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Abstract

Simple in situ chemical oxidation method was employed to prepare different
molar of HCI doped DL-PLA/PANI composites using AnHCI as precursor. Surface
morphology, ATR-FTIR, UV-Visible, and band gap were studied. PANI nanowires
with different diameter and smooth surface were observed for composites. The lowest
direct band gap was found to be 1.68 eV for 2 (M) HCI doped DL-PLA/PANI. DC
conductivity at room temperature was measured and followed the ohmic behaviour.
The calculated highest DC conductivity at room temperature was found to be 0.1628
x 1072 (S/cm) for 2 (M) HCI doped DL-PLA/PANI. Temperature variation (70—300
K) DC conductivity without magnetic field of as prepared composites was analysed
using linear four probe techniques and showed semiconducting nature. The
conductivity in the range of temperature (70-300 K) follows 3D VRH hopping
mechanism. In kivelson model, the exponents are increased with increasing dopant
concentration and was obeyed the power law. MR of the prepared DL—PLA/PANI
composite films is strongly dependent on temperature, magnetic field, and
concentration of HCI dopant. Negative MR is discussed in terms of a wave
function—shrinkage effect on hopping conduction. In addition, we were discussed the
response of carbon monoxide (CO) gas with polyaniline-based sensor materials.

Keywords: Composite, Nanofiber, Band gap, DC conductivity,
Magnetoconductivity, Carbon monoxide Sensor

Introduction

The past few decades has witnessed rapid growth in research on conjugated
polymer nanostructures, which has been driven by their unique electrochemical and
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electronic properties as well as by the processing advantages of polymers relative to
other electronic materials. The applications of conducting polymer nanostructures
have been recently reviewed [1, 2]. Recently, conducting polymer nanowire and
nanotube have been proposed as active materials for various potential commercial
applications such as antistatic shielding, light emitting diodes (LED), supercapacitors,
rechargeable batteries, artificial muscles, corrosion inhibitors and sensors [3-11].

In the conducting polymer family, PANI is one of the members with good
environmental and thermal stability along with easy processing and oxidation—
reduction mechanism, high conductivity [12-14]. Notwithstanding above advantages,
PANI film has certain limit such as brittleness and moisture sensitivity that creates
problems for its commercial applications. In various ways, researcher was tried to
improve their stability. One of the effective ways was found in literature to improve
the stability of PANI salt by making in composite form with thermoplastic polymer
act as stabiliser [13]. A variety of doped PANI composite have been prepared using
many types of thermoplastic polymers such as poly (methyl methacrylate), polyvinyl
chloride, polystyrene and polyurethane and their conductivity was studied with and
without magnetic field at room temperature and temperature variation (50—300 K)
[15-18].

For future prospectus, researchers are introduced biodegradable polymers
into the preparation conducting films with conducting polymer like PANI and
polypyrrole (PPy).This is because biodegradable polymers have polar character
(presence of polar groups) and conducting polymers have also polar character. The
covalent interaction may be happened after composite preparation. Few reports are
reported on composite that was made from biodegradable polymer and conducting
polymers [19-21]. DL—PLA is one of the biodegradable polymers in biodegradable
family. We chose DL-PLA biodegradable thermoplastic polymer has reported to the
comparable good mechanical, bioresrorable, compatibility, surface properties with
other biodegradable polymer and covalent interaction with conducting polymers.
These materials can be used in different fields such as biosensor [21], intelligent
scaffold materials [19], biochips [20] and gas sensing materials (present work).

It is well known that conductivity is key parameter for conducting polymer
throughout its back bone. Conductivity was occurred only for charge transport
phenomena in intra — and inters chains of the conducting polymer. For gas sensing
applications, conductivity in terms of resistance change plays vital role and therefore,
it is important to understand the charge transport in nanofibers because the charge
transport mechanisms can have important consequences in term of the sensor signal
to noise ratio. Some reports of thin film [22] and nanowires [23] are reported the
complex electronic behaviour. The present scenario comes from structure of polymer.
The polymeric structure mainly depends on synthetic condition, doping level, and
balancing counter ions. Till now, the research is going on the study of transport
behaviour throughout the conducting polymer. Such behaviour are found to be variety
ways as electrical conductivity, magnetoresistance, frequency dependent conductivity,
magnetic susceptibility, thermoelectric power have been intensively explored in the
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last two decades [24, 25]. Out of above electrical properties, magnetoresistance is one
important electrical property and that has been used to apply in various fields such as
magnetic field sensor for studying high T. — superconductor taps [26 ], vibration
measurements in MEMS [26], manufacturing magnetocoupler device [26], detecting
DNA or Protein binding to capture molecules in a surface layer [26]. Various reports
have been studied magnetoresistance with temperature variation at particular magnetic
field [27-29] or various magnetic fields at particular temperature [27-29] studying
conducting behaviour. Different important parameters such as density of states (Ng),
localization length (Lioc), characteristic temperature (T), hopping distance (R nhop) and
hopping energy (A nop) related to conduction mechanism were estimated for studying
magnetoresistance with temperature variation at particular magnetic field.

Our purpose is to prepare an environmentally stable PANI composite that
would show considerable good electrical properties. Also, it can be potential for sensor
and other electronic applications. Looking for the above properties, biodegradable
polymer such as poly (lactide) (DL-PLA) polymer is one of the thermoplastic
polymers, which is used to prepare novel conductive material. It has good electrical
conductivity, good durability, good environmental stability and easy processability.

