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Abstract

Different inorganic acids like HCI, HNO3 H,SO4 and HsPO4-doped based
DL-PLA/PANI-ES composites were synthesized by in-situ chemical oxidation
polymerization technique using liquid aniline as precursors. The doped composite
have observed fibril-like morphology with different average sized diameter (178 nm
for HCI doped composite, 162 nm (H2SO4 doped composite), 153 nm (HsPO,4 doped
composite) and 163 nm (HNOs doped composite), respectively. Analysis of presence
of functional groups and other chemical groups of as prepared composites was done
by FTIR experiment in ATR mode. The optical (direct) band gap was estimated from
UV-Visible absorption spectra. The estimated band gap values are to be 160 eV, 1.37
eV, 1.46 eV, and 1.69 eV for HCI, HNO3 H,SO4 and H3PO4-doped DL-PLA/PANI-
ES composite, respectively. The electrical conduction mechanism of HCI-, H,SO.-
and HsPO4s-doped DL-PLA/PANI-ES composites were taken to study the conduction
mechanism in detail in the low temperature regime (77-300 K) with and without
applied of the magnetic field. Different models such as variable range hopping (VRH)
and Arrhenius model were taken to explain the conduction mechanism of as prepared
composites. In the Mott type VRH model, the density of states at the Fermi level,
which is constant in the temperature range of 77-300 K were estimated. In the absence
of magnetic field, DC conductivity of HCI-, H,SO4- and HNOs-, H3PO4- doped DL-
PLA/PANI-ES composite was measured. Also, magnetoresistance (MR) was
measured at room temperature for as prepared doped DL-PLA/PANI-ES composites
and showed negative MR. In addition, we were discussed the response of hydrogen
(H2) gas with polyaniline-based sensor materials.
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1.0 Introduction

Conductivity is a main characteristic of polymeric materials for their
potential applications in different fields such as light emitting diodes, supercapacitors,
sensors, [1-3]. The preparation constraints can be changed in a precise mode to get
desired conductivity of the polymeric materials. Two methods such as doping and
structural modification are generally used to increase the conductivity of polymeric
materials. Hence, appropriate doping agent and polymeric materials prerequisite to
select for improving the conductivity. In the connection, polyaniline (PANI) is one of
the polymeric materials. It is commonly known as intrinsically conducting polymer
(ICP). Generally, ICP is not established under ambient circumstance. Different
methods are adopted to improve the stability of PANI. One of the ways is to be used
to make composite form using thermoplastic polymer as base materials, which act as
astabilizer [4]. A variety of PANI composites have been prepared using different types
of thermoplastic polymers such as poly (methyl methacrylate), polyvinyl chloride,
polystyrene and polyurethane [5-8] as base materials. The detail electrical behaviours
were studied with and without magnetic field [9-12].

To realize the conducting behaviour of different doped conducting polymer,
various models are anticipated. Predominantly, variable range hopping (VRH) model
is employed to understand the transport phenomena. In the connection, Li and co-
workers proposed a VRH model and explained the conduction mechanism of HCI-
and DBSA- doped polyaniline [13]. Kapil and co-workers [14] studied conduction
mechanism of p-toluene sulphonic acid (PTSA) doped polyaniline by VRH model,
Arrhenius model, and Kivelson model in the temperature range of 30—300 K. The
conduction mechanism of polyaniline organic film and embedded metal particles in
an insulating material were also described by VRH and charge-energy-limited-
tunnelling (CELT) models. Similarly, the conductivity is measured with the variation
of magnetic field at constant temperature, which is called magnetoresistance (MR). It
helps to realize the depth of transport phenomena.

A few conducting polymers have shown positive MR such as PANI [15-18],
polypyrrole [19-21], PEDOT films [22], and PANI composites at low temperature
(0<10 K). The positive MR of conducting polymer is ascribed to the shrinkage of
localised wave functions of electron in the presence of magnetic field [23] or electron-
electron interactions [24,25]. Moreover, there are also a few polymers which show
negative MR. Lee et al. [26] reported the negative MR from highly conducting
polyacetylene at low temperature (1.5 K), which was attributed to the weak
localization effects.

