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Abstract: This work presents a facile reactive template route to prepare 

polypyrrole (PPy) with a given, chosen nanostructure among three 

different morphologies (i.e., nanotubes, nanofibers and urchins). This 

approach exploits the variability of MnO2 morphologies and its 

versatility as sacrificial template. The morphological evolution for this 

template-assisted growth of PPy nanostructures has been briefly 

explained. These unique architectures significantly enhance the 

electroactive surface area of the PPy nanostructures, leading to better 

interfacial/chemical distribution at the nanoscale, fast ion and electron 

transfer and good strain accommodation. Thus, when used as supercapacitor 

electrodes, a maximum specific capacitance of 604 F/g at a current 

density of 1.81 A/g was reached for PPy nanofibers. Even after more than 

1000 cycles at 9 A/g, a capacitance of 259 F/g with 91 % retention was 

achieved. Moreover, the same PPy nanofibers can be used as cathode 

material for lithium-ion batteries (LIBs), showing a capacity of 70.82 

mAh/g at a rate of 0.10 C with good cycling stability and rate 

capability. Our results provide sound evidences that PPy nanostructures 

can be properly tuned and make the difference for the practical 

application of these materials in electrochemical energy storage devices. 
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Abstract 

This work presents a facile reactive template route to prepare polypyrrole (PPy) with a 

given, chosen nanostructure among three different morphologies (i.e., nanotubes, nanofibers and 

urchins). This approach exploits the variability of MnO2 morphologies and its versatility as 

sacrificial template. The morphological evolution for this template-assisted growth of PPy 

nanostructures has been briefly explained. These unique architectures significantly enhance the 

electroactive surface area of the PPy nanostructures, leading to better interfacial/chemical 

distribution at the nanoscale, fast ion and electron transfer and good strain accommodation. Thus, 

when used as supercapacitor electrodes, a maximum specific capacitance of 604 F/g at a current 

density of 1.81 A/g was reached for PPy nanofibers. Even after more than 1000 cycles at 9 A/g, a 

capacitance of 259 F/g with 91 % retention was achieved. Moreover, the same PPy nanofibers 

can be used as cathode material for lithium-ion batteries (LIBs), showing a capacity of 70.82 

mAh/g at a rate of 0.10 C with good cycling stability and rate capability. Our results provide 

sound evidences that PPy nanostructures can be properly tuned and make the difference for the 

practical application of these materials in electrochemical energy storage devices.  
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Introduction 

Increasing global demand of energy and the emergence of intermittent renewables is 

putting energy storage in the spotlight. Improved yet low-cost electrochemical energy storage 

devices with high performance electrode materials are thus in growing demand. 
[1-3]

 Among 

energy storage systems, supercapacitors along with lithium ion batteries (LIBs) have 

demonstrated its versatility and are in the process of expanding to different niche applications 

thanks to their inherent electrochemical properties as well as cost effectiveness. 
[4-6]

 

Supercapacitors, as the new family member of electrochemical energy storage systems have 

drawn considerable attention due to their fast charge-discharge characteristics, high power 

density, and excellent cycle stability. 
[7-9]

 Commonly, there are two different charge storing 

mechanisms observed in supercapacitors: i) non-faradaic, in which ions are adsorbed at the 

electrode surface upon polarization and ii) pseudocapacitive, which is of faradaic nature, in 

which charges are stored through surface redox reactions. Ultimately, supercapacitor 

performance is largely determined by the surface properties of a given electrode material, 

properties such as electrochemically active surface area, nanostructure, porosity and so forth.  

On the other hand, Li-ion batteries are designed so that they can provide high energy 

density by storing charge in bulk electrodes (bulk storage) through faradaic reactions. 
[10-12]

 In 

the case of Li-ion batteries, large efforts are devoted to investigate different kinds of electrode 

active materials which can provide high energy density, high capacity, good cycling stability and 

suitable efficiency for lithiation/de-lithiation. 
[13-15]

 

Conducting polymers have long waved a flag of promise as electroactive storage 

materials based on their reversible redox properties, low cost, light weight and polymeric nature 

that led to dream of plastic batteries since their discovery. Indeed, conducting polymers could be 
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considered a unique flagship among electroactive materials due to their unique -conjugated 

structure and switchable conductivity between insulator and metal. 
[16, 17]

 But, as it was hinted 

above, their final performance is not so much dependent upon their intrinsic properties as on 

their microstructure. That is why most of the recent research efforts in the field are devoted to the 

nanostructuration of conducting polymers which ultimately affects their physical-chemical 

properties and allows ad-hoc designs for various applications such as molecular electronics, 

optics, catalysis and energy storage. 
[18-20]