In this input, author investigates the ethanol sensing of 2M HCI doped
DL-PLA/PANI composites (different sized nanofibers) are prepared by in situ
polymerization method. Also, the DC conductivity at room temperature and with
temperature variation (presence and absence of magnetic field), response of CO,
ATR-FTIR spectra, and UV—Visible with direct band gap has been studied.

Experimental Section
Chemicals And Materials

Laboratory grade chemicals such as aniline hydrochloride (AnHCI),
hydrochloric acid (HCI), chloroform (CHCIs), and ammonium perdisulphate (APS)
are purchased from Merck, India. DL-PLA polymer is procured from Cargill Dow
Bair; US—NE. Distilled water is used throughout the preparation of doped PANI
composites.

DL-PLA films are prepared by solution casting technique. Both DL-PLA
polymer (3 g) and CHClI3 (30 mL) are taken as components during the DL—PLA film
preparation. DL—PLA polymers are put in CHCls contained beaker (100 mL). The
mixture is stirred (3 h) by magnetic stirrer. It is observed that transparent soluble
product is formed. The products are poured into ptridish (10 cm diameter). After
CHCI; evaporation, films are removed from ptridish and cut into small pieces (1.5 cm
x 1.5 cm). The schematic representation of DL—-PLA film preparation is mentioned
as flow chart and presented in Scheme A.

At ambient condition, various molar of HCl doped DL—-PLA/PANI
composites are prepared by in situ method through chemical oxidation polymerization
route from AnHCI (monomer) and DL-PLA film as substrate. 0.03 moles (2.59 g)
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AnHCI is added to 50 mL of 1 (M) HCl in 250 mL conical flask, called “solution A”.

Preparation
of DL-PLA films

May Beaker
ha Keover

Transparent
solution

Poured inte
petridish

Solvent evaporation

D.L-PLA
film was
formed

Scheme A. The schematic representation of detail preparation of DL—PLA film is
mentioned as flow chart and presented in Scheme A

DL-PLA films (1 cm % 1 cm) is dipped to “solution A” and stirred for 12 h.
0.045 moles (10.24 g) of APS was put to 50 mL of 1(M) HCI to form “solution B”.
To the “solution A”, “solution B” is added drop wise for 1 h to form “solution C” and
continued the stirring to 4 h. The polymerization is carried out in “solution C”. The
color of “solution C” and DL—PLA films became light green to dark green. The
reaction mixture is stayed overnight. The resulting composites are washed with
deionised water several times followed by dried in air for 6 h [30].
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Scheme B. The flow chart of preparation of HCI doped DL-PLA/PANI-ES
composite

For comparison study, 2(M) —, and 3(M) — HCI doped DL-PLA/PANI
composites are also prepared under similar conditions to those mention above. The
flow chart of the preparations is illustrated in Scheme B.

Characterization Section

Surface morphologies of the as prepared materials are analyzed by scanning
electron microscope (SEM, Carl Zeiss Supra 40). All samples are needed gold coating
before doing SEM measurements.

For studying electronic transitions of all the prepared materials are needed
UV-Visible (Micropack UV—VIS—NIR, DH 2000) spectral analyses. Band gap is
estimated by Tauc expression.

In support of ATR-FTIR spectra, functional groups of all as prepared
materials are recorded on a Thermo Nicolt Nexus 870 spectrophotometer in the range
400-4000 cm.

Both room— and low temperature DC conductivity of all as prepared
composites are measured using a linear four probe technique. Also, Magnetoresistivity
is measured using a linear four probe technique. Magnetoresistivity is investigated
using a helium compressor (HC) (model HC-4E1)-sumitomo cryostat (Model Gains
Research CO, INC) equipped with 0.8 T superconducting magnet (Lake shore
electromagnet). Lake shore 331 temperature controller is used. Magnetoresistivity
measurements are performed at 0.5T with varying temperature 50-300 K temperatures
range using a computer controlling measuring system. In above electrical experiments,
prepared film samples (thickness~0.51 mm) are contacted with conducting silver
paste. A constant current (1) from a current source (Keithley 220 programmable
current source) is allowed to pass through two terminals leads of four probe and the
voltage (v) across the other two leads is measured using a multimeter (2182
NANOVOLTAMETER Keithley).

Results and Discussion

Figure 1 shows the variety of SEM images of prepared materials such as neat
DL—-PLA, neat 1 (M) HCl-doped PANI films, and PANI nanowires on DL—PLA film
at room temperature. Smooth surface was observed in neat DL—PLA film (Figure 1
A) below 1 kX magnification whereas neat PANI and all HCI doped composites
(Figure 1 B, C, D and E) have fibrous structure was observed in magnified SEM
images having diameter in nanoregime, so called nanofiber. Non—uniformly
distribution of nanofiber was observed in HCI doped composites and HCI doped PANI
salt film. The average diameter of as prepared HCI doped materials was found to be
185.3 nm for HCI doped 1(M) DL—PLA/PANI composite, 165.1 nm for HCI doped
2(M) DL-PLA/PANI composite, and 211. 3 nm for HCI doped 3(M) DL-PLA/PANI
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composite, respectively. The fiber like morphology was observed after
polymerization start. This may be happened due to the reaction of hydrogenium ion
from HCI and anillium salt with ester group present in DL—PLA film with drop wise
addition of APS (oxidant) solution on a solution that contain anillium salt with
DL-PLA (monomer and HCI treated) film. The formation of Nanofiberic structure is
favourable for the sensor application due to increase in surface area of PANI. This

high surface area provides fast diffusion of gas molecules into the PANI nanofibers.

