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ABSTRACT: Self-assembled polyaniline (PAni) was synthesized electrochemically in dimethylformamide medium to study the effect of
simultaneous use of organic—inorganic dopant combination in aprotic polar synthesis medium. During the synthesis process, simulta-
neous dual doping was performed using p-toluenesulfonic acid and sulfuric acid with varying the ratio of the dopants keeping their
total concentration unchanged. Nanowire meshes were formed where switchover in nanostructure formation is observed. Nanowire in
individually doped PAni was formed with directional joining of smaller nanoparticles or from multilayered tubular nanostructures
whereas, for dual doped PAni, either of these two was observed. Periodicity parallel and perpendicular to polymer chain were found
in well correlation with diameter of nanowires. Synergistic improvements in AC conductivity, specific capacitance, and thermal degra-
dation within certain temperature range were observed in particular ratio of the dopants. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
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INTRODUCTION

Control of morphology in self-assembled nanostructured poly-
mer is challenge in the field of nanoscience. Differences in mor-
phological texture of any polymer synthesized in different
conditions are widely reported. Apart from that, the formation
of similar nanowires from different assembly motifs at nano-
scale may add new direction in the morphological aspect.
Intrinsically conducting polymers (ICP) show wide range of
morphology' ™ under different synthesis conditions. Polyaniline
(PAni) is an important member of ICP family. It can be a useful
component in potential applications like supercapacitor,” gas
sensor,” corrosion inhibitor,'® EMI shielding,11 and so forth,
owing to its wide range of electrical conductivity, environmental
stability, low cost of synthesis, and so forth. PAni can be synthe-
sized in different methods, for example, oxidative polymeriza-
tion process,'? electrochemical polymerization,” interfacial
polymerization,'* solid state polymerization (mechanochemi-
cal),”” and so forth. Properties of PAni vary with process
parameters.'®'” Electrical conductivity of PAni depends on oxi-
dation state, doping level, and type of dopant. Doping with
inorganic as well as organic acids enhances its conductivity.>'®
Organic and inorganic acids may be used individually'®* or
simultaneously®’ to prepare electrochemical capacitors. Doping
method is crucial for its structure and properties. In secondary
doping method, a suitable organic solvent®* or specially an
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apparently “inert” material,> for example, m-cresol is used as
secondary dopant where conventional dopant acts as primary
dopant. In dual doping process, two dopants are used one after
another.”* Conversely, two dopants are used at the same time
during synthesis of PAni in simultaneous dual doping process
where synergy in electrical property may also be achieved.*
Early reports revealing the formation of different nano and
microstructures like rod,*® sphere,®” wire,”® tube,” flake,”® rice-
grain,31 and so forth, in PAni raise the interest about possible
formation and transformation mechanism of the morphological
structures. In our previous investigation using simultaneous
dual doping process in electropolymerization, it has been found
that different nanostructured PAni agglomerated to form similar
macrospheres.”® In this work, we have explored switchover in
formation mechanism of similar self-assembled nanowires from
different nanostructures, which is akin to transformation of
multilayers or nanoparticles to tubular structure instead of mere
agglomeration as reported in the previous work using the same
dopant combination. Earlier report™ reveals the transformation
of layer to tubular nanostructure in supramolecular assembly by
tuning the stability of the hydrophilic edges in polar/non-polar
solvents. However, the layer-to-tubular transformation has been
observed in this work by varying the ratio of dopants without
changing the polarity of the solvent. Although, most of the
reports on polyaniline follow the synthesis procedure in
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Table I. Sample Designations of Synthesized PAni
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Sample code Concentration of H>SO,4 Concentration of PTSA [HoS04] : [PTSA] Types of synthesized PAni
PS4To 1M 0 4:0(=1:0) Individually doped