Our goal was to prepare an environmentally stable PANI-ES composite that
would show better electrical properties and, therefore, can be potential for gas sensor
and other electronic applications. We selected DL-PLA polymer in the composite
preparation because of its high mechanical properties compared to other
biodegradable polymer and strong interaction with ionic electroactive polymer such
as PANI. Inorganic acids (HCI or H,SO4 or H3PO4) were doped into DL-PLA/PANI-
ES to improve the electrical properties of the as prepared composites by in situ

150



DL-Polylactide (DL-PLA) Based Polyaniline Composite for Hydrogen Gas Sensors

polymerization technique. The low and room temperature conductivity of HCI, H2SO,
and HsPO, doped DL-PLA/PANI-ES composite is investigated by DC conductivity
measurement and possible conduction mechanism is proposed. Furthermore, MR of
H,SO4 and H3PO4 doped DL-PLA/PANI-ES composite have been studied.

2.0 Experimental Details
2.1. Preparation Of DL-PLA Films and DL-PLA/PANI-ES Composites

During the synthesized of doped DL-PLA/PANI-ES COMPOSITES, small
sized DL-PLA films were first prepared by solution casting method by taking DL-
PLA beats and chloroform (CHCls) as polymer and polar solvent, respectively at room
temperature. 2 g of DL-PLA polymer was added to 20 mL of CHCIs in a beaker (100
mL) and stirred continuously for 3 h. The transparent viscous soluble product was
formed and poured into a 10 cm diameter petridish. It was left 10 h for solvent
evaporation. After solvent evaporation in the petridish, DL-PLA film formed. The
films removed from petridish and cut into small pieces having 1.5 cm x 1.5 cm size.
It was used for synthesizing composite and raw materials characterizations.

| Polymerization of membrane based aniline |

M—oxidaﬁon method

Stirred 30 min 4

S
APS ! : ! Added DL-

solution ) 1 ' PLA film
Staye(lAll h, ‘ I Stirred
Fl.ltjlecll‘ - continuously
\\» as }ec > r 1 1 I (4 h)
dried 1n air Y
" Greencolored \
. DL-PLAfilm _~
Composite

Scheme 1. The flow chart of preparation of HCI doped DL-PLA/PANI-ES
composite [28]
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During the doped DL-PLA/PANI-ES composites synthesized, in situ
technique via chemical-oxidation polymerization technique was employed. The
polymerization reaction was carried out at room temperature using aniline and DL-
PLA film (1 cm?), which act as monomers and base material, respectively. During the
polymerization process, 3 mL of liquid aniline was taken and was added to 105 mL of
aqueous 1 M HCl solution. It was stirred for 0.5 h until slightly yellowish solution was
formed and the solution was called Solution 1. After that, DL-PLA films (1.5 cm x
1.5 cm) were put in solution 1. It was stirred for 12 h. During the preparation of
solution 2, 7.47 g of ammonium perdisulphate (APS) was added to 60 mL of 1 M HCI
solution. The solution 2 was added drop wise to the mixture which contained DL-
PLA and solution 1 with continuous stirring for 1 h. The polymerization reaction was
carried out. The color of the reaction solution and DL-PLA film was changed from
white to light green and finally to dark green as polymerization continue to progress.
The polymerization reaction was continued to stir constantly for 10 h to complete the
polymerization reaction. HCI doped DL-PLA/PANI-ES composite was finally
prepared and washed with deionised water several times followed by drying in the
ambient conditions [27, 28].

Similar process was employed to synthesize other composites (HNOs, H2SO4
and H3PO4 doped DL-PLA/PANI-ES composites). Schematic diagram of the flow
chart of HCI doped DL-PLA/PANI-ES composites is exposed (Scheme 1). The
prepared composites was used for different characterizations.

2.2. Characterization Techniques.

Fourier transformation infrared (FTIR) spectra were recorded in ATR mode
on a Thermo Nicolt Nexus 870 spectrophotometer.

Ultra-violet visible (UV-Vis) spectra were recorded by using a Micropack
UV-VIS-NIR, DH 2000.

Surface morphology was analysed by scanning electron microscopy (SEM)
using Carl Zeiss Supra 40 scanning electron microscope. Gold coating was performed
before doing SEM analysis.

I-V characteristics and DC conductivity was measured using linear four-
probe technique at room temperature using Keithley 2400 programmable current
source. According to four probe method, the resistivity (p) was calculated using the
expression [29]

el
U )

Here, S is the probe distance (cm), I s applied current (mA) and \ is
measured voltage (mV). Conductivity (o) was calculated using the relation [29]
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P e )

Temperature variation resistivity with magnetic field was measured using a
linear four-probe method for better understanding of transport mechanism of the
prepared composite. During the measurement, helium compressor (HC) (model HC-
4E1)-sumitomo cryostat (model Gains research CO, INC) equipped with 0.8 T
superconducting magnet (Lake shore electromagnet) was employed temperature
controller (Lake shore 331). Keithley 220 programmable current source was used as a
current source.