Figure 1. shows the variety of SEM images of prepared materials such as neat
DL-PLA, 1 (M) HCI-doped DL-PLA/PANI composite (B), 2 (M) HCI-doped DL-
PLA/PANI composite (C), and 3 (M) HCI-doped DL-PLA/PANI composite (D)
films

Chemical structure of prepared materials was observed by analysis of
ATR-FTIR spectra. Figure 2 indicates the ATR—FTIR spectra of DL-PLA, PANI-ES
(1 M) and all prepared conductive composites. All the characteristic absorption peak
positions of all prepared materials and its assignments are given in Table 1. The
ATR-FTIR spectra of DL-PLA film was presented in Figure 2 (A). The variety of
absorption bands of DL-PLA was found at 2995, 2944, 1759, 1616 and 1216 cm™,
respectively. That bands have been attributed to C—H stretching, C=O stretching, C—O
stretching of ester and C—O—C stretching vibration, respectively. The stretching
vibration of C—H deformation band of DL—PLA polymer was found at 1453, 1361
and 1363 cm™' [31]

This represents the characteristic absorption features of DL—PLA polymer
and that are retained in the prepared DL—PLA film. An ATR—FTIR spectrum of HCI
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doped PANI was observed in Figure 2 (C).

Table 1 for ATR-FTIR peak positions and peak assignments of as—prepared materials

Peak positions (cm™)

DL-PLA PANI DL-PLA/PANI DL-PLA/PANI DL-PLA/PANI Peak
ES 1(M)HCI 2 (M)HCI 3 (M) HCI assignments
2995 2995 2969, 2968 2968
2944 -- 2944 2922 2925 CH stret.
- 3227 (W) 3287 3289 3295 NH stret.
3429 (S) -- - - NH stret.
1759 - 1739 1725 1725 C=0 stret.
1616 - 1616 1652 1652 C— O stret.
- 1564 1570 1530 1530 Quinoid stret.
1479 1482 1451 1454 Benzoid stret.
- 1116 1042 1070 1070 C=N stret.
1216 - 1214 1226 1226 C— 0 —C stret.
1453 1434 1411 1411
1363 1361 1451 1454
1361 - 1371 1373
1338 1345 CH — deform.
0.40
0.32
=" 4
ZE 024 4E
3 b D
=
= 0.16
= ]C
Z 00848
< ]
A
0.00 4 —
T T T T T T
4000 3200 2400 1600 800

Wave number (cm™)

Figure 2. ATR—FTIR spectra of pristine DL-PLA ‘A’, PANI ES film ‘B’,
DL-PLA/PANI 1 (M) HCI ‘C’, DL-PLA/PANI 2 (M) HCI ‘D’, and DL-PLA/PANI
3 (M) HCI ‘E’

The bands are found at 1554 cm™! for quinoid, 1475 cm™' for benzoid, and
1108 for C=N cm™! stretching, respectively [32].This corresponds to the oxidation of
PANI. The ATR-FTIR spectra of all composites are presented in Figure 2 (C), (D),
and (E). Considering all the band features of as—prepared composites and comparing
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with the band features of DL—PLA and HCI doped PANI, we conclude that salt form
PANI is formed on DL-PLA film. From Table 1, it is observed that N—H bands of
HCl—doped DL-PLA/PANI 1(M), HCI doped DL-PLA/PANI 2(M), HCI doped
DL-PLA/PANI 3(M) appeared at 3291, 3289, and 3295 cm™!, respectively. The
variation of N—H stretching bands between prepared composites was strongly
depended on concentration of HCIL. The C=N, C=0, C—0 and C—O—C stretching bands
do not change significantly.

Variety of electronic transitions of as—prepared materials was established by
studying UV—Visible spectra. This spectrum was existed in Figure 3. The band
positions and band assignments of each prepared materials are mentioned in Table 2.
From Figure 3 (A), it is noticed that no electronic transitions are found in DL-PLA
film [33].

Absorbance (a.u)

Folaron B

—x"
band

W ave ie-;lgth {(nm)

Figure 3 UV—Visible spectra of pristine DL-PLA ‘A’, PANI ES film ‘B’, DL—PLA/
PANI 1 (M) HCI ‘C’, DL-PLA/PANI 2 (M) HCI ‘D’, and DL-PLA/PANI 3 (M)
HCI ‘F’

It is mentioned from literature that PANI-ES shows various types of
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electronic transitions such as n—= of benzene ring, polaron to «, benzoid to quinoid
ring and polaron transition, respectively [34]. An UV—Visible spectrum of HCI doped
PANI (1 M) film is indicated in Figure 3 (B). Polaron band and n—= were found at
382 nm and >600 nm. This represented as the oxidation form PANI [27]. All the as
prepared composites were generally showed in Figure 3 two types of transitions such
as « to localised polaron band transition and n—= transition of benzoid ring. The peak
positions were found 865 nm and 412 nm for HC1 doped DL-PLA/PANI (1 M), 829
nm and 373 nm for HCI doped DL-PLA/PANI (2 M), and 786 nm and 375 nm for
HCI doped DL-PLA/PANI (3 M), respectively. Both n— transition of benzoid ring
and polaron band are suggest to the presence of aniline unit and oxidation unit in
emeraldine salt form of composite films.

