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3D Polyaniline Architecture by 
Concurrent Inorganic and Organic 
Acid Doping for Superior and 
Robust High Rate Supercapacitor 
Performance
Yogesh Gawli1,2, Abhik Banerjee1, Dipti Dhakras1,2, Meenal Deo1, Dinesh Bulani3, 
Prakash Wadgaonkar1,2, Manjusha Shelke1,2 & Satishchandra Ogale,1,2,3

A good high rate supercapacitor performance requires a fine control of morphological (surface area 
and pore size distribution) and electrical properties of the electrode materials. Polyaniline (PANI) is 
an interesting material in supercapacitor context because it stores energy Faradaically. However in 
conventional inorganic (e.g. HCl) acid doping, the conductivity is high but the morphological features 
are undesirable. On the other hand, in weak organic acid (e.g. phytic acid) doping, interesting and 
desirable 3D connected morphological features are attained but the conductivity is poorer. Here the 
synergy of the positive quality factors of these two acid doping approaches is realized by concurrent 
and optimized strong-inorganic (HCl) and weak-organic (phytic) acid doping, resulting in a molecular 
composite material that renders impressive and robust supercapacitor performance. Thus, a nearly 
constant high specific capacitance of 350 F g−1 is realized for the optimised case of binary doping over 
the entire range of 1 A g−1 to 40 A g−1 with stability of 500 cycles at 40 A g−1. Frequency dependant 
conductivity measurements show that the optimized co-doped case is more metallic than separately 
doped materials. This transport property emanates from the unique 3D single molecular character of 
such system.

In light of the growing energy storage requirements of the electrically driven modern world, supercapacitors rep-
resent one of the most intensely researched topic in recent years because of their high power delivery capability 
in addition to a fairly high energy density1. Supercapacitors cover an interesting and important application space 
where the slow charging/discharging weakness of battery systems is an undesirable limitation. A number of mate-
rial systems are being designed and synthesized which could serve well as electrode materials in supercapacitors2. 
�ese are needed to be highly porous with hierarchical pore size distribution and high electrical conductivity. 
Carbon based materials including graphene, CNT etc. mainly store charges on their surface by forming an electric 
double layer (EDLC)3–8, unless presence of dopants add a Faradaic reaction component to the mechanism. Many 
oxides, sulphides and conducting polymeric systems can also store charge in the surface layers through Faradaic 
reactions (pseudocapacitor), which o�er a bene�t of de-solvation of the adsorbing/reacting ions and therefore 
higher energy density of energy storage than the EDLC devices9,10. However the requirements of hierarchical 
porosity and high conductivity remain the same as for the EDLC case.

Pseudocapacitors are made of metal hydroxides such as Ni(OH)2
11, oxides like NiO12, MnO2

13, RuO2
14, 

metal sulphides like NiCo2S4
15, metal selenides like Co0.85Se16 or conducting polymers such as PANI17–20, 

polypyrrole21,22, etc. Metal oxides and sulphides possess high theoretical capacitance but they lack adequate con-
ductivity for charge transportation towards the current collector and most of the corresponding metals such as 
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nickel and ruthenium are expensive23. Moreover it is non-trivial to fabricate �exible devices using these inorganic 
systems. On the other hand conducting polymers (CPs) like PANI not only possess high theoretical capacitance24 
but can also be easily processed to make �exible, roll-able devices15–28. Furthermore, the corresponding precur-
sors are cheaper than metals.

In the case of polymeric systems which is the topic of this work, morphologies are o�en di�cult to control 
in the desired forms and they also in�uence the transport properties in several ways29,30. �e coiling of polymers 
or agglomeration of polymer chains31 for instance, can hamper transport by in�uencing both the intra-chain 
hopping and inter-chain tunnelling. Even if uniform homogeneously intermingled oriented chain morphology 
is attained the inter-chain transport is still mediated by sluggish tunnelling processes. If one were to develop 
a scheme to make a molecularly interconnected 3D network of conducting polymeric chains with the desired 
multilevel porosity, one could envision a material capable of rendering a high rate robust super-capacitive perfor-
mance32. �is indeed has been the motivation for the present work and the realization of the stated goal is amply 
demonstrated through careful optimization experiments on a scheme of binary (strong-inorganic +  weak-organi
c) acid doping in the conducting polymer polyaniline. �ere are two previous reports by Kuo et al.33,34 on dual 
acid doping in polyaniline but in a di�erent context, namely methanol oxidation with Pt nanoparticles loaded 
PANI as a catalyst material. �ey co-doped polyacrylic acid (PAA) and HCl which was shown to lead to e�ective 
dispersion of Pt nanoparticles in such polymer matrix as against only HCl doped PANI due to better morphology. 
In our case the morphology as well as electrical conductivity are very important factors and we show that both can 
be optimized and enhanced via controlled binary doping of phytic acid and HCl.

PANI is the most studied conducting polymer amongst its class because of its environmental stability, rich 
redox chemistry etc35–38. Since it shows potential dependent variable oxidation states, interconversion of these 
leads to a very high theoretical capacitance value. Literature shows that ample amount of research has been per-
formed using PANI in the supercapacitor application39 which depends on morphology40,41. Its morphology as 
well as the electrical and physical properties depend on synthesis conditions42–44 especially on the type of acid 
dopant used. For instance, the HCl doped PANI, (low pH <  2) is more conducting as compared to the cases of 
other dopants because it is a strong acid (Chlorine is highly electronegative) and hence doping (delocalization 
of electrons) is e�ective as compared to doping with weak organic acids like acetic acid, phytic acid (PA) (here, 
oxygen is lesser electronegative than Cl) etc. Certain carboxylic acids (high pH ~3–6) like benzene tricarboxylic 
acid when used as dopants provide nanotubes of various dimensions45, whereas the phosphoric acid derivatives 
such as PA being a multidentade dopant leads to a 3D interconnected nano�brous structure.