PSaT, 0.75M 0.25M 3:1 Dual doped

PS,T> 0.5M 0.5M 2:2(=1:1) Dual doped

PS;Ts 0.25M 0.75M 1:3 Dual doped

PSoT4 0 1M 0:4(=0:1) Individually doped

aqueous medium, the structure—property relationship for syn-
thesis in any other medium is also becoming nowadays a subject
of interest. Simultaneous doping of PAni with p-toluenesulfonic
acid (PTSA) in dimethylformamide (DMF) medium was investi-
gated by Roy et al.’®> where synthesis process involved relatively
higher voltage, whereas our study reveals the formation of mul-
tilayered structure of PAni with PTSA doping using very low
current flow during the synthesis. Although the effect of codo-
pant in enhancement of conductivity of polyaniline synthesized
in DMF medium via chemical polymerization method has
recently been reported,” here conventional secondary doping
does not reveal any synergistic effect of dopants at constant
total dopant concentration. In this context, simultaneous dual
doping of polyaniline in DMF medium may give an insight into
the working of the dopant combination in aprotic polar
medium. This investigation has explored the use of inorganic—
organic acid combination of sulfuric acid (H,SO,4) and p-tolu-
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ene sulfonic acid (PTSA) at constant dopant concentration for
doping of PAni during its electrochemical synthesis. Apart from
morphological transformation, synergistic improvements in AC
conductivity, specific capacitance, and thermal stability within
certain range have been observed for some particular dopant
ratio. Thus, the synergistic effect of the dopant combination has
been established for synthesis of PAni in aprotic polar medium.

EXPERIMENTAL

Materials

Analytical grade aniline, dimethylformamide, sulfuric acid
(98%), methanol, and ethanol were obtained from Merk, India.
PTSA was obtained from Spectrochem, India. All the materials
were used as received. Graphite plate (145 cm X 5 cm X
0.5 cm) working electrode and copper plate (15 cm X 5 cm X
0.05 cm) counter electrode were used in electropolymerization.
For filtration, deionized water was used.

Figure 1. (a,b) FESEM and (c—f) HRTEM pictures of individually doped PAni. (a,c,e) PSyT, (PTSA doped) and (b,d,f) PS,T, (H,SO, doped). (e,f) Mag-

nified HRTEM pictures. (d) Inset: SAED pattern of PS,T,.
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Figure 2. (a—c) FESEM and (d-i) HRTEM pictures of simultaneously dual doped PAni. (a,d,g) PS;T; with [H,SO,] : [PTSA] =1 : 3 (b,e,h) PS,T, with
[H,SO4] : [PTSA] =1 : 1 and (c,fi) PS;T; with [H,SO,4] : [PTSA] =3 : 1 (cfi). (gh,i) Magnified HRTEM pictures. (f) Inset: SAED pattern of PS;T).

Synthesis

Aniline sulfate was prepared from reaction of aniline with sulfu-
ric acid. Electrochemical polymerization of polyaniline was per-
formed from 0.5M aniline sulfate in DMF medium in a single
compartment cell. Simultaneous dual doping in situ with syn-
thesis process was performed using H,SO, and PTSA keeping
the total dopant concentration constant at 1M. The ratio of the
concentration of [H,SO,] : [PTSA] was varied at 1 : 3, 1 : 1,
and 3 : 1. During synthesis, constant current of 0.05 A between
the electrodes was applied for an hour, thereafter the polarity of
the electrodes was changed and the process continued for 30
min. The whole process was further repeated twice. The final
products were rinsed and filtered with deionized water, metha-
nol, and ethanol to eliminate the oligomers followed by drying
at 60°C for 15 min. Samples are designated as PS,, T, where P
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stands for PAni, S indicates sulfuric acid, PTSA is denoted by T,
and the ratio of the subscript numbers (m : n) represents the
molar ratio of the two dopants used for synthesis of PAni.
All the sample designations of synthesized PAni are listed in
Table 1.