Electronic transitions were occurred between two bands and that happened
after photon absorption. From many literatures [35] was mentioned that the photon
absorption of organic semiconductor is followed by Tauc expression as

(ahv)= A(hv—Eg)n @

Where @ = Optical absorption co—efficient, N0 = photon energy, B, =
Energy gap calculated from graph, A = absorption constant, n = Represents types of
1

transition occurs. If n = 2 indicated allowed indirect transitions and "~ 2 indicated
allowed direct transitions.

Table 2. UV—Visible band positions and its assignments of indicated materials.

Materials Identification Peak positions (nm) Band gape)\(/Eg) in

n—n*  Polaron band

DL-PLA
PANI ES film 382 >650 1.08
DL-PLA/PANI (IM HCl doped) 412  >865 >865
DL-PLA/PANI (2M HCl doped) 373 >829 1.68
DL-PLA/PANI (3M HCl doped) 375  >786 1.82

Note: ‘M’ stands for molar, ‘nm’ stands for nanometre and ‘eV’ stands for electron—
volt

For direct electronic transition, plot was made between (aho) and hv  From
the plot, to extrapolate the linear portion of itto & =0 value to obtained corresponding
direct band gap. Direct allowed transitions, all the prepared composites are shown in
Figure 4 and its (band gap) values are presented in Table 3. It is observed from Table
3, 2 (M) HCI doped of DL-PLA/PANI composite have obtained lowest direct band
gap value as compared to other HCI doped composites. The reduction in band gap
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occurred due to the incorporation of H* ion concentration into the polymer chain; but
there is certain limit and that affect the density of states, which is more into the visible
region as compared to excess dopant used for composite preparation [35].

T
S Y

Lo |

(chw®

l-dv)2

L T T T T T T T T

2 3
hv (V)

Figure 4. Estimation of direct band gap using Tauc expression of pristine PANI ES
film ‘A’, DL-PLA/PANI 1 (M) HCI ‘B’, DL-PLA/PANI 2 (M) HCI ‘C’, and
DL-PLA/PANI 3 (M) HCI ‘D’

Conductivity is an important spirit for conducting materials. This character
was measured by various ways. Linear four probe technique is one technique out of
them and this technique was favoured for the researchers due to the minimization of
voltage drop.

The DC conductivity of as prepared composites was measured using linear
four probe technique and the expression is shown below [36].

p=2mnS (Vj
! (3)
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Figure 5. Room temperature DC conductivity of HCl doped 1 (M) ‘A’—, 2 (M) ‘C’—,
3 (M) ‘B’-DL—-PLA/PANI composites, respectively.

p = resistivity, S = distance between two consecutive probes (0.15 cm), | be
the applied current in the four probe system (nA) and v be the corresponding output
voltage in (mV). The room temperature |-V characteristics of HCI doped
DL-PLA/PANI composites were shown in Figure 5. This indicates that the |-V

characteristics show linear behaviour ( | and V ) and passing through origin (after
linear fit). This nature follows similar to the ohmic behaviour and is reported as [36].
The average (av.) DC conductivity values of HCl doped DL—PLA/PANI composites,
and DL-PLA polymer film were presented in Table 3. It is cleared from the Table 3,
the measured DC conductivity at room temperature of DL—PLA film are found to be
6.07 x 1075 S/cm and it is pointing to an insulating materials [37]. Also, from Table
3 it is found that the av. DC conductivity of 2(M) HCI doped DL—PLA/PANI
composites are found to be higher than rest of prepared composites. Conductivity may
obtain due to the mobility of charge carrier. This carrier mobility mainly depends on
the presence of reduced unit in PANI structure and that was happened due to the
improvement of PANI salt structure at 2 (M) HCI doped prepared composite [38]. But
excesses dopant concentration, that create a barrier for their charge transport in intra—
and inter—PANI chains. Hence, the results are agreed with literature [38].
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Figure 6. Temperature dependent DC conductivity of HCI doped 1(M) ‘A’—, 3(M)
‘B’—,2(M) ‘C’-DL-PLA/PANI composites, respectively and 70—115 K for localised
state or insulating state and 115—300 K for metallic state are observed.

Until, charge transport process is difficult to understand of conducting
materials. For understanding of conduction mechanism of as prepared composites, low
temperature DC conductivity experiments were performed. Temperature variation
(78-300 K) DC conductivity of HCI doped DL-PLA/PANI composites were showed
in Figure 6. It is observed from Figure 6 that the conductivity of as prepared
composites is proportionally increased with increase in temperature. Analogous nature
was found from semiconducting materials [36].