2.3. Results and Discussion

Fig. 1 (a), (b and c) and (d), (e), (f) indicate the SEM images of DL-PLA
film, HCI, H,SO4 (low and higher magnification), HsPO4, and HNO3 doped DL-
PLA/PANI-ES composites, respectively.

Figure 1. SEM images of (a) DL-PLA film, H.SO4 ((b) low and higher (c)
magnification) HsPO4 (d), HNOs (e) and HCI (f) doped DL-PLA/PANI-ES
composite [28]
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The pure DL-PLA film appears quiet smooth (Fig. 1a) whereas doped DL-
PLA/PANI-ES composites have fibrous morphology [Fig. 1 (b-f)]. Fig. 1c and 1d
show the SEM images of H,SO4 doped DL-PLA/PANI-ES composite at two different
type magnifications with a network type surface morphology (Fig. 1c) on the DL-PLA
film. This network-type morphology is formed (Fig. 1c) after a DL-PLA film is put
into the solution 1 (i.e., before polymerization). The change in the surface morphology
is believed to be due to the reaction of hydrogenium ion (from dopant) and anillium
salt with ester group present in DL-PLA chain. After the polymerization (slow
addition of solution 2 into the solution 1) the network type morphology remains with
the formation of additional fibrous morphology all over the surface of DL-PLA film
at lower magnification. The magnified image of [Fig. 1(c)] shows the fibrous
morphology of H.SO. doped DL-PLA/PANI-ES composite. The average diameter of
as grown fibers was measured to be 153 nm. Similar type fibrous morphology is also
obtained for H3PO4, HCI and HNO3 doped DL-PLA/PANI-ES [Fig. 1(d), 1(e) and
1(f)] film with average fiber diameter of 163 nm, 178 nm and 162 nm, respectively.
The different sized diameter is formed and it may be due to the presence of various
sized counter ions in the as prepared composites. The formation of fiber morphology
is favorable for the sensor application due to the inherent increase in the surface area
of composite film.

A) PANI-ES,
B) DL-PLA,
C) HCI-, (D) HNOg-, (E) H,S0,-,

F) H3PO4—doped DL-PLA/
PANI-ES composite

Absorbance (a.u.)

A NH NH
[ (5 W)
¥ T ¥ T
4000 3000 2000

1) 1000

Wave number (cm”

Figure 2. ATR-FTIR spectra of PANI-ES (A), DL-PLA (B), HCI (C), HNOs (D),
H2S04 (E), H3PO4 (F) doped DL-PLA/PANI-ES composites [28]

Fig. 2 indicates the ATR-FTIR spectra of DL-PLA, PANI-ES and HCI,
H2S04, H3POs, HNO3 doped DL-PLA/PANI-ES composites. All the characteristic
bands and their corresponding assignments to prepare above materials are presented
in Table 1. The absorption bands of DL-PLA at 2995, 1759, 1616 and 1216 cm™ have
been attributed to C-H stretching, C=0 stretching, C-O stretching of ester and C-O-C
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stretching vibration, respectively, whereas the bands at 1453, 1361 and 1363 cm™
represent the stretching vibration of C-H deformation of DL-PLA polymer [27]. This
indicates that the characteristic absorption features of DL-PLA polymer are retained
in the prepared DL-PLA film. The main FTIR bands of PANI-ES are found at 1554,
1475 and 1108 cm corresponding to quinoid, benzenoid and C=N stretching,
respectively [29]. From our observation, the presence of quinoid and benzenoid ring
vibrations are exhibited at 1475 and 1554 cm™ respectively, indicating the presence of
oxidation state of PANI-ES. The characteristic band obtained in the ATR-FTIR
spectrum of DL-PLA/PANI-ES composite film indicates the formation of conducting
DL-PLA/PANI-ES composite films. From Table 1, it is observed that N-H bands of
HCI doped DL-PLA/PANI-ES, H,SO, doped DL-PLA/PANI-ES, H3PO4 doped DL-
PLA/PANI-ES appeared at 3289, 3291 and 3280 cm respectively. The different N-
H stretching peak positions represent the strong dependency on acid strength. The
C=N, C=0, C-0 and C-O-C stretching bands do not change significantly. The entire
bands indicate that both PANI-ES and DL-PLA are retained in the composites.