In spite of several e�orts during the past decades, PANI su�ers from two major problems in the context of 
charge storage applications: First is the charge storage stability i.e. its capacitance at a particular current density 
dies out rapidly over thousand cycles or so. �e second problem is that its capacitance fades away as the charge/
discharge current density is increased. It has very high capacity at 1 A g−1 but it decreases considerably as the cur-
rent density is increased to 10 A g−1 and above. Di�erent solutions to the �rst problem have been suggested by Liu 
et al. and Vonlanthen et al. Liu et al.46 coated the PANI electrodes with a very thin (3 nm) layer of carbon hydro-
thermally, and the capacitance value was shown to remain stable for 10k cycles. Vonlanthen et al.47 introduced a 
second redox system to tune the electron transfer processes at the PANI electrode which eliminated unfavourable 
processes occurring at the PANI electrode and showed stability up to 50k cycles. Solving the second problem and 
coupling it with the solution(s) of the �rst problem could bring PANI one big step closer to being state of the art 
material in the context of charge storage.

In the present work we provide a prototype solution to the second problem via co-doping. �us, we simulta-
neously dope PANI with two di�erent (one weak-organic and another strong-inorganic) protonic acid dopants, 
namely phytic acid (PA) and hydrochloric acid. �ese two dopants furnish a complementary set of electrochem-
ical and morphological properties to PANI chains. �e PA renders inter-chain doping48 whereas HCl renders 
intra-chain doping. PA gives a 3D interconnected nano�ber structure to the PANI backbone along with an easy 
access to the ionic species via a well-formed and distributed pore structure, but a lower electrical conductivity 
because of its weak acid character. HCl on the other hand, when doped alone, is known to yield much higher 
conductivity. We simultaneously dope these two dopants on polymer chains resulting into binary doped polymer 
as shown in Fig. 1. Due to the existence of 3D structure all the PANI chains can be accessed at once. Moreover our 
synthesis procedure is template free, does not require high-end engines to synthesize, scalable and less expensive, 
hence commercially practical.

�e stereochemistry of dopant is one of the important factors which determines the morphology of the 
resulting polymer since the steric nature of dopant and its locality can determine stress, relaxation and distance 
between nearby polymer chains49. It can also determine the extended or coiling tendency of the polymer chains. 
Phytic acid anion is an organic bulky group having the ability to interact with several chains at a time, hence it is 
expected that its tendency towards forming coiled structure is lower than small and non cross-linking anions such 
as chlorides, sulphates and nitrates.

Results and Discussion
It is a well-established fact that polymerisation of aniline is facile in high dielectric polar media such as water 
because the product is not soluble and also water promotes nano�brilar growth at nuclei level50. On the other 
hand phytic acid, the cross-linker, has very high a�nity for water and can easily dissolve aniline in its solu-
tion at room temperature. Phytic acid is insoluble in organic solvents such as dimethyl formamide, N-methyl-
2-pyrrolidone and ethanol, hence water was chosen for our co-doping synthesis.

As stated earlier, the strong-inorganic acid doping renders high electrical conductivity but undesirable mor-
phology, while the weak-organic acid doping leads to a desirable morphology but lower electrical conductivity. 
Hence binary acid doping was performed in di�erent proportions of the inorganic and organic acid compo-
nents. Figure 2 shows the di�erent morphologies attained for di�erent acid proportions. An evolution from dense 
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nanoscale morphology for PANI HCl to a 3D connected open-type porous morphology for PANI PA is clearly 
noted. In the case of PANI HCl a nano-structure assembled lump like morphology is seen while for intercon-
nected �brous morphology with several entangled �bers with some bigger ones. �e desirable morphology-type 
with hierarchical pore size distribution was noted to evolve just around PANI 45PA.

�e TEM images for three speci�c cases of interest are shown in Fig. 3. PANI HCl (Fig. 3a) case con�rms the 
nanoassembled lumpy morphology that is revealed by FESEM. Figure 3b corresponding to the PANI PA sam-
ple exhibits extended structures with ill-de�ned particle feature size distribution and connectivity. Few micron 
scale big pores are seen with some smaller ones. Interestingly, in the case of PANI 45PA (Fig. 3c) it is noted that 
some morphological features (e.g. several hundred nm scale pores, marked with red arrows) are similar to those 
of PANI PA, but the nanoscale constitution is far more uniform and rod-like as compared to that in PANI PA. 
�is gives PANI 45PA an interesting hierarchical pore structure that is absent in the case of both the other forms 
namely PANI HCl and PANI PA. Such branched interconnected �bre-type morphology with hierarchical pore 

Figure 1. 3D PANI Architecture by binary (weak and strong) acid doping (Yellow: Chlorine, Red: phytic 
acid, green: polymer chain). 

Figure 2. Scaning electron microscope images of all materials, Scale bar 5 µ m: (a) PANI PA (b) PANI HCl (c) 
PANI 20PA (d) PANI 45PA (e) PANI 60PA (f) PANI 80PA.
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structure is known to be of great value to the charge storage application such as a supercapacitor, and our data 
illucidates this clearly as discussed later in the text. Additional TEM images for PANI 45PA are given in supple-
mentary as Fig. S5. Figure S1 shows the SEM image of PANI 45PA alongside its elemental mapping of the two 
elements phosphorous (belonging to PA) and chlorine (from HCl). �e mapped image shows homogeneous 
distribution of both the elements indicating uniform dispersion of dopants throughout the chains. Figure S2 pre-
sents the FTIR data for the two polymers PANI PA, PANI 45PA. �e building units of polyaniline i.e. quinonoid 
and benzenoid show similar C-C stretching frequency viz. 1483 cm−1 and 1561 cm−1 for the two materials. Also, 
the absorption at 1242 cm−1 which represents the C-N+. frequency mode of the polaronic lattice51 (a result of 
protonic acid doping) is also as expected. Hence it can be rationalized that PANI 45PA also has the emeraldine 
state like PANI PA.

