E, is activation energy, R refers to the gas constant,
describes the heating rate and T is the temperature. The E,
can be determined from the slope of the plot, g vs 1/T.

2.5.2 Kissinger model

The Kissinger model [23] is one of the important classical
kinetic models. The reaction rate is high at the thermal
degradation temperature (7,) according to this model. The
degree of conversion (a) at Ty is constant, but it varies with
the heating rate. The Kissinger model based equation is
given as follows:

n(2) -n(2) - £ 0

The plot of ln(ﬂ/Tzd) vs 1/ Ty is used to determine E, by this
method.

2.5.3 Auggis-Bennet model

Auggis and Bennet [23] proposed this classical kinetic
model in order to evaluate activation energy during the
degradation process which is given as follows:

ln(ﬁ>:>—li+4nA )

Ty RT,

where T4 is the degradation temperature, and that can be
measured from the thermal analysis curve. The E, value is
determined from the slope of the straight line plot, In(f/Ty)
\H] l/Td

2.5.4 Friedman method

Friedman method [23] is an iso-conversional method which
proposes the following mathematical expression based on
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Fig. 1 FTIR spectrum of a CdO, b PANI, ¢ PANI loaded with 5%
weight CdO, d PANI loaded with 10% weight CdO, e PANI loaded
with 15% weight CdO

Arrhenius equation to analyse the thermal degradation
kinetic studies:

da Ea
In(— | =In(Z)+nln(l —a) — — 8
() =)+ nin1 - @) - ®
where a is the conversion rate at time ¢, T is the temperature
and R is the gas constant. The E, values can be obtained at
different stages of the degradation process.

3 Results and discussion

3.1 FTIR study

FTIR measurement was carried out to confirm the chemical
structure of prepared CdO nanoparticle and PANI nano-
composites. Figure la shows the FTIR spectrum of nano-
sized CdO. The spectrum has shown three well defined
peaks. The appearance of a broad peak at 1389 cm™! is
attributed to wagging vibration of CdO. The peaks assigned
at 855 cm ™! and 682 cm ™! are associated with the stretching
vibration of nano-sized CdO [21]. Figure 1b—e displays the
FTIR spectra of pure PANI and PANI-CdO nanocompo-
sites. The N-H stretching of aromatic amine is noticed at
3426 cm™'. The aromatic C-H stretching vibration is seen
at 2894 cm' The benzenoid and quinoid stretchings are
assigned at 1466 cm ™! and 1556 cm ™! respectively. These
peaks are used to confirm the formation of PANI structure.
The C-N stretching is noticed at 1285cm™'. The peak
assigned at 1225 cm ™! is linked with the polaronic structure
of PANI. The C-N-C stretching and C-H in-plane bending
vibrations are observed at 1114cm™' and 772cm™!
respectively. The peaks of PANI-composites shifted
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Fig. 2 XRD of a CdO, b PANI, ¢ PANI loaded with 5% weight CdO,
d PANI loaded with 10% weight CdO, e PANI loaded with 15%
weight CdO

towards higher wavenumber when compared with pure
PANI. This authentically confirms the interaction of CdO
with PANI matrix. The Cd-O stretching peak is seen at
651cm™! in the FTIR spectra of PANI nanocomposites
which also confirmed the interaction of CdO with PANI
[24]. The blue shift in the metal oxide stretching peak
confirmed the above said statement.

3.2 XRD analysis

The crystalline nature of the prepared samples was further
confirmed by X-ray diffraction technique. The XRD profile
of nano-sized CdO is shown in Fig. 2a. It revealed that CdO
nanopowder is highly crystalline. The diffraction peaks
observed at the 26 values of 32.8, 39.2", 55", 65, and 69.5"
correspond to (111), (200), (220), (311) and (222) crystal-
line planes of CdO nanoparticles respectively. These peaks
are in good agreement with the standard JCPDS data (File
no. 05-0640). It further confirms the cubic phase of CdO.
The particle size of the prepared CdO was calculated using
Scherrer’s formula (Eq. 1). The average particle size of CdO
was estimated as 42nm. The remarkably broadened
reflection peaks also supported that the particles are in the
nano range. Further, the size of CdO will be confirmed by
TEM measurement. The XRD patterns of pure PANI and 5,
10 and 15 weight % of CdO doped PANI nanocomposites
are illustrated in Fig. 2b—e. A broad peak observed at 26 =
25.01° [25] in the XRD profiles of pure PANI and its
composites which indicates the amorphous nature of PANI.
It was noted that the sharpness of the amorphous peaks
increases with the increasing concentration of CdO loading
in PANIL It means that the overall crystallinity of PANI/
CdO nanocomposites has been increased while increasing
the % weight loading of CdO. It is authentically proved that
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CdO has been successfully incorporated into PANI matrix
which has also enhanced the crystallinity of amorphous
PANI as CdO is highly crystalline. It also confirmed the
presence of CdO in PANI matrix. Aldwayyan et al. [26]
explained that CdO is a poly crystalline material and the
same can act as a template for the growth of polymer chains
[27]. In the present work, PANI/CdO nanocomposites are
prepared by in situ method. Hence, there is a chance to grow
the polymer chains in the basal spacing of the CdO nano-
particles. This leads to the stereo regular arrangement of
PANI chains. The next possibility is the growing of PANI
chains on the surface of the CdO nanoparticles. At the same
time the content of crystalline CdO is increased. As a result,
the crystallinity of PANI chains can be increased slightly.
That’s why while increasing the % weight loading of CdO
nanoparticles, the crystallinity of the polymer/nanocompo-
sites are increased.