Table 1. FTIR peak positions and their assignments of DL-PLA, PANI-ES, HCI,
HNOj3, H2S04, and HsPO4 doped DL-PLA/PANI-ES composites [28]

Peak Peak positions (cm™)
assignments | pL- | PANI- | HCI HNOs H2S04 HsPO4
PLA | ES doped doped doped doped
DL-PLA | DL-PLA | DL-PLA | DL-
PANI-ES | PANI-ES | PANI-ES | PLA
PANI-
ES
N-H 3217 3289 3291 3291 3280
(stretch.)
Quinoid 1554 1533 1537 1530 1531
(stretch.)
Benzoid 1475 1453 1450 1451 1454
(stretch.)
C=N 1108 1067 1085 1077 1067
(stretch.)
C-H 2995 | 2926 2965 2968 2965 2968
(stretch.)
C=0 1759 | --- 1728 1720 1725 1724
C-0 1616 | --- 1652 1650 1656 1653
CH (def.) 1363 | --- 1375 1363 1374 1374
CH 1268 | --- 1262 1267 1259 1260
(bending)
C-0-C 1216 | --- 1226 1223 1229 1226
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It is found from literature that PANI-ES show n-n* of benzene ring, polaron
to m*, benzenoid to quinoid ring and polaron transition respectively [30]. It is noticed
from Fig. 3 (A) that there is no transition in DL-PLA film [31]. Various transitions are
observed in HCI, HNO3s, H2SO, and H3POs doped DL-PLA/PANI-ES composites,
which is shown in Fig. 3. Its peak positions with their assignments are mentioned in
Table 2. From the Fig. 3 and Table 2, we found two types of bands such as =« to
localised polaron band and n-n* band of benzenoid ring for HCI, HNOs, H,SO4 and
H3PO. doped DL-PLA/PANI-ES composite. Both n-n* band of benzenoid ring and
polaron band are suggested to the presence of anilinic unit and oxidation unit in
emeraldine salt form of composite films [30, 32]. The different peak positions and also
peak areas may be happened due to the presence of a variety of nano regime PANI-
ES chains on DL-PLA polymer film. This indicates the conjugation lengths which
affect the band gap energy. Hence, electrons are delocalised in the excitation band
[32].

0.50 (E) H,PO, doped DL-PLA/PANI-ES composite
(D) HCI doped DL-PLA/PANI-ES composite
0.45 < (C) H,80, doped DL-PLA/PANI-ES composite
) HNO_ doped DL-PLA/PANI-ES composite
—~ 3
=0.40 o QoA
(]
N
[5)
(8] -
$0.35
.8 f
— -
5 0.30 ®
38 f
<0.25 4
1 (A
0.20 T ' . .
300 900

600
Wave length (nm)

Figure 3. UV-V is spectra of neat DL-PLA (A), HNOs (B), H2SO4 (C), HCI (D), and
H3PO4 (E) doped DL-PLA/PANI-ES composites [28]

The photon absorption in UV-Vis region of semiconducting materials is
observed by Tauc expression [33]

ahv = Ay = E J oo (1)

Where a = Optical absorption co-efficient, hv = photon energy, Eq = Energy
gap calculated from graph, A = absorption constant, n = Represents types of transition
occurs. n = 2 indicated allowed indirect transitions and n =1/2 indicated allowed direct
transitions. We have plotted (ahv)? vs. hv for direct band energy analysis of prepared
samples and are shown in Fig. 4. It extrapolated the linear portion of it to a = 0 value
to obtain direct band gap energy. The band gap energy value is found to be 1.60 eV
for HCI doped DL-PLA/PANI-ES composite, 1.69 eV for HNO; doped DL-
PLA/PANI-ES composite, 1.46 eV for HsPO4 doped DL-PLA/PANI-ES composite
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and 1.37 eV for H,SO4 doped DL-PLA/PANI-ES composite, respectively. The
difference in band energy occurred due to the effect of acid strength during the
formation of PANI-ES on DL-PLA polymer film. It is observed from Table 2, the
H>SO, doped DL-PLA/PANI-ES composite showed highest band gap value than other
three prepared composites. It may be happened due to the higher strength of H,SOa. It
forms higher conjugation of PANI-ES chains and affect the band gap energy [30-33].