Figure 4a shows the nitrogen adsorption isotherms for all the samples. Also shown is the data for the case of 
just a physical mixture of PANI HCl and PANI PA in the same proportion 55:45 for comparison purposes. PANI 
PA has the highest surface area of 45 m2 g−1, while PANI HCl has the lowest (3 m2 g−1). Since PANI MIX is the 
physical mixture of these two, its isotherm lies midway between its two parent materials. It is to be noticed that 
surface area increases as the PA concentration increases. Interestingly, all the binary doped samples have signi�-
cantly higher surface areas than PANI HCl, and are even higher than PANI MIX. �is re�ects positively upon the 
3D molecular architecture with hierarchical porosity resulting from the special synthesis of binary doped samples 
over a simple physical mixture. �e pore size distribution for all the samples is plotted in Fig. 4b. �e trend in the 
case of pore volume is similar to the evolution of the nitrogen adsorption isotherm. PANI PA has the highest pore 
volume consistent with the surface area. �e interesting point to note is that PANI HCl does not show any reason-
able porosity (pore distribution) in clear contrast to PANI PA and has the smallest pore volume. Most importantly 
PANI 45PA (which has almost half of the HCl doped PANI chains, which enhance conductivity) has even a higher 
pore density in the range of 2–4 nm than PANI PA and comparable in the range of 4–6 nm.

Due to crosslinking nature of PA, polymerisation of aniline leads to interconnected �ber structure. During 
polymerisation if few of the PA molecules are replaced by much smaller molecule like HCl, typically in the cases 
of PANI 80PA and PANI 45PA pore volume should relatively increase which can be spotted in Fig. 4b in the 
range of 2–4 nm, but further such replacement leads to decrease the extent of crosslinking and results in either 
comparable or lower pore volume which is observed for PANI 60PA and PANI 20PA. �is con�rms that because 
of its high pore volume in that range, PANI 45PA is structurally favourable for charge storage over other samples.

Tapping density (TD) is the measure of �u�ness of the material. Higher the TD more the compactness. Figure 
S3 shows the TD for all the materials as a function of % PA. PANI HCl has the highest TD while PANI PA has 
the least TD. �is can be related to the surface area of these materials. Generally, higher the surface area higher is 

Figure 3. Transmission electron microscope images of (a) PANI HCl, (b) PANI PA, (c) PANI 45PA samples.

Figure 4. (a) Adsorption Isotherms for the four materials of interest, (b) pore size distribution (inset zoom at 
lower pore width).
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the �u�ness and less is the density. PANI 45PA has the intermediate value and those with higher PA have lower 
values. In our context, binary doping drops the density which is necessary for supercapacitor application.

Figure 5a displays the discharge time curves for all samples at lower current density of 0.5 A g−1 in two elec-
trode system. �is includes PANI HCl, PANI PA, PANI MIX and PANI xPA (x =  20, 45, 60, 80, 100). �e speci�c 
capacitance was calculated from discharge time by the following equation 1 having symbols of usual meaning:

= ( )/(∆ ) ( )⁎ VC I t 1

It is observed that the PANI 45PA exhibits higher capacitance (457 F g−1) as compared to PANI HCl (352 F 
g−1), PANI PA (240 F g−1), their physical mixture (254 F g−1) as well as all binary doped PANI. Based on this 
and the pore size distribution data, in the following sections only on this optimised case is focussed for further 
comparison(s).

�e PANI 45PA sample and the PANI HCl, PANI PA and PANI MIX samples were all subjected to discharge 
study at much higher current density of 40 A g−1. �e discharge time (t) plots are shown in Fig. 5b. �e order 
found is as follows: PANI PA <  PANI MIX <  PANI HCl <  PANI 45PA. It can be seen that the general trend 
observed for 0.5 A g−1 is maintained here also. PANI 45PA shows the highest speci�c capacitance of ~350 F g−1 as 
compared to both PANI HCl and PANI PA which have the values as 250 F g−1 and 260 F g−1, respectively.

�ese selected four materials were tested at various discharging current densities ranging from 0.5 A g−1 to 
40 A g−1. From their discharge time curves the respective speci�c capacitance values of four selected samples 
were calculated and plotted in Fig. 5c. For PANI HCl the capacitance value is 352 F g−1 at 0.5 A g−1 which matches 
with the literature, and it gradually decreases to 152 F g−1 at 40 A g−1 indicating a total loss of 200 F g−1. �e loss is 
less (140 F g−1) for the case of PANI PA and is the least (~110 F g−1) for the optimised PANI 45PA case. Another 
important point to appreciate is that in the case of PANI 45PA the speci�c capacitance value (~350 F g−1) varies 
only very little over a whole broad range of current densities i.e. 1 A g−1 to 40 A g−1. PANI PA and PANI MIX show 
a much poorer result amongst all the materials. �us PANI 45PA is characteristically unique as compared to the 
physical mixture. �e individual discharge time for all the current densities for PANI HCl, PANI PA, PANI 45PA 
and PANI MIX are shown in Fig. S4. In the range of 1 A g−1 to 40 A g−1 almost 90% of capacitance retention takes 
place in the case of PANI 45PA whereas in the case of PANI HCl and PANI PA the retention is only 53% and 26%, 
respectively. �is high rate performance is certainly superior than various other reports for PANI based super-
capacitors, which include morphology dependent electrochemical behaviour and samples involving composites 
with graphene. �e detailed comparison is given in Table S1.