3.3 Optical studies
3.3.1 UV-visible spectral study

The absorption coefficient and optical bandgap of the
materials are the most important factors to judge their
optical characteristics and practical applications. Figure 3
demonstrates a UV-visible spectrum of nano-sized CdO. It
shows a peak around 470 nm which corresponds to exciton
transition from HOMO of valence band to LUMO of con-
duction band. The UV-visible spectra of pure PANI and 5,
10 and 15 weight % of CdO doped PANI nanocomposites
are shown in Fig. 3b—e. Two well defined characteristics
absorption bands are noticed in the UV-visible spectrum of
pure PANI at 318 nm and 608 nm which are related to n—n"
transition of the benzenoid ring and m—n transition of
benzenoid to quinoid excitonic transition respectively [28].

0.90 4
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0.84 4

0.82 4

0.80

Wavelength (nm)

250 300 350 400 450 500

One can observe significant changes in the absorption
spectrum of PANI after incorporating nano-sized CdO into
PANI matrix. The absorption spectra also revealed that
PANI/CdO nanocomposites are in the electrically con-
ducting state.

3.3.2 Determination of optical bandgap

The energy band gap (E,) values of CdO nanoparticles,
PANI and its composites were accurately determined using
Eq. (2). The plot of (ahv)? vs. hv was made to determine the
direct band gap value of CdO nanoparticles as shown in
Fig. 4a (Table 1). The bandgap value of CdO was found to
be 2.33eV from the obtained plot. The obtained bandgap
value is larger when compared with bulk CdO. The blue
shift in the bandgap value confirms the size quantization

60

Energy (eV)

Fig. 4 Tauc’s plot for a CdO, b PANI, ¢ PANI loaded with 5% weight
CdO, d PANI loaded with 10% weight CdO, e PANI loaded with 15%
weight CdO
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Fig. 3 UV-visible spectra of a CdO, b PANI, ¢ PANI loaded with 5% weight CdO, d PANI loaded with 10% weight CdO, e PANI loaded with

15% weight CdO
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effect in CdO. The size dependent bandgap widening can be
explained based on quantum confinement regimes [29].
Strong quantum confinement is possible when the size of
the nanostructures is much smaller than Bohr radius [30].
While in the weak confinement, quantum effects occur due
to the quantization of exciton motion [31]. Hence, the band
gap shift is smaller than strong confinement. It is proved
that the widening of band gap in CdO nanoparticles is due

Table 1 E, and DC conductivity values

System E, values (V)  DC conductivity (S/cm)
CdO 232 -

PANI 1.93 472%107*

PANI-5% weight CdO 1.8 3.80x 1073

PANI-10% weight CdO  1.85 2.68x 1072

PANI-15% weight CdO  1.78 7.43 %1072

Fig. 5 SEM image of a CdO, b
PANI, ¢ PANI loaded with 5%
weight CdO, d PANI loaded
with 10% weight CdO, e PANI
loaded with 15% weight CdO

to weak confinement since its particle size is higher than the
Bohr radius of CdO. The plot of (ohv)? vs. hv was also
made to estimate the band gap values for direct transition of
pure PANI and CdO doped PANI nanocomposites as shown
in Fig. 4b, c—e) respectively. The band gap values of pure
PANI and its composites are presented in Table 1. The band
gap of PANI nanocomposites gradually decreases in
accordance with the increasing % weight of CdO in PANL
This is due to the creation of new energy levels in the band
gap of PANI which enables the charge carriers to make
transition from the valence band to the intermediate levels
and then to the conduction band.