544 C
8.8 - B
97
e

RYF

10.0 - A

! | ! | ! | ! | ! |

Figure 7. Temperature dependent DC conductivity in logarithmic scale following
Kivelson model of HCI doped 1(M) ‘A’—, 3(M) ‘B’—,2(M) ‘C’-DL-PLA/PANI
composites, respectively and slopes are corresponding to the exponent.
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Hence, it is called as organic semiconductor. The temperature dependence of
electronic conductivity was obtained from prepared nanofibers with different
diameter. Figures 6 are shown the conductivity of all prepared composite samples and
were exhibited two characters [27]. One is metallic character and that was observed in
the temperature range 115-300 K. Other one is localised behaviour and that was found
below 115 K. This behavior agrees with the Bloch—Gru™neisen theory on the
electron—acoustic phonon scattering mechanism. On the other hand, the smaller
sample shows two distinct characteristics for the electron transport.

Different scattering mechanism was involved to determine the temperature
dependence conductivity. At high temperatures (T > 115 K), the scattering mechanism
seems to be predominant and the conductivity rises with increasing temperature
(metallic phase) [27]. As the temperature is lowered, phonon scattering mechanisms
become predominant [27], giving rise to a distinct temperature—dependent
conductivity for T < 115 K, which explains in part the general features of the curve
presented in Figure 6. At low temperature regime, the scattering mechanism can be
related with the size of the nanofibers: as the nanofibers cross section decreases, the
boundary scattering becomes relatively more important than for larger fibers because
a larger portion of the carriers are located near the fibers boundary. Then (1) for
small—-dimension nanofibers, the disorder coming from processes like collisions with
the boundaries [39, 40] provides the necessary disorder to randomize electron energy,
resulting in a localized character for the transport; (2) this will increase the
electron—electron interaction as well [41]. It is important to emphasize that the
conductivity below 110 K is not related with strong localization: the disorder from
boundary scattering, randomizing the electron potential, is not enough to promote
strong localization. In fact, successive attempts in order to distinguish an activation
law (Arrhenius model) or a variable range hopping (VRH) behaviour have failed [42-
45].

In order to explain the current transport i.e. electron—electron or electron
phonon or mixed charge carrier in localised state in the temperature range T < 115 K
(below the solid line) was presented in Figure 7. The experimental data for T < 115
K was the best fitted, such model called Kivelson model [45]. According to this model,
the temperature dependence conductivity is expressed as [45]

o(T)=A(T") (5)

Where A is some constant and n is the exponent. According to this model,
we plotted Ino vs. InT. The ‘n’ is equal to the slope of the straight line. The values of
‘n’ were found to be 0.229 eV, 2.72 eV, and 3.316 eV for 1 (M) DL-PLA/PANI
composite, for 2 (M) DL-PLA/PANI composite, for 3 (M) DL-PLA/PANI
composite, respectively. This value is deviate the values of one dimensional
electron—electron scattering and this should be addressed mixed charge carrier below
the 115 K [45].
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Figure 8.Temperature dependent DC conductivity of HCI doped 1 (M) ‘A’—, 2 (M)
‘B’—, 3 (M) ‘C’-DL-PLA/PANI composite, respectively and showed (a) for 3D (a)
—and 1D (b) —VRH model.

Variety of models was proposed to understand the conduction process of the
conducting polymers. Generally, Mott’s variable range hoping (Mott’s VRH) model
has been applied to organic semiconductor for understanding the hopping mechanism
for conduction and that can be observed from temperature dependent conductivity. In
this report, we mentioned the temperature dependence (78—300 K) conductivity
(Figure 8) for studying Mott’s VRH form of HCI doped DL-PLA/PANI composites.
The temperature dependence DC conductivity as follows the eq" (5) [42-45] and this
is called Mott’s expression.

c=0, exp(— %JX ©)
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Where Ty is the Mott characteristic temperature and oo the limiting value of

[P}

conductivity at infinite temperature and the exponent ‘r’ is related to the
1
XL
dimensionality of the transport process using the relation =~ ©+d) where d =1,2and
3 for one—, two— and three—dimensional (1D, 2D and 3D) transport process,
respectively.

The 3D VRH plots on measured In (conductivity) vs. T for HCI doped
DL-PLA/PANI composites in the temperature range 78—300 K were shown in Figure
8 (a). This conductivity data were well linearly fitted to the 3D conduction process.
Similarly, ID—VRH plots were shown in Figure 8 (b). It is cleared from all VRH plots,
Mott’s 3D VRH model of 2(M) HCl doped DL-PLA/PANI composite fits better into
the experimental data than that of other VRH model. The linearly fit behaviour is
observed from regression values and these values are presented in Table 3. Higher the
regression values (i.e. close to unity) suggest the more charge carrier can hop in intra—
and inter—hopping processes because of PANI chain structure, supporting the reported
literatures [42-45]. In the 3D—VRH model, the temperature dependence of
DC—conductivity can be presented in equation (2)

]

1
as can be seen in Figure 8 (a), the linear dependence of o vs T is well
fitted. To and oo was also calculated from 3D—-VRH plot of HCl-doped
DL-PLA/PANI composites and presented in Table 3. It concluded that charge carriers
could hop easily in 2 (M) HCl—doped as prepared composite than rest prepared and
follow the conduction mechanism [43].

G=0G,exp

()

5

6

4

-0 1 C

In{Conductivity)

-10 4 A
T ~ T ~ T *~ T * 7T

g 10 12 14 16
1000/T(K)

Figure 9. Plots on In( vs. 1000/T—1 of HCI doped 1(M) ‘A’—, 3(M) ‘B’—, 2(M)
‘C’~-DL—-PLA/PANI composites, respectively and Arrhenius models are followed.