Figure 5. (a) Discharge curves for all the samples of interest at 5 A g−1, (b) Discharge curves of the four samples 
at 40 A g−1, (c) Speci�c capacitance of the four samples at selected current densities, (d) Cycling stability of 4 
selected samples at 40 A g−1.
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Further, the selected four samples were subjected to charge-discharge for 500 cycles at a high current density 
of 40 A g−1. Figure 5d shows a signi�cant stability for all the samples without loss of any appreciable amount of 
capacitance even at such high rate. To the best of our knowledge, such ~99% stability of 350 F g−1 of PANI 45PA 
has never been demonstrated in prior reports on PANI, speci�cally in two electrode system which is more prac-
tical approach than the three electrode case.

Cyclic voltammetry was done in three electrode system to understand the underlying processes. �e cyclic 
voltammogram of PANI HCl, PANI PA, PANI 45PA and PANI MIX measured at 5 mV s−1 is shown in Fig. 6a. 
�ey all have a typical emeraldine salt nature32. All these samples had the same loading. �e transition redox 
peaks of the four samples almost coincide with a little shi� especially in the case of PANI PA. �e �rst redox pair 
P1-P'1 corresponds to the leucoemeraldine to emeraldine and the other P2-P'2 corresponds to the emeraldine 
to pernigraniline phase. �e peak-to-peak separation for a pair of redox peaks indicates the reversibility of the 
material for this measurement. For the pair P1-P'1, the peak-to-peak separation for PANI PA is the highest of 
0.18 V, whereas it is 0.14 V for PANI HCl and importantly the least, 0.12 V, for the optimised PANI 45PA case. �is 
con�rms the higher reversibility for the optimised case. �e CV nature of PANI MIX resembles that of PANI HCl 
having current values in between those for the parent materials which are di�erent from PANI 45 PA.

Figure 6b shows the Nyquist plots for the four samples as said above. �e �tted circuit is shown in Fig. S5. 
�e electrical circuit consists of 3 important elements. �e �rst is the charge transfer resistance Rct which is the 
diameter of the semicircle at low frequency region51. It can be realised that PANI MIX has highest Rct of ~1.300 Ω , 
whereas PANI 45PA has the least Rct of ~420 mΩ  value. �is implies deeper di�usion of ions in the interior of 
the optimized material as compared to the other cases. �e second important parameter is the series resistance 
(SR) which is obtained from the intersection of this semicircle on the X axis. �is SR designates the resistance 
corresponding to the interface of the electrode-electrolyte and the contact resistances. Lesser SR indicates better 
access for the ions towards the electrode. �e trend, once again favours PANI 45PA over other cases, with the 
least value of 0.900 Ω  as seen from Table 1. It also shows the values of the individual knee frequency, the third 
key parameter52. �is value separates resistive and capacitive behaviour on the plot. Higher value implies better 
supercapacitor performance of such material, since below this frequency the capacitive nature dominates. PANI 
45PA has the highest value of ~16 Hz, which is not only better than the previously reported values, but much 
superior than the values for PANI HCl, PANI PA and PANI MIX namely 7 Hz, 4 Hz and 2.9 Hz respectively. Four 
probe method was also used to measure the true DC conductivity values. PANI HCl, PANI PA, PANI 45PA and 

Figure 6. (a) Cyclic voltammetry of selected four samples depicting redox process, (b) Electrochemical 
Impedance Spectroscopy (EIS) plots for the selected four materials, (c) IR drop variation as a function of 
current density, (d) Ragone plot.
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PANI MIX showed the conductivity values of 0.48, 0.32, 0.61 and 0.43 S cm−1, respectively. �is clearly points to 
the overall superior performance of PANI 45PA.

To better understand the events taking place at higher discharging current densities the e�ect of various dis-
charge current densities on the IR potential drop was studied. �e internal resistance of the assembly plays critical 
role in the potential drop and in turn the energy and power density53. Higher is the potential drop lesser is the 
potential window available for use and lesser is charge storage. Hence it is desirable to have the least potential 
drop. Figure 6c depicts the plot of potential drop at each discharging density for the four samples of interest. �e 
optimized case has the least potential drop at the highest current density, which implies that more Faradaic cen-
tres are available to the electrolyte in this case as compared to the other cases. �e IR drop data correlates quite 
well to morphological features. Due to the presence of both type of pores in the case of PANI 45PA, specially the 
higher density of nanoscale pores, the accessibility for the ions is highest which leads to minimum loss of useful 
voltage, hence the highest speci�c capacitance. It is worth mentioning that the potential drop value for PANI 
45PA case (~0.15 V) is almost half that of PANI PA (~0.36 V) at 40 A g−1. �ese data along with EIS measurement 
con�rms that PANI 45PA has the easiest accessibility for ions even at a current density as high as 40 A g−1. One 
additional point to consider is the speci�c nature of the PANI MIX data. Initially the IR drop is lower may be 
due to the presence of PANI HCl groups but as current density increases to the highest value, due to the hostile 
co-ordination between PANI HCl and PANI PA, the IR drop dramatically intensi�es which is even higher than 
that of PANI 45PA. �is again supports the fact that PANI 45PA is not the physical mixture like PANI MIX and it 
does involve simultaneous doping.

Ragone plot is the best way to represent the energy density and power density, based on which all energy 
storage systems can be di�erentiated and assessed. �ese values were calculated from the speci�c capacitance23. 
Figure 6d shows the plots for the four samples of interest. It can be realized that PANI HCl has more energy den-
sity than PANI PA at all current densities; on the other hand PANI PA has comparable and higher power density 
at low current densities. �ese quality factors are partially imitated by PANI 45PA resulting into a synchronised 
enhancement of power and energy density to 28 kW kg−1 and 22.4 Wh kg−1 respectively. PANI MIX does not 
show such synchronisation and shows only intermediate values. Additional point to be noted from the Ragone 
plot is that except PANI 45PA, all the other samples loose the energy density as the power density is increased. 
Amongst all these, PANI PA shows the largest decrease due to insu�cient conductivity required to respond at 
high power. PANI 45PA on the other hand shows an almost negligible decrease in energy density for a broad 
range of power densities which is the most important characteristic of this material and not observed previously 
for any polyaniline based systems.