8 ( A) HCI doped DLPLA/PANI composite

(B) HySO4 doped DLPLA/PANI composite
(D) H3PO,4 doped DLPLA/PANI composite

6 (C) HNO3 doped DLPLA/PANI composite

2 Band Sap(eV)4

Figure 4. Optical (direct) band gap of HCI (A), H2SO4 (B), HNO3 (C), H3PO4 (D)

doped DL-PLA/PANI-ES composites [28]

Table 2. UV-Visible peak positions and their assignments and direct band gap of
DL-PLA, HCI, HNO3, H,SO4, H3PO4 doped DL-PLA/PANI-ES composites [28]

Materials Polaron band - Band gap (eV)
DL-PLA
HCI doped DL-PLA/PANI- | 780 383 1.60
ES composite
H2SO, doped DL- | 797 344 1.37
PLA/PANI-ES composite
HsPO.doped DL-PLA/ | 787 381 1.46
PANI-ES composite
HNO; doped DL-PLA/ | 791 344 1.69
PANI-ES composite

The DC conductivity of HCI, HNOs, H,SOs, and HsPOs doped

DL-PLA/PANI-ES composites along with DL-PLA polymer film was measured at
room temperature using linear four-probe technique. The used expression is ¢ = 1/p,

P s resistivity. The resistivity was measured from the relation p = 2xS (V/I), where
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S is the probe spacing (0.15 cm) I is the supplied current (in nA) and Vs the
corresponding voltage (in mV). Fig. 5 shows the I-V characteristics of HCI, HNO3,
H>SO4 and H3PO4 doped DL-PLA/PANI-ES composites at room temperature. The
measured 1-V characteristics show the linear behaviour. The linear fit straight line
passes through origin indicating the ohmic behavior. The conductivity measured from
I-V data for the HCI, HNOs3, H2SO4 and H3PO4 doped DL-PLA/PANI-ES composites
is presented in Table 3. The conductivity of H,SOs doped DL—PLA/PANI-ES
composite (0.15 x 1072 S/cm) is found to be higher than that of HCI, HNO3, and H3PO,4
doped DL-PLA/PANI-ES composite (0.285 x10*, 0.774 x10° and 0.309 x 107
S/cm). This could be due to that stronger H,SO4 dopant, which exerts more force
towards better ordering of PANI polymer chains leading to higher conjugation. The
conjugation is a favorable factor for the intramolecular mobility of charged species
along the chains and to some extent on the intermolecular hopping because of proper
arrangement of polymeric chains [34]. Additionally, H,SO, doped composite
produces more semiquinone conducting group and PANI-ES as compared to HCI,
HNO3 and H3PO4 doped composite because of highly reactive nature of H,SO4 dopant
[35, 36].

(A) HCl-doped DL-PLA/PANI composite
B H3PO4—d0ped DL-PLA/PANI composite
4(©) HNO;dloped DL-PLAPANI composite
D) H,S0,-doped DL-PLA/PANI composite

y (S/cm)
o o 9o o
58 2. 8.°

Conductivit

-0.06 4

1 v 1 v 1 v 1 v 1
-16 -8 0 8 16
Current (nA)

Figurer 5. DC conductivity of HCI (A), H2SO4 (B), HNO3 (C) and H3PO4 (D) doped
DL-PLA/PANI-ES composites measured at room temperature [28]

The temperature dependent DC conductivity is shown in Fig. 6. It shows the
conductivity of HCI, H.SO4 and H3sPO4 doped DL-PLA/PANI-ES composites as a
function of temperature. It is evident from Fig. 6 that the composites showed increase
in conductivity with increase in the temperature from 77 to 300 K, which is similar to
an inorganic semiconductor. Hence, it can be called as organic semiconductor [37].

Various models including variable range hopping (VRH) were used as to
understand the probable mechanism of current transport in the organic semiconductor
[38-41].
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Table 3. DC conductivity of HCI, H,SO4, HNO3 and H3PO, doped DL-
PLA/PANI-ES composites at room temperature [28]

Materials Name DC Conductivity (S/cm)
DL-PLA 6.05 x10°1°

HCI doped DL-PLA/ PANI-ES 0.285 x10*

composite

H,SO. doped DL-PLA/ PANI-ES 0.162 x10°2

composite

H3PO, doped DL-PLA/ PANI-ES 0.1097 x1073

composite

HNO; doped DL-PLA/ PANI-ES 0.774 x10°3

composite

According to VRH, the temperature (T) dependence of DC conductivity
follows the Mott’s expression [38-41].

c =0, exp(— Ejr .............................. (2

Where TO is the Mott characteristic temperature and %o the limiting value
of conductivity at infinite temperature and the exponent ‘¥’ is related to the
dimensionality of the transport process via the expression r = 1/(1+d) here,d = 1, 2
and 3 for one-, two-, and three-dimensional (1D, 2D and 3D) conduction process,
respectively. Out of three processes, three dimensional processes are more fitted.