Another important model i.e. Arrhenius model was employed to estimate the
activation energy (minimum amount of energy needed to hop the inter chain) of
prepared composite and this model is shown in Figure 9. Accordingly, Arrhenius eq".
is represented as a function of temperature and the electronic conductivity is inversely
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3

related i.e. © =f(T ) The following expression is investigated from literature to
Arrhenius model [44] in the temperature regime 78 to 300 K.
E

G = 60 exp (_ﬁ) (8)

Where Ej is the thermal activation energy of the electrical conduction, o, is
a constant and that is depending on the semiconducting behaviour, T is the absolute
temperature in Kelvin scale, and k is the Boltzmann constant and its value is 8.62 x
1073 (eVIK).

From Figure 9 shows that the conductivity value does not exhibit linear
dependency but markedly curved which indicates that the conductivity does not
correspond to a thermally activated mechanism [44].Taking slope value obtained from
plot of In ¢ vs. 10%/T (after linear fit), the activation energy was calculated and its
value is found to be 0.0195 ¢V for HCl doped DL-PLA/PANI 1(M) composite,
0.04974 eV for HCI doped DL-PLA/PANI 2(M) composite, and 0.0334 eV for HCI1
doped DL-PLA/PANI 3(M) composite, respectively. This different value of
activation energy was observed and this may be happened due to the formation of
different nanosized PANI chains.

In addition, the temperature variation (50—300 K) resistivity of HCl—doped
DL-PLA/PANI composites in the presence of magnetic field (0.5 Tesla) was plotted
in Figure 10.

O T T T T T T T '
o o® OB 3904'34005 Qce
K )

3
Figure 10. Plots of In (pH/p0) vs. T ¢ for HCI 1 (M) ‘A’—, 2 (M) ‘B’—, and 3 (M)
‘C’—doped DL-PLA/PANI composites at 0.5T in the temperature range of 50-300
K. Taking slopes (from these plots), Mott’s characteristic temperature (To),
localization length, density of states, hopping distance, and hopping energy were
estimated.

This characterization is very essential to support for better understanding of
conduction mechanism. From this, we are calculated the important electrical
parameters such as density of states [N(Egf)], localization length (Lisc), hopping
distance between the chains (Rnop, mott), and hopping energy i.e. the energy required to
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hop the electron (*Eronno),

From resistivity data (3D—VRH model), Mott’s law is described [27] and the
expression is given below.

1

Tiont |4
T

p(T)=pe 9)

T 16
Mott KBN(E)F L3Iuc (10)
Where Keis the Boltzmann constant; N(E:) is the density of states at the

TMDtt

Fermi level; and Lloc, the localization length. is an important parameter for
1

calculation of N(E-), and Liee. In 3D VRH model, we have plotted N vs. T ¢ of
HCl—doped DL-PLA/PANI composites and shown in Figure 8 (a). From slope of the
straight line, Tmor Was estimated and listed in Table 3.

Table 3 Several parameters estimated from using the Band gap (direct), DC
conductivity, VRH model, Power model, and Arrhenius model of prepared HCI
doped DL-PLA/PANI Composite

Sample Symbol for materials identifications
parameters A B C D E
G (Slcm) 6.07x10°" 0.910 0.3115x10* 0.1628x 0.410x1073
x1073 1072
o 0.01057 266.93 8.12049
0
Ly (nm) 0.0155 0.0155 0.0155
|_Ioc (nm) --- --- 31.20 146 87.80
N(E.) (o.states) 3.41 % 107 2.845x 102 5.847x 10%
eVicm?®)
Riop ot 102.80 1582.8 654.66
(nm) at 300 K
A 56.80 186 128.54
hop,Mott (mev
at 300 (K )
1.79 x 108 2.096 x10®  4.69 x 107
o (K)
k = Boltzmann constant, Thon (K )= Motts characteristics temperature in Kelvin, oo = intercept value

obtained from 3D VRH model, ¢ be the conductivity at room temperature and unit can expressed as

Slem. k (eV/K) = 8.62 x 1075, L'OC = the localization length in (nm), N(EF) = Density of states at

Fermi level (no. states per electron volt per centimetre cube), Rbop, vt (nm) at 300 K = Mott’s hoping
distance in nanometre scale and the energy difference between the sites in the Mott’s limits.

A, B, C, D, and E are the symbol for prepared materials identification: DL-PLA = A, PANI film (0.61
mm) = B, DL-PLA/PANI (1 M HCI doped) = C, , DL-PLA/PANI (2 M HCI doped) = D,
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DL-PLA/PANI (3 M HCl doped) =E.

C (H) -3
From magnetoresistivity data, we have plotted '”[p 4@] vs. T % . The
equation for magnetoresistivity with varying temperature at a particular magnetic field
was shown as follows [27]

In {P(H)} =t(L. /Ly )“(Ttﬂr‘mf

Po

(11

-5 [
Where, "“2016 and n [ZKGH} is magnetic length, h = Planks constant
(6.62x1073* joule.sec), e = electronic charge (1.6x10°" C), H = 0.5 T is the applied
magnetic field, p (H) be the resistivity with magnetic field and p (0) is the resistivity

without magnetic field. The Lioc can be calculated from slope of the magneto—
resistivity data is shown in Figure 10.