Figure 7 depicts the frequency dependant conductivity plots for the three cases of interest, along with the case 
of PANI MIX. All the four samples basically re�ect similar general trend, namely a frequency independent con-
ductivity over the low frequency regime and frequency dependant variation over the higher frequency range54,55. 
Signi�cant di�erences are noted in the conductivity values at very low frequency i.e. near DC conductivity; the 
conductivity value being the highest for the PANI 45PA sample, which is consistent with the DC four probe 

Material ESR (Ω) Rct (mΩ) Knee Frequency (Hz)

PANI HCl 1.08 460 7.0

PANI PA 1.10 870 4.0

PANI 45PA 0.92 420 16.0

PANI MIX 1.32 1100 2.9

Table 1.  Electrochemical Impedence Spectroscopy (EIS) parameters of four samples.

Figure 7. frequency dependent conductivity data for the four samples of interest inset: Lower frequency. 
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measurement data mentioned earlier. �e frequency at which the low and high frequency behaviours depart is 
called as the critical frequency ωc

56. Higher ωc re�ects a more metallic behaviour57–59. It is observed that in the case 
of PANI MIX, ωc value lies in between the values for PANI HCl and PANI PA, whereas in the PANI 45PA case it 
has the maximum value. �us, the electrical behaviour of PANI 45PA is characteristically di�erent from that of 
PANI MIX, the two materials di�ering at the molecular level.

Although PANI HCl must, in principle, have a higher conductivity than all other cases, this can be true only 
within the uncoiled polymeric strands. However, as a bulk electrode or a �lm the intra- and inter-�ber transport 
can be impeded by morphological factors, rendering an e�ectively lower conductivity than PANI 45PA. �e PA in 
PANI 45PA is involved in cross-linking the binary doped polymer segments that do not allow polymer chains to 
coil along their propagation length to great extent and can allow the chains to exist in uncoiled conformation w.r.t. 
each other over long distances, which would not be the case in PANI HCl. Hence this concomitant e�ect leads 
to improvement in the e�ective conduction in the system. �us, the 3D interconnected chain structure in PANI 
45PA holds a robust morphology which allows multiple routes for charge carriers to �ow hassle-free.

It is also remarkable that accessibility (morphology and pore size distribution) factor plays a major role in 
improvising the capacitance of PANI 45PA which might has almost half the number of electroactive centres as 
compared to PANI HCl. �us, our synthetic strategy enables concurrent tuning of electrical conductivity (PANI 
HCl) and morphology (PANI PA) rendering strong improvements in all aspects of charge storage, especially at 
higher current rate which was not observed previously.

Another important point to ruminate is the polymerisation mechanism in the case of binary doping. It is pro-
posed that polymerisation mechanism in the case of binary doping is quite similar to previous protonic acid dop-
ing mechanism60. Initially radicals corresponding to respective anions are formed which then couple randomly 
and subsequently resulting in the polymer. Referring to Fig. S6 A, Step 1 is the oxidation of monomers. Radical 
cations are formed as a result of oxidation in the acidic medium. Such radicals exist in two resonating forms. Step 
2 (Fig. S6B) involves radical coupling and re-aromatisation. �e radicals and their resonating structures formed 
in the above step react with each other leading to coupled product which then is reduced to form reactive radicals. 
Coupling is head to tail. Step 3 (Fig. S6C) includes chain propagation and formation of oligomers from dimers 
and monomers of di�erent anions. It is proposed that during this step, radicals with di�erent associated anions 
undergo coupling. In principle this hetero-anion-radical coupling can occur during the second step. It is also pos-
sible that PA anions can be associated with two di�erent aniline radicals which is the origin of cross-linking. At 
this stage the steric nature of dopant and whole chain will determine the �nal morphology. �is step further leads 
to the formation of pernigraniline. Reduction of pernigraniline by unreacted aniline molecules occures in step 4 
(Fig S6D). Since pernigraniline is the state with highest oxidation level, it is highly reactive. To stabilize this state, 
unreacted aniline molecule reduce this to form the emeraldine state which is the green conducting phase. �e 
order in which these anions appear on the chain is random and is di�cult to assign but since chains are doped, it 
results in emeraldine state.

Conclusion
Inorganic (HCl) and organic (phytic acid) co-doping renders a substantial and positive enhancement in the con-
text of both the quality factors for the supercapacitor electrodes, namely high conductivity and porous mor-
phology. An excellent performance is realized for the case of 55 HCl: 45PA co-doped sample with a capacitance 
of about 350 F g−1, which is found to be nearly constant over the wide range of current densities 1 A g−1 to 40 A 
g−1. �is study highlights the signi�cance of concurrent optimization of morphological (micro/meso porosity, 
surface area) and transport features of a superconducting electrode material in rendering the best performance 
and stability to the said device.