Characterizations

AC resistance was measured from PAni pellets with Quadtech
7600 Precision LCR Meter (Model—B) using circular copper
plate electrodes. AC conductivity was calculated using the equa-
tion ¢ = #/(A.R) where ¢ is conductivity (S), ¢ is the thickness of
the sample (cm), A is the area of the electrode (3.8476 cm?®), and
R is the measured resistance (€2). FTIR spectra of the PAni sam-
ples were recorded using a Perkin-Elmer (model—Spectrum
RX1) FTIR spectrometer, Spectrum RX 1 using KBr pellet of
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PAni. XRD was performed with Cu target using an X-ray wave-
length of 1.54 A operated at 40 kV and 40 mA. FESEM was done
in Supra 40, Carl Zeiss, Germany at accelerating voltage of 5 kV.
Ultrasonicated PAni powder samples were dispersed on the sur-
face of smooth glass slide and gold coating was performed prior
to FESEM analysis. HRTEM was performed in JEOL JEM 2100
instrument at accelerating voltage of 80 kV. Thermogravimetric
analysis (TGA) was performed using TGA, Q 50 (TA Instru-
ments) in nitrogen atmosphere from room temperature to 630°C
at 20°C/min heating rate. Cyclic voltammetry was performed in
Autolab Electrochemical Workstation 302N instrument in the
potential window of —0.2 to +1.0 V (vs. Ag/AgCl) at 5 mV/s
scan rate using platinum disc working electrode, platinum rod
counter electrode and 1M H,SO, as electrolyte. Gravimetric-
specific capacitance was calculated from the equation®:

E, E
I,(E)dE+ J I.(E dE‘

— Qa+|Qc| _JEI ( ) E, ( )

y sz(Ez_El) sz(EZ_El) 7

where C; is the gravimetric specific capacitance, Q, and Q, are
the respective charges during anodic and cathodic cycle, E, and
E, are the upper and lower limit of the potential window, I,
and I, are the respective currents during anodic and cathodic
scan, m is the mass of the sample, and v is the scan rate.

RESULTS AND DISCUSSION

To have an insight into structural features of polyaniline, both
surface and bulk morphologies were thoroughly investigated for
PAni doped with single dopant (Figure 1) as well as with dou-
ble dopants (Figure 2). Self-assembled nano and microporous
mesh-like structures are found to form during the course of
synthesis [Figures 1(a,b) and 2(a—c)]. Interconnected nanosized
wires form mesh-like structures consisting of voids along with
solid clusters devoid of pores. A closer view of surface morphol-
ogy reveals that these clusters are formed due to agglomeration
and aggregation of the nanowires. Diameter of the nanowires
ranges between 25 and 140 nm. The histogram of size (diame-
ter) distributions of synthesized PAni nanowires is shown in
Figure 3. Nanowire diameter changes with the change in relative
concentration of H,SO, with respect to PTSA. For dual doped
PAni, average diameters of both PS,T, and PS;T; are less than
both of the individually doped PAni. But, an increase in diame-
ter is observed for highly PTSA doped PS;T; which is even
higher than only PTSA doped sample PSyT,. Although the sur-
face morphology of PAni samples appears to be similar for both
individual and dual doped samples, the bulk morphology
revealed from HRTEM analysis exhibits the effect of dopants on
nanostructure formation. The mechanism for the formation of
nanowire using different dopant concentrations has been
explained in Scheme 1. Neat PTSA doping (PSyT,) results in
formation of small particles having sharp edge, which combine
together, often directionally to form wire-like structure. This
also happened for dual doped PS;Tsand PS,T,. On the contrary,
both neat H,SO, doped sample PS,T, and dual doped PS;T,
show formation of thin layered structure leading to multilayered
tube formation. Wider part of the nanolayers in PS,T, possibly
folds around to give the shape of nanowires of smaller diameter
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Figure 3. Histograms of diameter distribution of PAni nanowires meas-
ured at 50 different points of FESEM images. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

and the similar mechanism may happen for PS;T; also. This
phenomenon finds resemblance with the formation of tubular
structure from PAni nanosheets of thickness 30-100 nm as
reported by Zujovic et al.>® where the decrease of free surface
energy was suggested as the driving force for the “rolling-up”
mechanism proposed for such structural transformation. Here,

Polyaniline synthesis

Layer to tube

Directional jolmng{‘ '.