Plot (a) and (b) in Fig. 7 show the 3D-VRH plots and Arrhenius plots on
measured conductivity in logarithmic scale for HCI, H,SOs and H3POs doped
DL—-PLA/PANI-ES composites in the temperature range of 77-300 K, respectively.
The conductivity data were carefully fitted linearly to both the 1D- and 3D-VRH as
well as Arrhenius plots for conduction processes. The obtained regression values are
presented in Table 4. It is clear from Table 4 that Mott’s 3D VRH model of as
prepared composite fits better into the experimental data (Regression values) than that
of 1D model and Arrhenius model. This suggests that charge carrier can hop both in
between the chains, i.e., interchain hopping and along the chain, i.e., intrachain
hopping as PANI has the chain structure [38-41].

In the 3D—VRH model, the temperature dependence of DC conductivity can
be written as
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1

Fig. 7 (a) shows that the linear dependence of In Oys T * s better than
1

that of Ino vs T 2. The estimated linear factor, i.e., regression values (R-values)
for 3D-VRH model (0.9976) was better than that of 1D—VRH model (0.974),

supporting the reported literature [42-45]. To and 0 values were also calculated
from the VRH plot of H,SO4 doped DL-PLA/PANI-ES composite and presented in
Table 5. Unlike the H,SOs doped, the regression value for HsPOs doped
DL-PLA/PANI-ES composite was measured to be almost same, i.e., 0.9937 and 0.993
from the 3D and 1D fitted VRH model, respectively. This indicates that 3D VRH
model can be applied to describe the conduction mechanism in the HsPO, doped
DL-PLA/PANI-ES composite. In the H,SO4 doped DL-PLA/PANI-ES composite,
sulphuric acid (H2SO.) is strong dopant which exerts stronger force leading to
alignment of chains and increase in the compactness [34]. Therefore, charge carriers
could hop easily from one chain to another chain obeying the 3D—VRH conduction
mechanism model.

] 3 (©-~099228
-4 O—"Rvalue=0.9976, =
> Slope=55.2116 ES
S 5 = 0_ (B)—0.96933
I S
=] T -34
© [
c o 4
S -8- —>Rvalue=0.9937, Q4.
z Slope=47.79%7 =
A09a—R 9 _ (Ar-0.43952
. Slooe=—178081 : -
024 026 028 030 0321,934 036 35 70 105 140

(Temperature)” 1000/T(K)
Figure 7. 3D VRH plot (left side) and Arrhenius plot (right side) of HCI (A), H2SO4
(B) and H3PO4 (C) doped DL-PLA/PANI-ES composites [28]

Other than the regression values, other parameters like density of states,
hopping distance, hopping energy is supported to understand the conduction
mechanism. Estimation of localisation length (Lioc) is an important parameter for the
calculation of density of states, hopping distance, and hopping energy. Resistivity of
HCI, H,SO4 and H3PO4 doped DL-PLA/PANI-ES composite was measured as a
function of temperature in presence of magnetic field (0.4 T). We analyzed the
resistivity data at 0.4 T (Fig. 8) along with the 3D—VRH model described by Mott’s
law [13] and given below and calculated localization length (Lioc) and density of states.
Using these important parameters, we calculated hopping distance (Rnhop, mott) and
hopping energy (Anop, Mott). The above estimated parameters help to understand the
transport phenomenon.
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Ttott )3

p(T) = poe( T e e 4)

T = lKBN(E)F L3'°°J

Where Ke is the Boltzmann constant, N (EF ) is the density of states at the

1

Fermi level, and Lo is the localization length. The plot of In/Ovs T * exhibits a
straight line for HCI, H,SO. and H3PO. doped DL-PLA/PANI-ES composites (Fig.

8). TMO“ can be evaluated from the slope of the straight line and is listed in Table 5.

The localization length L'OC can also be calculated from magnetoresistivity data as
shown in Fig. 8. From the VRH model, the resistivity at different temperatures at a
particular magnetic field can be written as [46]

In [LH)} =t(L,. /L )“( ¥°“ ji ............................................ (6)

Po

5 B [ hc }2
= H —
Where 2016 , and 2meH is magnetic length, ¢ = velocity of
light (3 x 101° cm/s), h = Planks constant (6.62 x 10?7 erg.sec), e = electronic charge
(1.6 x 107 C) and H = 0.4 T is the applied magnetic field. From the slope of curves

in Fig. 8, we determined the I"Ocvalues and listed in Table 5.