  

Polypyrrole (PPy) is one of the most thriving members of the conducting polymers 

family owing to its inherent properties such as excellent conductivity, redox properties, 

environmental stability, biocompatibility and so forth.
[21.-23]

 Nevertheless, it is still surprisingly 

challenging to fabricate any desired nanostructure of polypyrrole (PPy). Most common 

approaches for the fabrication of diverse nanostructures of PPy include hard and soft templating 

methods. However each of these categories has its own drawbacks. The hard template approach 

needs additional template removal treatments which can damage the original nanostructure 

whereas soft template methods involve the use of doping polyanions, surfactants etc. which raise 

environmental concerns. 
[24-26]

 To the best of our knowledge, there are very few reports about the 

fabrication of PPy hierarchical structures constructed from nanostructured building blocks using 

reactive templates.
[27, 28]

 

Here we provide a systematic approach towards the control of conducting polymer 

microstructures through the use of pre-formed metal oxide nanostructures which can be used as 

templates to create novel nanostructures for conducting polymers. Three different morphologies 

of PPy (i.e., nanotubes, nanofibers and urchins) were prepared by exploiting the crystallographic 

versatility of MnO2 through the corresponding nanostructures of this oxide (i.e. nanorods, 
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nanowires, urchins) as sacrificial templates. These unique architectures significantly enhance the 

electroactive surface areas of the PPy nanostructures, leading to excellent electrochemical 

properties when used as LIB or as supercapacitor electrode materials. Furthermore, the 

electrochemical properties of nanostructured PPy electrodes were systematically investigated. 

Their performance is highly dependent on the morphology of the PPy, highlighting the 

importance of the morphology-controlled process reported here. 

 

Results and discussion 

Fig. 1 (a-c) shows three different morphologies of MnO2 , namely, nanorods, nanowires 

and urchins, which were used as sacrificial templates to prepare nanotubes, nanofibers and 

urchins of PPy, respectively (see Fig. 1 (d-f)). It is interesting to note that even after a dense 

deposition of PPy, all three original nanostructures of MnO2 were successfully retained by the 

polymer. The formation mechanism of PPy nanostructures can be rationalized as follows and it is 

schematically shown in Fig. 2. Initially, pyrrole monomers are adsorbed on the outer surface of 

solid MnO2 nanostructures yielding an adsorbate-covered solid-liquid interface. Then the redox 

reaction between MnO2 and pyrrole monomers takes place at the interface in the presence of 

HCl, which results in the formation of oligo- and polymeric species (PPy) of pyrrole following 

an instantaneous dissolution of MnO2. The interfacial polymerization of PPy continues until the 

complete removal of MnO2 and the nanostructured PPy is finally obtained. The oxidation 

potential of MnO2 ( 2+
2MnO /MnE ) is 1.23 V 

[29, 30]
, which is high enough for the polymerization of 

pyrrole monomers on the surface of MnO2 since the oxidation potential of pyrrole monomers is 

about 0.7 V.
[27, 28]

 As the redox reactions proceed, the rigid templates are sacrificed while the 

pyrrole monomers are polymerized surrounding the templates, which leads to the formation of 
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the aforementioned PPy nanostructures. From Fig. 1 (d-f), it is revealed that PPy nanostructures 

are found to have a larger outer diameter than that of MnO2 nanostructures, suggesting favorable 

outward growth of PPy through a diffusion-controlled process. On the other hand, the larger 

diameter of PPy nanostructures can be ascribed to the volume-expansion during the conversion 

of PPy from MnO2 since the density of PPy is much lower than that of MnO2. Thus, using 

nanorods and nanowires of MnO2, we have prepared 1D PPy nanotubes and nanofibers whereas 

3D urchin-shape PPy is formed from the straight and radially arranged PPy nanotubes. These 

hierarchical PPy structures are totally inherited from the MnO2 templates, indicating the reactive 

template synthesis is effective to prepare PPy complex architectures through an eco-friendly one-

step technique. 

Fig. 3 shows TEM images of the three different PPy nanostructures. Fig. 3 (a, b) shows 

TEM images of the resulting 1D PPy nanostructures: nanotubes and nanofibers, respectively. It 

is confirmed that the PPy nanostructures replicate the 1D shape of MnO2 templates. TEM image 

shows the nanotubular structure with a smooth inside and uneven outside as well as a uniform 

tube wall thickness for PPy nanotubes (see Fig. 3 (a)). In the case of nanofibers, clustered hollow 

and long fibers are observed (Fig. 3 (b)). It is worth pointing out that PPy layers grow on the 

surface of the MnO2 templates, resulting in larger outer diameters. On the other hand, Fig. 3 (c) 

shows 3D PPy urchins with a diameter of about 3-4 μm. These urchins are characterized by a 

porous surface with multiple straight and radially arranged PPy nanotubes. The diffuse ring of 

the selected area electron diffraction pattern (SAED, Fig. 3(d)) indicates the amorphous structure 

of PPy urchins. 