Methods
Synthesis of binary doped polyanilines. In order to understand the simultaneous e�ect of both dopants, 
polyaniline samples with various compositions of PA: HCl namely 0, 20, 45, 60, 80 and 100% PA were synthe-
sized. Here xPA stands for x% of aniline neutralised by PA in the beginning. Aniline was distilled prior to use and 
rest of the chemicals were used as received. Aniline to APS mol ratio was 4:1 in all the cases. Typically in PANI 
20PA case, in the �rst vial ‘A’ 3 mL water+ 0.2 mL aniline were mixed and PA was added to get a clear solution. 
In another vial ‘B’ 3 mL water +  0.8 mL aniline were mixed, sonicated and HCl was added till a clear solution 
was obtained. �is step makes sure that 20% aniline is fully protonated by PA and 80% aniline is protonated by 
HCl. In a third vial ‘C’ APS was dissolved in 3 mL water. All these 3 solutions were cooled to 5 °C. A�er an hour 
solutions in A and B vials were mixed and stirred for 10 s. Immediately, vial C solution was added to the above 
mixture and stirred for another 10 s and then kept unstirred at 5 °C. A�er an hour polyaniline was washed with 
water and methanol, and then dried. �e same protocol was followed for rest of the di�erent cases of the PA: HCl 
compositions. �e yields in all cases were in the range 75–78%.

Electrodes fabrication. Toray carbon paper (0.3 mm) was used for making electrodes and only ethanol was 
used as solvent. �e ratio of the active material to SuperP to binder was 85:15:5. In all the cases, �rst the binder 
was dissolved in 1 mL ethanol, then SuperP was added, and this mixture was sonicated for 10 min at ~10 °C. �en 
the active material was mixed and further sonicated for half an hour at the same temperature. �is step ensures 
proper and uniform mixing of all the components. To make paste of the required texture, it was ground for 
15–20 min and then drop-casted on Toray paper having an area of 1 cm2 followed by drying at 80 °C for 12 h. �e 
loading was in the range of 1 mg–1.5 mg.

Electrochemical measurements. Electrochemical measurements were carried on Autolab PGSTAT 30 
(ECO Chemie) with least count of 0.1 mA. Electrolyte used was 1 M H2SO4. A 3 electrode system was speci�cally 
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used only for cyclic voltammetry and impedance spectroscopy measurements to understand the detailed electro-
chemical behaviour of the samples. Ag/AgCl electrode was used as reference and Pt as counter. Electrochemical 
Impedance Spectroscopy (EIS) was carried out in the frequency range 1 mHz to 104 Hz. For charge discharge 
studies symmetrical two electrode system was preferred. �e voltage window was from 0 to 0.7 V.

Tapping Density measurements. �e tapping density was calculated based on the volume occupied by a 
sample for a weight (m) a�er tapping, which is the same for the rest of the samples. A plastic measuring cylinder 
of capacity 10 mL with diameter of 1 cm was �lled with 1 g of PANI HCl and tapped from constant height of 5 cm; 
tapping was repeated until it showed a constant volume (V). Tapping was free fall. �e tapping density was calcu-
lated by the formula Td =  (m)/(V). Similar procedure was followed for rest samples.

Electrical measurements. All the four selected samples of constant weight of 300 mg were pressed under 
constant pressure of 10 Tonns using hydraulic system for a minute. Before using, these pellets were dried in vac-
uum at 60 °C for 24 h. Electrical conductivity was measured on Novacontrol Microtonic Alpha machine at room 
temperature.

References
1. Simon, P. & Gogotsi, Y. Materials for electrochemical capacitors. Nature Materials. 7, 845–854 (2008).
2. Wang, G., Zhang, L. & Zhang, J. A review of electrode materials for electrochemical supercapacitors. Chem. Soc. Rev. 41, 797–828 

(2012).
3. Jiang, H., Lee, P. S. & Li, C. 3D carbon based nanostructures for advanced supercapacitors. Energy Environ. Sci., 6, 41–53 (2013).
4. Zheng, X., Luo, J., Lv, W., Wang, D. W. & Yang, Q. H. Two dimensional porous carbon: synthesis and ion transport properties. Adv. 

Mater (2015), doi: 10.1002/adma.201501452.
5. Jin Z., Lu, A., Xu, Y., Zhang, J. & Li, W. Ionic liquid assisted synthesis of microporous carbon nanosheets for use in high rate and long 

cycle life supercapacitor. Adv. Mater., 26, 3700–3705 (2014).
6. Beguin, F., Presser, V., Balducci, A. & Frackowiak, E. Carbon and electrolytes for advanced supercapacitors. Adv. Mater., 26, 

2219–2251 (2014).
7. Li, Z., Wu, D., Liang, Y., Fu, R. & Matyjaszewski, K. Synthesis of well de�ned microporous carbon by molecular state templating with 

polyhedral oligomeric silsesquioxane moieties. J. Am. Chem. Soc., 136, 4805–4808 (2014).
8. Wu, D., Li, Z., Zhong, M., Kowalewski, T. & Matyjaszewski, K. Template synthesis of nitrogen enriched Nanoporous carbon material 

from porogenic organic precursors prepared by ATRP. Angew. Chem. Int. Ed., 53, 3957–3960 (2014).
9. Winter, M. & Brodd, R. J. What Are Batteries, Fuel Cells, and Supercapacitors? Chem. Rev. 104, 4245− 4269 (2004).

10. Xu, F. et al. Facile synthesis of ultrahigh-surface-area hollow carbon nanospheres for enhanced adsorption and energy storage. 
Nature Communications. 6, 7221–7230 (2015).

11. Singh, U. et al. Surfactant free gram scale synthesis of mesoporous Ni(OH)2–r-GO nanocomposite for high rate pseudocapacitor 
application. RSC Adv. 4, 39875–39883 (2014).

12. Kim, S. I., Lee, J. S., Ahn, H. J., Song, H. K. & Jang, J. H. Facile route to an e�cient NiO supercapacitor with three-dimensional 
nanonetwork morphology. ACS Appl. Mater. Interfaces. 5, 1596–1603 (2013).

13. Xie, X. et al. Porous MnO2 for use in a high performance supercapacitor: replication of a 3D graphene network as a reactive template. 
Chem. Commun. 49, 11092–11094 (2013).