Iy
0wt

transformation

Directional joinin,

e

Nanowire
Scheme 1. Schematic representation of nanostructure formation and
transformation to nanowire for individually and dual doped PAni synthe-
sized in DMF medium. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 4. X-ray diffractograms of individually and dual doped PAni.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

in this work, the galvanostatic condition of electrochemical syn-
thesis may play a role in the transformation from layer to tubu-
lar structure which needs further investigation to establish any
comprehensive mechanism for such phenomenon. The inter-
layer distance [the layers are highlighted with white lines in Fig-
ure 2(i)] in the multilayered tubes varies between 5 and 8 nm
for PS;T,, which is even lower in PS,T, to the range of 2-3 nm
[Figure 1(f)] suggesting more compactness of the layers. The
wider inter-layer distance for PS;T; compared to PS,T, may be
attributed to the plasticizing effect of PTSA. Multilayered mor-
phology is formed in PS,T, in presence of H,SO,. As the pro-
portion of PTSA increases beyond PS;T; towards PSyT,, bigger
size of PTSA anion compared to sulfate ion may hinder the for-
mation of layers, rather it leads to the formation of small nano-
particles. Thus, a change in the transformation from particles or
layers to nanowire-like structures takes place with the change in
the ratio of the dopants. Formation of different nanostructures
with changing the type and concentration of dopants is a well-
known fact, and the same has also been reported for PTSA dop-
ing by several researchers.>’ ™ SAED pattern [Figure 1(d) inset]
of PS T, and [Figure 2(f) inset] of PS;T; shows polycrystalline
rings with multiple bright spots which indicates the presence of
both ordered and disordered multilayers.*>*' In our previous

Table II. Ratio of Intensities of XRD Peaks (20 = 20.4° and 25.4°) and
Benzenoid to Quinonoid Ratios (B : Q) Calculated from
FTIR Spectrographs of PAni

Sample Intensity ratio B : Q ratio
code (log 4ll2s 4) IXRD] [FTIR]
PSoT4 1.018 55:45
PS4T3 1.182 62 :38
PS,To 0.975 55:45
PS3T4 1.046 82:18
PS4To 1.047 70 : 30
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Scheme 2. Schematic representation of correlation between diameter of
PAni nanowire (from FESEM) and periodicity perpendicular to polymer
chain (from XRD). [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

work® with the similar dopant combination performed in
aqueous medium instead of DMF, agglomerated macro-sized
spherical surface morphology was observed for all combinations
unlike nanowires as observed in this investigation. Apart from
that, in the said work nanosized flakes/layers were found for
doping with H,SO,, nearly spherical morphology was exhibited
for doping with PTSA whereas, nanorods with smooth surface
were revealed for dual doped PAni at [H,SO,] : [PTSA] =3 : 1.
Thus, this investigation reveals that the presence of aprotic polar
solvent like DMF as electrolyte medium instead of water (a
protic polar solvent) is playing an important role in the forma-
tion of nanostructures with some differences as well as in the
transformation to nanowire-like structures. Because of the
absence of labile protons in aprotic polar electrolyte, the disso-
ciated dopant anions are not solvated by formation of hydrogen
bonding. Thus, the naked anions may dope more effectively in
case of DMF compared to water as electrolyte. Although the
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Figure 5. AC conductivity of individually and dual doped PAni showing
synergistic improvement in PS;T;. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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electrolyte. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

formation mechanism of the multilayers and the directional
joining behavior of nanoparticles need further investigation for
better understanding, it may be suggested that the nanostruc-
ture formation mechanism may not be attributed to progressive
and instantaneous nucleation followed by 2D and 1D growth,
respectively, as reported in early literatures.>** Rather, the 2D
propagation of polymer chains forming layered structure for
dopant anions with smaller ionic radius (for H,SO, doping)
and directional joining of particles for dopant ions with larger
ionic radius (for PTSA doping) may be attributed to complex
nucleation process in DMF medium. Again, the plasticizing
effect of PTSA may increase the inter-layer distance for PS;T,
compared to PS,T,.