44 - 12
5] Sopeof (O)=201.918 [ 1
2 o
2] R
T 1-+Slopeof (B)X S
o | [sT
0 oS
=g L7 S
_1__ 6
2] opeof(A):187.399 5
-3 . : 4

0.010 0015 0020 0 030 0035

(Terrperature)”

Figure 8. Plots of [Inp(H)/p(0)] vs T~*3 for HCI (A), H2S04 (B), H3PO4 (C) doped
DL-PLA/PANI-ES composite at 0.4 T (77-300 K) [28]
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. T,
Using the %Mt ang L'OcofHCI, H»S0, and HsPO4 doped DL-PLA/PANI-

ES composite in equation (5), the density of states (N (EF )) can be calculated.

The TO*'V'"“, L'OC, and (N(EF )) values were used to calculate the mean hopping

R A
distance = "°Pand the energy difference between sites * "°P/ by using the following

expression [13, 46] and presented in Table 5.

1
3V Toor 14
R hop,Mott = (gj(%) L|OC ............................. (7)

1

4

1 TMott
Aoy ot = [Z}(kBT)(?} .............................. (8)

. . . . R
By putting required parameters in the above expressions, the = "°P:Mot ang

A . N

hop.Mott yalues were calculated at M-I transition temperature (125 K), which is
presented in Table 5. In addition, the obtained hopping parameters were found to
satisfy the 3D—VRH criteria.

Table 5. VRH conduction parameters obtained by analyzing the low
temperature resistivity (with and without magnetic field) data of HCI, H,SO4,

H3PO,4 doped DL-PLA/PANI-ES composites [28]

Conducting L (Magnetic | HCI  doped | H2SO4 doped | H3PO4doped

parameters Length in | DL-PLA /| DL-PLA /| DL-PLA/
°A) PANI-ES PANI-ES PANI-ES

composite composite composite

Slopeat0 T 49.39 -17.8081 -55.21167 -47.7966

(3D-VRH)

Slope at 0.4T 187.399 386.08 291.918

T mott (K) 1.005 x 10° | 9.29 x 10° 5.21 x 108

L 1o (OA) 95.11 48.48 50.28

N (Ef) (no. 2.14 x 10*8 1.755 x 10% | 2.08 x 107

states/eV/cm?3)

R Hop, Mott 189.74 300.18 269.47

(°A) at 125 K

A Hop, Mott 19.34 44.48 38.49

(meV

at 125 K)

Temp. at M-I 125 125 125

(K)
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Newly, the negative MR of hopping systems has been explored and various
possible way of hopping path was interpreted by quantum interference effect of spins
in presence of magnetic field [47-50]. This effect is ascribed to the statistics of self-
crossed trajectories in conductors, i.e., phase coherence of the electron’s wave
function between different conduction paths is destroyed in presence of magnetic field
[26]. In the present work, the low temperature conductivity has indicated the hoping
conduction mechanism but not the weak localization system. The concept of weak
localisation effect is valid for diffusive motion of current carriers, and can be extended
to hopping conduction [47, 48]. In the weak field region, the negative MR can be
expressed as [47, 48].

PRELIR)

R(0)

Where the exponent X = 1[47]or X =2[48] ¥ = 4 for3D—and ¥ = 2
for ID—VRH. The interesting observation was found by Sivan et al. [47] and predicted
quadratic field dependence over most of the weak-field range. Also, Nguyen et al. [48]
reported the negative MR, which is linear in the field. Using equation (9), MR values
of H.SO4 and H3PO4 doped DL-PLA/PANI-ES composites was calculated at room
temperature. Fig. 9 shows the plot of negative MR as a function of magnetic field (H).
In the case of H,SOs doped DL-PLA/PANI-ES composites, MR were found to
linearly decrease with increase in the magnetic field whereas in case of HsPO4 doped
DL-PLA/PANI-ES composites, the MR value was found to slightly increase above
0.4T. The above negative MR results are in qualitative agreement with the predicated

features [47, 48].
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Figure 9. Magnetoresistance (MR) of H3PO4 (A) and H,SO4 (B) doped DL-
PLA/PANI-ES composites at room temperature [28]
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2.4. Response Of Hydrogen (H>) Gas (i.e., H, Gas Sensor)