The obtained L'OC is presented in Table 4. Putting To.mon and L values in

eq" (5), (7), and (8), N(EF), (R“"P), and (Ah"p) were calculated and was presented in
Table 4. The eq” (7) and (8), was found from literature as referred 27.

1
3T, 4
Rhop,Mon = (gj(%j Lo (12)

4

1 TMott
Ahop,Mott - [4j (k BT)(TJ (13)

By putting required parameters in the above expressions, the values of

m.wor gl roner \were calculated at 100 K and presented in Table 4. In addition, the
obtained hopping parameters were found to satisfy the 3D—VRH criterions.

R

MC is a one of the important physical properties of conducting polymer. This
property is informed to the disorderness of the materials in quantitatively. For this
purpose, we performed MC measurements. Some reports are reported that weak
disorder leads to a weak localization due to constructive quantum interference of
time—reversed electron trajectories [46]. Below 115 K temperature, the localised
character of prepared samples should be controlled by quantum interference effects,
which in turn should be observed in the magnetoconductivity of the prepared
nanofibers. Figure 11 shows the magnetoconductivity data obtained at 50K, 100K,
200K, and 300K temperatures, using the usual B L1 geometry (Taking | =50 nA), with
the magnetic field B ranging from 0 to 0.8 T. The presence of the electron quantum
interference effects was then readily observed: (1) the increase of the conductivity
with increasing magnetic field at 50K, 100K, and 200K temperature but the reverse
effect was observed at 300K for HCl-doped DL-PLA/PANI (1M) composite in
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Figure 11 (a)
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Figure 11(a) Plots on negative Magnetoconductivity vs. Magnetic field (MF) of HCI
3(M)-“A’at50K,3 (M)- ‘B’ at 100 K, 3 (M)— ‘C” at 200 K, and 3 (M)~ ‘D’ at
300 K—doped DL-PLA/PANI composites, respectively.
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Figure 11(b) Plots on negative magnetoconductivity vs. Magnetic field (MF) of HCI
2M)- ‘A’at50K,2 (M)— ‘B’ at 100 K, 2 (M)— ‘C’ at 200 K, and 2 (M)— ‘D’ at
300 K—doped DL—PLA/PANI composites, respectively.
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Figure 11(c) Plots on negative Magnetoconductivity vs. Magnetic field (MF) of HCI
1 M)—“A’at 100 K, 1 (M)— ‘B’ at 200 K, and 1 (M)— ‘C’ at 300 K—doped
DL—-PLA/ PANI composites, respectively.

In addition, the decrease of conductivity with increasing magnetic field at different
temperature was observed in the Figure 11 (b and c) for 2 M— and 3M—HCI doped
DL-PLA/PANI composites, respectively used for this experiments. The above
negative MC results are agreement with the one—dimensional character of the samples
[28].

Response of Carbon Monoxide (Co) Gas

Monitoring of Carbon monoxide (CO) is a key issue in the environment
because of their toxic nature. Other than the toxic nature, CO is a colorless, colorless,
and tasteless gas in the environment. CO is usually obtained in both sources such as
natural sources and artificial sources. The major percentage of CO is come from
indoors such as garages, kitchens, etc. Also, CO is produced during the combustion of
engines, stoves, water heaters, generators, lanterns, and gas ranges or during burning
charcoal and wood [47]. Huge amounts of CO are obtained from during the burning
of any fossil fuel. Long-term with constant CO exposure is produced from automotive
exhaust, smoke, and industrial sources (foundries, mills etc.) [48-52]. CO takes place
following chemical reactions with hemoglobin. It can produce carboxyhemoglobin via
bonding with hemoglobin, which is present in red blood cells. Due to the formation of
carboxyhemoglobin, the extent of binding between the red blood cells and oxygen is
reduced. Hence, the transport of oxygen in the human body decreases. This is resulted
in the decrease in oxygen levels of the body and causes histotoxic hypoxia. Therefore,
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it is resulting common health issues such as headache, nausea, vomiting, inertia,
unconsciousness, weakness, hypotension, coma, inflammation of existing diseases,
confusion, depression, hearing problems, etc. [48, 49]. Also, CO can cause for
diabetes, parkinsonism, rhabdomyolysis, motion disorders. It may also cause the
health issues of children and pregnant women. Inhalation of a small amount of CO
over a long period of time or a large amount of CO in a short period of time can kill a
person. Because of that, it is needed to monitor the toxic CO gas by best material and
technology. Thus, researchers put their effort by taking many materials for their
optimization. They are prepared materials using different methods and techniques.
The prepared materials are used to detect this gas. The CO gas is also created in
residential and household environments. So, it is very essential to develop mini or
micro sensor, which is cost effective and efficient in these environments. It detects CO
in parts per million (ppm) and parts per billion (ppb) levels.