3.4 SEM report

The SEM image of CdO nanoparticles is shown in Fig. Sa.
The particles were seen to be agglomerated and there is no
the micrograph. The

distinguished grain in SEM

1000\ 8 8man 2 00K SE
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micrograph exhibits sponge-like morphology in which
particles are irregular in shape. Moreover, the CdO particles
seem to be fluffy in the SEM illustration with the porous
structure. Figure 5b depicts the SEM image of pure PANI. It
shows micrometre sized irregular sheet-like morphology
with some cracks. The surface of pure PANI seems to be
rough. The SEM image of 5, 10 and 15 weight % CdO
doped PANI nanocomposites are shown in Fig. Sc—e. The
sheet-like morphology of PANI micrographs has been
changed apparently after incorporating nano-sized CdO.
The change in morphology of PANI proved the presence of
CdO in PANI matrix. The SEM images of PANI nano-
composites exhibit a kind of fluffy like morphology with the
porous structure. The change in morphology will help the
transportation of charged particles through the carbon
backbone of polymer chains [32]. The grains can be dis-
tinguished well in the micrographs of PANI composites.

3.5 TEM and AFM analysis

Figure 6a illustrates the TEM image of CdO nano-
particles. The morphology of the particles is irregular in

shape [33]. The size of the prepared CdO nanoparticles is
in the range of 10-45 nm. The SEM and TEM reports are
not matching with each other. It is important to note that
the nanosized CdO is dispersed on the micrometer sized
PANI matrix. Since TEM report gives more accurate
information rather than SEM. The TEM image specifically
focused on the image of CdO nanoparticles dispersed on
the PANI matrix. The SAED pattern of CdO nanoparticles
is shown in Fig. 6b. It shows the well organized con-
centric circular rings which confirm the crystalline nature
of nano-sized CdO. Therefore, the TEM result is also in
line with the XRD results. The AFM images of PANI and
5, 10 and 15 weight % of CdO doped PANI nano-
composites are shown in Fig. 6¢c—f. Root mean square
(RMS) and surface roughness were measured from the
AFM data. It was obtained as 17 nm for pure PANI, 29 nm
for 5 weight % CdO, 33 nm for 10 weight % CdO and
34.6 nm for 15 weight % CdO doped PANI nanocompo-
sites. The surface of the composites becomes more rough
while increasing the CdO concentration in the PANI
matrix. It was observed that the grains possess different
sizes, shapes, and separation.

Fig. 6 a TEM image of CdO nanoparticles, b SAED pattern of CdO nanoparticles, AFM images of ¢ PANI, d PANI-5% weight CdO, e PANI-10%

weight CdO, f PANI-15% weight CdO
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3.6 TGA report

The thermal stability of the prepared PANI-CAO nano-
composites was assessed using TGA. The TG thermograms
of PANI loaded with 5, 10 and 15 weight % of CdO loaded
systems heated at 10 °C/min are shown in Fig. 7a—c. All the
thermograms exhibit four steps degradation processes. The
first minor weight loss step occurred below 100 °C is due to
the removal of physisorbed water molecules and moisture
[12]. The second minor weight loss around 190 °C is asso-
ciated with the removal of HCl dopant from the benzenoid
structure of PANI. The third minor weight loss step around
495°C is associated with the oxidation of Cd(OH), trace
which present in CdO. Fourth major weight loss step at
509 °C is due to the degradation of the PANI backbone. This
is in accordance with the recent literature report of HCI doped
PANI by Daikh et al. [34]. The weight % residue remained
above 600 °C was increased while increasing the CdO con-
centration in PANI. The thermal stability of PANI/CdO
nanocomposites increased due to the addition of CdO nano-
particles. This can be explained as follows. During the in situ
polymerization reaction, the PANI chains may be intercalated
into the layered structure of CdO nanoparticles. As a result,
the polymer chains are protected through umbrella effect. The
weight % residue remained above 600 °C is associated with
the char formation and CdO or Cd(OH), nanoparticles loaded
in PANI backbone. Anyhow, the main aim of the present
study is not analysing the residue retained above 600 °C.

3.7 Non-isothermal degradation kinetic study
The non-isothermal degradation kinetic study was

employed to estimate the activation energy (E,) for the
prepared PANI loaded with 10 weight % CdO

619
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Fig. 8 TG thermogram of PANI-10% weight CdO nanocomposite sys-
tem recorded at the different heating rates of a 10 °C/min, b 15°C/min,
¢ 20 °C/min, d 25 °C/min