14. Wang, W. et al. Hydrous Ruthenium Oxide Nanoparticles Anchored to Graphene and Carbon Nanotube Hybrid Foam for 
Supercapacitors. Sci. Rep. 4, 4452–4460 (2014).

15. Xiao, J., Wan, L., Yang, S., Xiao, F. & Wang, S., Design Hierarchical Electrodes with Highly Conductive NiCo2S4 Nanotube Arrays 
Grown on Carbon Fiber Paper for High-Performance Pseudocapacitors. Nano Lett. 14, 831–838 (2014).

16. Banerjee, A., Bhatnagar, S., Upadhyay, K., Yadav, P. & Ogale, S. Hollow Co0.85Se nanowire array on carbon �ber paper for high rate 
pseudocapacitor. ACS Appl. Mater. Interfaces. 6, 18844–18852 (2014).

17. Wang, H. et al. Bacterial Cellulose Nanofiber-Supported Polyaniline Nanocomposites with Flake-Shaped Morphology as 
Supercapacitor Electrodes J. Phys. Chem. C. 116, 13013–13019 (2012).

18. Wang, K., Wu, H., Meng, Y. & Wei, Z. Conducting Polymer Nanowire Arrays for High Performance Supercapacitors. Small. 10, 
14–31(2014).

19. Kim, M., Lee, C. & Jang, J. Fabrication of Highly Flexible, Scalable, and High-Performance Supercapacitors Using Polyaniline/
Reduced Graphene Oxide Film with Enhanced Electrical Conductivity and Crystallinity. Adv. Funct. Mater. 24, 2489–2499 (2014).

20. Xu, D., Xiao, X., Cai, J., Zhou, J. & Zhang, L. Highly rate and cycling stable electrode material constructed from polyaniline/cellulose 
Nanoporous microsphere. J. Mater. Chem. A 3, 16424–16429 (2015).

21. Shi, Y. et al. Nanostructured conducting polypyrrole hydrogels as high performance �exible supercapacitor electrodes. J. Mater. 
Chem. A 2, 6086–6091 (2014).

22. Wang, Z. et al. Freestanding nanocellulose-composite �bre reinforced 3D polypyrrole electrodes for energy storage applications. 
Nanoscale 6, 13068 –13075 (2014).

23. Conway, B., Birss, V. & Wojtowicz, J. �e role and utilization of pseudocapacitance for energy storage by supercapacitors J. Power 
Sources 66, 1 (1997).

24. Li, H. et al. �eoretical and experimental speci�c capacitance of polyaniline in sulfuric acid. J. Power Sources, 190, 578 (2009).
25. Cai, Z. et al. Flexible, wearable and e�cient microsupercapacitor wires based on Polyaniline composite �bers incorporated with 

aligned carbon nanotubes. J. Mater. Chem. A, 1, 258–261 (2013).
26. Yoon, Y. et al. Anti-Solvent Derived Non-Stacked Reduced Graphene Oxide for High Performance Supercapacitors. Adv. Mater. 25, 

4437–4444 (2013).
27. Hao, G. et al. Stretchable and Semitransparent Conductive Hybrid Hydrogels for Flexible Supercapacitors. ACS Nano. 8, 7138–7146 

(2014).
28. Yan, X., Tai, Z., Chen, J. & Xue, Q. Fabrication of carbon nanofiber–Polyaniline composite flexible paper for supercapacitor. 

Nanoscale 3, 212–216 (2011).
29. Lee, K. et al. Metallic transport in Polyaniline Nature 441, 65–68 (2006).
30. Bhattacharya, S., Rana, U. & Malik, S. Relaxation Dynamics and Morphology-Dependent Charge Transport in Benzene-

Tetracarboxylic-Acid-Doped Polyaniline Nanostructures. J. Phys. Chem. C 117, 22029–22040 (2013).
31. Tran, H. et al. �e oxidation of aniline to produce “polyaniline”: a process yielding many di�erent nanoscale structures. J. Mater. 

Chem., 21, 3534–3550 (2011).
32. Zhao, Y., Liu, B., Pan, L. & Yu, G. 3D nanostructured conductive polymer hydrogels for high-performance electrochemical devices. 

Energy Environ. Sci. 6, 2856–2870 (2014).
33. Kuo, C. W. et al. Polyaniline doped with various inorganic acids and polymeric acids as platinum catalyst support for methanol 

electro-oxidation. J. Chin. Chem. Soc. 59, 1294–1302 (2012).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:21002 | DOI: 10.1038/srep21002

34. Kuo, C. W., Yang, C. C. & Wu, T. Y., Facile Synthesis of Composite Electrodes Containing Platinum particles Distributed in 
Nanowires of Polyaniline-Poly(acrylic acid) for Methanol oxidation. Int. J. Electrochem. Sci. 6, 3196–3209 (2011).

35. Chen, W., Rakhi, R. & Alshareef, H. N. Facile synthesis of polyaniline nanotubes using reactive oxide templates for high energy 
density pseudocapacitors J. Mater. Chem. A, 1, 3315–3324 (2013).

36. Li, G. R., Feng, Z. P., Zhong, J. H., Wang, Z. L. & Tong, Y. X. Electrochemical Synthesis of Polyaniline Nanobelts with Predominant 
Electrochemical Performances. Macromolecules. 43, 2178–2183 (2010).

37. Sk, M. & Yue, C., Synthesis of polyaniline nanotubes using the self-assembly behavior of vitamin C: a mechanistic study and 
application in electrochemical supercapacitors. J. Mater. Chem. A, 2, 2830–2838 (2014).

38. Fei, J. et al. Controlled fabrication of Polyaniline spherical and cubic shells with hierarchical nanostructures. ACS Nano, 3, 
3714–3718 (2009).

39. Miao, Y., Fan, W., Chen, D. & Liu, T. High-Performance Supercapacitors Based on Hollow Polyaniline Nano�bers by Electrospinning. 
ACS Appl. Mater. Interfaces, 5, 4423–4428 (2013).