Generally, Metal oxide semiconductor sensors are available on the market.
The operational temperature of such sensor system is high. The performance
(sensitivity and selectivity) of the sensor is significant [53-55]. The Scientific
community is focused to work on room temperature operated sensor system. Some
reports are available on conducting polymer based sensors. It is operated at room
temperature. The advantages of the sensor materials are sensitive layer of gases,
intrinsic conductivity, fast response, low cost, light weight, ease of synthesis, stability
in air and particularly, their sensitivity at the room temperature [56-58]. In conducting
polymer family, one of the members is polyaniline. It is exist in two forms. Former is
called polyaniline emeraldine base and is insulating (¢ ~10~° S/cm) nature. Later one
is polyaniline emeraldine salt and is metallic nature (¢ < 1000 S/cm). The metallic
nature is acquired by doping process [59-64]. Two forms of polyaniline polymer are
completely different their chemical and physical properties. Several reports are
available to CO sensing mechanism of polyaniline based sensor materials [65-68].
There is a partial charge transfer from polyaniline nitrogen atom to carbon atom of
CO molecules, which leads to an alternation in the conductivity of a conducting
polymer [65-68]. So, the possible sensing mechanism is shown in the Figure 12 [66,
68].
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Figure 12. [78, 80] Possible carbon monoxide and polyaniline gas sensing mechanism

The chemistry of partial charge transfer from amine nitrogen: —-NH- which
have lone pair of electrons to stable resonating structure of +C=0— having the positive
charge at the carbon atom. Hence, the positive charge at the carbon atom is shifted to
amine nitrogen atom. It results in a net increase in positive charge carriers on the
polymer backbones. Therefore, conductivity of the material in increased. A summary
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of health problems caused by exposure to CO is presented in Table 5 and brief
summary of conducting polymer based CO detection is mentioned in Table 6.

Table 5. Health problems according to carbon monoxide (CO) concentration and
exposure time

Concentration of CO (Exposure Time) Created health problems

35 ppm (6-8 h), 100-200 ppm (2-3 h), 400 ppm (1-2 Headache, dizziness,

h), 800 ppm (45 min), 1600 ppm (20 min), 3200 nausea, loss of judgement

ppm (5-10 min), 6400 ppm (1-2 min) and convulsions

1600 ppm (2h)3200 ppm (30min.), 6400 ppm (less Respiratory arrest, severe

than 20 min.), 12,800 ppm (less than 3 min.) Sggshltlons (coma) and

Table 6. Brief summary of CO detection

Study Materials Perporfamce  Optimum Limitation
temperature
(°C)
Zhao et Polyaniline coated Response Room Low
al.[69] nanofiber time 20 s temperature concentration
CO
Liu et polyaniline nanofiber Response Room Low CoO
al. [70] 400 s Temperature  concentration
Jian et Polyaniline/SnO; Response Room Low CoO
al. [71] Nanocomposite time 160 s Temperature  concentration
Ram et Ultrathin conducting Response Room High CoO
al. [72] polymer/metal oxide time 60s Temperature  concentration
(SnO- and/or
TiOy) films
Conclusions

At room temperature, HCl doped DL-PLA/PANI composites were
successfully prepared by in situ polymerization technique. SEM characterization
reveals that the prepared composites were showed fibrous morphology. ATR-FTIR
spectroscopic experiment of DL—PLA polymer and PANI salt indicate that the main
chemical structures are identical to those of DL—PLA polymer, the emeraldine salt
form of PANI while DL-PLA/PANI nanofibers point to the combination of DL-PLA
polymer and PANI salt. UV—Vis’s spectra measurements show that the electronic
transitions of prepared materials are indicated the emeraldine salt form of PANI on
DL—-PLA film. Room temperature DC conductivity of prepared composites has shown
ohmic behaviour and its value was found to be higher for 2 (M) HCI doped
DL—-PLA/PANI composite (0.1628 x 1072 S/cm) than prepared other composites. In
addition, we measured DC conductivity as a function of temperature (70—300 K) of
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HCl doped DL—PLA/PANI composites and obeyed semiconducting behaviour.
Conduction mechanism was studied using temperature dependence of the DC
conductivity experiment. In this experiments, metallic (T > 110 K) and localised
systems (T<110 K) were observed. The conductivity was found to be controlled by
the electron—electron scattering and electron—phonon scattering in case of metallic and
localised character, respectively. The temperature dependence magnetoresistivity of
HCI doped DL-PLA/PANI composites were performed in the range of 70—300 K at
0.5 T to estimate the Ljoc 0f 31.20 nm, 146 nm, and 87.80 nm for 1 (M)—, 2 (M)—, and
3 (M) HCl-doped DL-PLA/PANI composites, respectively. As well, we calculated

important transports parameters like N(EF)’ Tt Lioor R 8N Aofor  better
understanding of conducting process. The main results obtained from MC are
summarized as follows: (1) The sign of MC in the prepared composite films is negative
at different temperatures i.e. 50 K, 100 K, 200 K, 300 K in the range of magnetic field
(0.1-0.7 tesla). The negative MC increases with lowering temperature. (2) The
negative MC is discussed in terms of a quantum interference effect in hopping
conduction process. These results suggest that the MC in the composite films made of
is controlled by a random network of inter—fibril contacts. Moreover, the prepared
composites show features of coherent transport of electrons that persist until high
temperatures, making them attractive for further investigations aimed at development
of novel devices. In summary, the present work reports the preparation, detailed
morphological and spectral, electrical properties with mechanism of HCI doped
DL-PLA/PANI composites. In particulars, carbon monoxide gas responses and
mechanism of polyaniline-based materials were studied.

loc? ' “hop?
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