nanocomposite system. For this purpose, various kinetic
models were employed. The sample was heated at four
different heating rates such as 10, 15, 20 and 25 °C/min to
understand its degradation behaviour accurately. The TG
thermograms of PANI loaded with 10 weight % CdO
nanocomposite is shown in Fig. 8a—d. All the thermograms
exhibited a four-step degradation processes as explained in
the previous section. Moreover, the degradation steps shift
towards higher temperature with the increase in heating
rates. The plot of degradation temperature (7y) vs. heating
rates for all the three degradation steps is shown in
Fig. 9a—c. It was also found that the 7 increases with the
increasing heating rates for all the three degradation pro-
cesses. This is due to the fast scanning process.
Non-isothermal degradation kinetic models are used to
determine the E, for the degradation of PANI nano-
composites where the maximum degradation occurred
during their heating process. The plot of In(B) vs. 1000/T
was made to find out E, by Flynnwall Ozawa model for all
the three stages as shown in Fig. 9d, g, j. It was found to be
68.7 kI mol~! for stage-I The plot of In(B/Ty) vs. 1000/T
was made for Auggis-Bennet model to determine E, for all
the three stages as given in Fig. 9e, h, k. The E, value was
estimated as 59.2 kJ mol ! for stage-1. The plot of (In(BIT?y)
vs. 1000/T4 was made for Kissinger model for three stages
as shown in Fig. 91, i, 1. The E, value was calculated as
49.7 kI mol~" for stage-1. By the linear fit method, the E,
values were determined for all the three stages of degra-
dation for PANI/CdO nanocomposite system. The estimated
E, values of stage II and III by various models are listed in
Table 2. Based on the amount of energy consumed, it was
concluded that the stage-IIl consumed more amount of
energy for the degradation of PANI backbone. This is true
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Table 2 E, values from various models

Model E, values (kJ/mol)

Stage-1 Stage-II Stage-I11
FWO 68.7 133.6 236.5
Auggis-Bennet 59.2 114.3 226.3
Kissinger 49.7 95.1 206.2
Friedman (max) 21.6 66.5 180.3

because the removal of physisorbed water molecules or the
removal of dopant HCI from the PANI backbone consumed
lesser amount of energy. Moreover, the PANI backbone
contains benzenoid and quinonoid rings, so that the third
stage consumed more amount of thermal energy for its
degradation. The E, value obtained by Kissinger method
was found to be low for all the three stages while comparing
with the other two models. This is due to the denominator
on Y-axis caption.

The E, for the degradation of PANI/CdO nanocomposite
system was also estimated by Friedman method (Table 2).

@ Springer

The E, was calculated from the plot of In(da/dr) vs. 1/T for
all the three degradation stages by this method as shown in
Figs. 10a—d, 10e-h and 10i-1 respectively. All the plots
exhibited a decreasing trend with respect to increase in
heating rates [35]. The E, values were found to be in the
range of 11.3-21.6 kJ mol ™! for the first stage, 31.6-66.5 kJ
mol~! for the second stage and 116.3-180.3 kJ mol~! for
the third stage degradation processes by the linear fit
method. Further, the obtained E, values were plotted against
reaction extent (@) as shown in Fig. 10m—p. The results
revealed that the E, values increased gradually in accor-
dance with the degradation steps. Generally, the E, value
increases up to the value of 0.5 [34], afterward there is a
sudden increase in E, value.

3.8 DC conductivity
The variation of dc electrical conductivity as a function of

different weight % loading of nano-sized CdO in PANI
matrix is shown in Fig. 11. The electrical conductivity of
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PANI and its composites was observed to be in the semi-
conducting range. Moreover, it was found that the dc con-
ductivity of the prepared polymer nanocomposites increases

with the increasing CdO concentration. The reason for the
increase in conductivity of PANI is due to the introduction
of mobile charge carriers into the m-electronic system of
PANI. The dc electrical conductivity values of PANI and its
composites are listed in Table 1.

4 Conclusion

The PANI-CdO nanocomposites were successfully prepared
by in situ chemical polymerization of aniline by varying the
concentration of CdO nanoparticles. The presence of ben-
zenoid (1466cm™") and quinoid stretching vibrations
(1556 cm™ ) in the FTIR spectra were used to confirm the
chemical structure of PANI. The peak assigned at 651 cm ™!
confirmed the interaction of CdO with PANI matrix. The
structure and crystalline nature of pure CdO were confirmed
by XRD pattern. The chemical interaction of CdO with
PANI matrix was also confirmed by the presence of less
intense sharp peaks in the XRD patterns of PANI nano-
composites. The particle size of CdO was determined as
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42nm and is also confirmed with TEM. The RMS and
surface roughness of PANI/CdO nanocomposites were
determined using AFM. The TG thermogram showed three
step degradation processes. Moreover, the weight % residue
remained above 700 °C was increased from 20 to 40%
while increasing the CdO concentration for the prepared
polymer nanocomposites. The Ty of PANI nanocomposites
for all the three stages was increased gradually in accor-
dance with the heating rates. The E, for the three stages of
degradation processes was determined using the non-
isothermal kinetics model. The dc electrical conductivity
of PANI nanocomposites was increased gradually while
increasing the CdO concentration.
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