In XRD patterns of different samples, two broad peaks are
observed at 20~20.4° and 25.4° (Figure 4). The peak centered
at 20~20.4° is ascribed to periodicity parallel to the polymer
chain, and the latter is due to the periodicity perpendicular to
the polymer chain.'® The ratio of peak height at 20 = 20.4° and
25.4° is shown in Table II. The increase in intensity ratio for
PS,T; indicates the increase in periodicity parallel to polymer
chain, whereas the decrease in this ratio for PS,T, signifies the
increase in periodicity perpendicular to the polymer chain. In
addition, the diameter of PS,T; is also wider than PSyT,, PS,T,,
and PS;T; (Figure 3) which is interesting to find some correla-
tion between these two parameters. It is generally considered

Table III. Gravimetric Specific Capacitance of Synthesized PAni

Gravimetric specific capacitance

Sample at 5 mV/s scan rate (F/g)
PSoT4 54.29
PS1T3 98.45
PS-To 49.42
PS3T1 71.95
PS4To 38.19
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Figure 7. FTIR spectra of individually and dual doped PAni. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

that the polymer chains are aligned axially along the nanowires
and the increase in the number of such polymer chains in radial
direction increases the diameter of nanowires (Scheme 2). Thus,
with the increase in diameter, periodicity perpendicular to poly-
mer chain increases compared to periodicity parallel to polymer
chain. Presence of some extent of crystallinity is evident from
presence of small sharp peaks.

Electrical property was characterized by AC conductivity
(Figure 5). Frequency-independent nature for all PAni samples
as revealed in this investigation is a characteristic of conducting
polymer. AC conductivity of PS, Ty and PSyT, is found to be of
very close values (Figure 5). In PS;T5 and PS,T,, AC conductiv-
ity decreases from both individually doped PAni. On the con-
trary, conductivity of PS;T; was found to be even higher than
both individually doped PAni samples, inferring synergy in this

100
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1 Increasing
80 thermal
— bility
é stability
70+
% e PSDT4
= 1 ——Ps,T
[ 60 - 1'3
; PSZTZ Cross-over
50 4 — P83T1 temperature
——PS,Tg
40

T ks T ¥ T b T 4 T ¥ T
100 200 300 400 500 600
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Figure 8. Thermogravimetric analysis of PAni showing synergistic effect of
dopants in thermal degradation within particular temperature range.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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increase in measured parameters or properties for dual doped PAni compared to the individually doped samples. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

property. Relative position of the dopants and their arrange-
ment may increase or decrease the difference in polarity locally
in the polymer chain which in turn results in respective syner-
gistic increase or decrease in conductivity.

Electroactivity of synthesized PAni is evident from cyclic vol-
tammograms (Figure 6). Quasi-rectangular shape of voltammo-
grams indicates capacitative behavior of different samples.
Although all three pairs of expected redox peaks** due to
interconversion of different oxidation states (leucoemeraldine,
pernigraline, and emeraldine) are not prominent for all sam-
ples, but these are more strongly visible for dual doped sam-
ples PS;T; and PS;T,. Gravimetric specific capacitances (Cy)
calculated from voltammograms are shown in Table III. The
sample PS,T,, doped with equal proportion of two dopants
has gravimetric specific capacitance 49.42 F/g. This is interme-
diate between the values of capacitance obtained for PAni
doped with single dopant. Specific capacitance of PS;T5 and
PS;T, are 98.45 and 78.95 F/g, respectively. This indicates the
synergistic effect of dual dopants in the improvement of spe-
cific capacitance compared to the effect of single dopant. As
the enhancement in conductivity favors the dissipation of
charge stored in the material, increment in capacitative behav-
ior along with the decrease in AC conductivity is observed for
PSoT4 and PS;T; as compared to PS,T, and PS;T;, respec-
tively. Although PS;T; exhibits the highest specific capacitance,
its AC conductivity is even less than either of the singly doped
PAni. Therefore, optimized effect of synergism for the
improvement of both electrical and electrochemical property is
achieved for PS;T.