40. Chen, W., Rakhi, R. & Alshareef, H. N. Morphology-Dependent Enhancement of the Pseudocapacitance of Template-Guided 
Tunable Polyaniline Nanostructures. J. Phys. Chem. C, 117, 15009–15019 (2013).

41. Ma, H. et al. Synthesis of Aligned Polyaniline Belts by Interfacial Control Approach. J Phys. Chem. C, 115, 12048- 12053 (2011).
42. Park, H. W. et al. Anisotropic Growth Control of Polyaniline Nanostructures and �eir Morphology-Dependent Electrochemical 

Characteristics. ACS Nano. 6, 7624–7633 (2012).
43. Tran, H. D., Wang, Y., Arcy, J. D. & Kaner, R. Toward an Understanding of the Formation of Conducting Polymer Nano�bers ACS 

Nano. 2, 1841–1848 (2008).
44. Li, J., Zhu, L., Luo, W., Liu, Y. & Tang, H. Correlation between One-Directional Helical Growth of Polyaniline and Its Optical 

Activity. J. Phys. Chem. C, 111 , 8383–8388 (2007).
45. Rana, U. et al. Aromatic bi-, tri- and tetracarboxylic acid doped polyaniline nanotubes: e�ect on morphologies and electrical 

transport properties. J. Mater. Chem. C, 2, 3382–3389 (2014).
46. Liu, T. et al. Polyaniline and Polypyrrole Pseudocapacitor Electrodes with Excellent Cycling Stability. Nano Lett. 14, 

2522–2527(2014).
47. Vonlanthen, D., Lazarev, P., See, K. A., Wudl, F. & Heeger, A. J. A Stable Polyaniline-Benzoquinone-Hydroquinone Supercapacitor. 

Adv. Mater. 26, 5095–5100 (2014).
48. Pan, L. et al. Hierarchical nanostructured conducting polymer hydrogel with high electrochemical activity. Proc. Natl. Acad. Sci. 109, 

9287–9292 (2012).
49. Ciric-Marjanovic, G., Recent Advances in polyaniline research: Polymerisation mechanisms, structural aspects, properties and 

applications. Synth. Met., 177, 1–47 (2013).
50. Huang, J. & Kaner, R., Nano�ber formation in Chemical Polymerisation of Aniline: A Mechanistic Study. Angew. Chem. 116, 

5941–5945 (2004).
51. Mi, H., Zhang, X., Yang, S., Ye, X. & Luo, J., Polyaniline nano�bers as the electrode material for supercapacitors. J. Mater. Chem. 

Phys., 112, 127–131 (2008).
52. Biswal, M., Banerjee, A., Deo, M. & Ogale, S. From dead leaves to high energy density supercapacitors Energy Environ. Sci., 6, 

1249–1259 (2013).
53. Jain, A. et al. Activated carbons derived from coconut shells as high energy density cathode material for Li-ion capacitors Sci. Rep. 

3, article number:3002 (2013).
54. Zuo, F., Angelopoulos, M., MacDiarmid, A. & Epstein, A., ac conductivity of emeraldine polymer Phys. Rev. B, 39, 3570–3578 

(1989).
55. Lin, Y. F. et al. Nano Approach Investigation of the Conduction Mechanism in Polyaniline Nano�bers. ACS Nano. 5, 1541–1548 

(2011).
56. Papathanassiou, A. N., Sakellis, I. & Grammatikakis, J., Universal frequency-dependent ac conductivity of conducting polymer 

networks J. Appl. Phys. Lett. 91, 122911–122913 (2007).
57. Bianchi, R. F., Ferreira, G. F. L., Lepienski, C. M. & Faria, R. M., Alternating electrical conductivity of polyaniline J. Chem. Phys. 110, 

4602–4607 (1999).
58. Liang, C., Gest, J., Leroy, G. & Carru, J. C., Dielectric and conductivity properties of composite polyaniline/polyurethane network  

J. Appl. Phys. 114, 124106–124115 (2013).
59. Ma, Y. et al. Improved Conductivity of Carbon Nanotube Networks by In Situ Polymerization of a �in Skin of Conducting Polymer. 

ACS Nano. 2, 1197–1204 (2008).
60. Sapurina, I. & Stejskal, J., Review, �e mechanism of the oxidative polymerization of aniline and the formation of supramolecular 

polyaniline structures. Polym Int. 57, 1295–1325 (2008).

Acknowledgements
�e Y.G. thanks UGC-CSIR for fellowship support. S.B.O. would like to thank support under the TAPSUN 
program.

Author Contributions
Y.G., A.B., P.W., M.S. and S.O. designed the experiments and wrote the main manuscript. Y.G. worked on material 
synthesis, powder XRD, FTIR and all electrochemical characterization. D.D. performed frequency dependant 
conductivity measurements. M.D., D.B. helped on experiments. S.O. managed the research team. All authors 
reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing �nancial interests: �e authors declare no competing �nancial interests.

How to cite this article: Gawli, Y. et al. 3D Polyaniline Architecture by Concurrent Inorganic and Organic 
Acid Doping for Superior and Robust High Rate Supercapacitor Performance. Sci. Rep. 6, 21002; doi: 10.1038/
srep21002 (2016).

�is work is licensed under a Creative Commons Attribution 4.0 International License. �e images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	3D Polyaniline Architecture by Concurrent Inorganic and Organic Acid Doping for Superior and Robust High Rate Supercapacitor Performance
	Introduction
	Results and Discussion
	Conclusion
	Methods
	Synthesis of binary doped polyanilines
	Electrodes fabrication
	Electrochemical measurements
	Tapping Density measurements
	Electrical measurements

	Additional Information
	Acknowledgements
	References