Hydrogen (H.) is one of the flammable gases. Also, H; gases are found to be
highly explosive. It is becoming the fuel of the next generation of automobiles.
Therefore, the detection of low concentration i.e., ppm level of H; is highly essential
in houses, vehicles, or industrial places is potentially important. The prominence of
environmental gas monitoring system is well understood and much research has
focused on the development of suitable sensor material [49]. In addition, Hydrogen is
the cleanest, sustainable and renewable energy carrier for future fuel. Hydrogen gas is
flammability when H gas comes in presence 4% air or more [50]. Hence monitoring
systems are essential to sense hydrogen gas at room temperature. Most of the
monitoring systems available on the market are metal oxide semiconductor based
sensors, which is operated at high temperature. The obtained sensor sensitivity and
selectivity is significant [51-53]. The researcher is focused much more on room
temperature operated sensor system. Some reports are available on conducting
polymer based sensors.

Table 6. Brief summary of H; detection

Study Materials Perporfa | Optimum | Limitation
mce temperat
ure (°C)
Connet | polyaniline-platinum oxide | Response Room High H,
al. [65] time 25s | Temperatu | Concentrat
re ion
Sadek et Polyaniline (PANI) Response Room High H»
al. [66] nanofiber time xxx | Temperatu | concentrati
re on
Conn et Polyaniline Response Room High H.
al. [49] time 20 s | Temperatu | concentrati
re on
Sadek et Polyaniline Nanofiber Response Room High Ha
al. [67] time 28's | Temperatu | concentrati
re on
Al- Graphene/Polyaniline Sensitivity Room High H»
Mashat et Nanocomposite 1% Temperatu | concentrati
al. [68] re on
Arsat et Ordered polyaniline Room High H2
al. [68] nanofibers Temperatu | concentrati
re on
Sandaruw | Polyaniline/palladiumnano | Frequency Room High H.
anetal. hybrids change Temperatu | concentrati
[70] re on

The benefits of the conducting polymers have 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 [54-56]. Few reports
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are mentioned that conducting polymers may have ability to store hydrogen [57, 58].
Polyaniline is one of the members of conducting polymer family. Since, it has
chemically stable and easy to synthesize. Polyaniline can exist as two different
emeraldine forms. One is called polyaniline emeraldine base, which is insulating (o
~107 S/cm) and other one is polyaniline emeraldine salt, which is metallic in nature
(o < 1000 S/cm). The metallic nature is obtained by doping process [59-64]. Both
classes are completely different with their own chemical and physical properties. The
unique nature of this attractive class of polyaniline highlights its potential importance
in a new type of H, reaction. Due to versatile nature of polyamine, it is used as an
active layer for H, gas sensors. Brief summary of H, gas detection is presented in
Table 6.

2.4 Conclusions

HCI, H2SO4, HNO3, and H3PO4 doped DL-PLA/PANI-ES composites were
synthesized successfully by chemical-oxidation polymerization process. The
composites showed different diameter sized fibrous morphology. Presences of
preferred groups of the composites are observed from ATR-FTIR spectra. Emeraldine
salt form of the composites is found from UV-Visible spectra. Room temperature 1-V
characteristics of the doped composites have shown ohmic behaviour. Among the
composites, H,SO, doped DL-PLA/PANI-ES composite (0.15 x 10-? S/cm) was found
to be higher room temperature DC conductivity than that of HCI (0.285 x10** S/cm)
and H3PO4 doped (0.309 x 10 S/cm) DL-PLA/PANI-ES composite. Also, the DC
conductivity of as prepared composites was observed to increase as a function of
temperature. In Mott’s 3D-VRH model, the temperature variation DC conductivity
data’s are more fitted and explained the conduction mechanism of the doped
composites. The temperature variation (77-300 K) resistivity measurement of HCI,
H>SO. and H3PO. doped DL-PLA/PANI-ES composites with magnetic field (0.4 T)
were performed. The Lioc was estimated and found to be 95.11, 48.48 and 50.28 °A
for HCI, H2SO.4 and H3PO, doped DL-PLA/PANI-ES composites, respectively. Using
the resistivity at 0.4 T data’s and 3D-VRH model data’s of as prepared composites,

N(E: ), Tyt Lioe» Rugp» @Nd

different conduction mechanism parameters such as loc ™ hop*

"oP were estimated. In particulars, hydrogen gas responses and mechanism of
polyaniline based materials were studied.
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