FTIR spectra of different PAni are given in Figure 7. The
absorption band at 1294 cm™' may be ascribed to 7 electron
delocalization induced in the polymer through protonation or
C—N—C stretching vibration. The absorption peak at
1244 cm™ " is the characteristic of C—N stretching vibration in
the polaron structure. The band at 1114 cm ™' is assigned to the
vibration mode of the —NH in the protonated emeraldine base
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(B—NH"=Q). The band at 795 cm ' is due to C—H out of
plane deformation of 1,4-disubstituted benzene rings. The char-
acteristic peaks due to benzenoid (B) and quinonoid (Q) ring
stretching appear near 1480 cm ™' and 1560 cm ™' **** which is
the confirmatory evidence for the formation of partially oxi-
dized and partially reduced emeraldine form of PAni. In all
these cases, benzenoid structure predominates over quinonoid
one. B : Q ratio (Table II) was calculated from the ratio of the
area under corresponding peaks and it changes abruptly with
the use of both the dopants simultaneously. B : Q ratio reaches
the highest value of 82 : 18 in the case of PS;T; which also
exhibits the highest AC conductivity (Figure 5). For other two
dual doped PAni the B : Q ratio lies in between those of PS,T,
and PS,T, which also show lower AC conductivity than either
of the two singly doped PAni. The mechanism of abrupt
increase in B : Q ratio in PS;T; is yet to be fully understood,
but some correlation may exist with the synergistic effect of
dual doping on AC conductivity.

Thermogravimetric analysis (Figure 8) shows three-stage degra-
dation for all types of doped PAni. The first stage of degrada-
tion near 100°C is due to removal of moisture which
decreases with the increase in the proportion of PTSA in the
total dopant concentration. Moisture content for H,SO, doped
PS,Ty only is as high as ~11%, whereas in only PTSA doped
PSoT, it is only 6%. The second stage of degradation occur-
ring in between 200 and 300°C may be ascribed to removal of
dopants followed by polymer chain degradation in the third
stage near 400°C. Up to 384°C, PST, shows higher thermal
stability compared to PS,T,'” but the trend changes beyond
this temperature. Synergistic improvement in thermal degrada-
tion (i.e., less degradation) is observed in dual doped PAni
near the cross-over temperature (384°C) which may be due to
absorption of more energy by the combination of dopants. A
part of the absorbed energy may be dissipated in the relative
rearrangement of the dopants which allows less energy to be
used for degradation. Such synergy is in agreement with
enhancement in thermal stability due to codoping reported
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earlier’ and is best observed in PS,T, which shows ~10% less
weight loss at the cross-over temperature of 384°C. Probable
reason of the highest thermal stability of PS,T, is the presence
of equimolar amount of dopants where the scope of their rear-
rangement upon thermal excitation and consequent heat dissi-
pation is the maximum.

Considering all the above-mentioned observations, a compara-
tive representation of different properties and measured param-
eters from different characterizations are shown in Figure 9.
This figure clearly indicates synergistic increase in different
properties for dual doped PAni which is dominant for unequal
proportion of dopants.

CONCLUSIONS

Nanostructured polyaniline was electrochemically synthesized using
PTSA and H,SO, to produce different samples containing both dual
doped as well as singly doped system. Monitoring of nanostructure
reveals transformation of different smaller nanostructures to similar
nanowires. Diameters of the nanowires formed can be correlated
with periodicity of polymer chains along both axial and radial direc-
tion in nanowires. Synergistic improvement in both AC conductivity
and specific capacitance is observed for dual doped system. Specific
capacitance is the highest for [H,SO,] : [PTSA] = 1 : 3, whereas syn-
ergistic improvement in both electrical and electrochemical proper-
ties is optimized for [H,SO4] : [PTSA] =3 : 1. Within certain
temperature range, mixed dopant system exhibits less thermal
degradation.
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