XRD for all three PPy nanostructures are shown in Fig. 4 (a). For all three PPy samples, 

characteristic peaks of PPy are centered at around 24.6, which correspond to the repeating unit 
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of the pyrrole ring, implying the polymer chain is highly oriented. 
[31]

 On the other hand, the very 

broad peaks reveal a small crystallite size far from any long-range crystalline order. Moreover, 

the intensity of the peaks for PPy nanotubes and urchins is relatively higher than that of PPy 

nanofibers, suggesting the appearance of a relatively more ordered structure and the decrease of 

the polymer chain distance. This is due to the ordered pore structure in PPy nanofibers as shown 

in their SEM and TEM images. Fig. 4 (b) shows full XPS survey scan spectra of PPy 

nanostructures. It is seen that all three PPy samples show the presence of oxygen (O 1s at 532 

eV), nitrogen (N 1s at 399.8 eV), carbon (C 1s at 284.5 eV) and chlorine (Cl 2p at 199.5 eV), 

corresponding to the typical spectra of HCl-doped PPy, which is in good agreement with the 

reported ones. 
[32, 33]

 The elements carbon and nitrogen are from the polypyrrole backbone 

whereas the element chlorine is from the hydrochloric acid used in the polymerization process. 

[34]
 The element oxygen has probably originated from the surface oxidation of polypyrrole, or 

weakly charge-transfer-complexed oxygen atoms. 
[33]

 

N2 adsorption-desorption measurements were used to study the porosity and textural 

properties of PPy nanostructures. The adsorption-desorption isotherms of PPy nanostructures are 

depicted in Fig. 5 (a). The isotherm can be labeled as type IV according to the IUPAC 

classification. Notably, a distinct hysteresis loop can be observed in the larger range of ca. 0.6–

1.0 P/P0, suggesting that the PPy nanostructures have a typical mesoporous structure, which is 

further supported by the Barrett-Joyner-Halenda (BJH) pore size distribution (PSD) data shown 

in Fig. 5 (b). As seen in Fig. 5 (a), the BET surface areas of PPy nanofibers (52.2 m
2
/g) and PPy 

urchins (60.1 m
2
/g) are relatively higher than that of PPy nanotubes (42.1 m

2
/g), highlighting the 

much increased surface areas of PPy nanostructures which is attributed to their porous nature. 

These values are as high and/or comparable to other reported values for PPy nanostructures. 
[35, 
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36]
 For example, in one of our previous reports, PPy nanostructures were synthesized by 

electrochemical polymerization method and surface areas ranging from 22.6 to 37.1 m
2
/g were 

obtained.
[37]

 Shinde et al. synthesized PPy nanoparticles with surface area of 55 m
2
/g. 

[38]
 The 

average pore sizes of PPy nanostructures are found to be in the range of 10-12 nm with different 

pore volumes such as 0.12, 0.15, 0.16 cm
3
/g for PPy-NTs, PPy-NFs and PPy-Ur, respectively. 

Pore sizes are all much larger than the size of the electrolyte ions used in the energy storage 

devices and will allow fast flow of the electrolyte ions into the PPy electrode materials. 

 

Electrochemical evaluation of supercapacitors 

 Fig. 6 shows the CVs and the corresponding charge/discharge (CD) curves of the three 

different nanostructures of PPy in 1 M H2SO4 electrolyte. As seen in Fig. 6 (a-c) CV curves for 

all three PPy sample (PPy-NTs, PPy-Ur and PPy-NFs) deviate from ideal rectangular shapes, 

confirming involvement of pseudocapacitive charge storing mechanism. This is also confirmed 

by the CD curves for all PPy samples which are not ideally linear (Fig. 6 (d-f)). A linear relation 

between the current density and different scan rates is observed, showing that the redox reaction 

is a diffusion-controlled process. Since the redox reactions involve doping and de-doping of ions 

from the electrolyte in the electrode, at lower scan rate, this implies that the ions can diffuse 

almost entirely into all the pores of the electrode. Furthermore, it is interesting to note that, in the 

case of PPy-NFs sample, CV curves exhibit quasi-rectangular shapes (Fig. 6 (c)), making the 

corresponding CD curves also quasi-symmetrical (Fig. 6 (f)) as compared to the other PPy 

nanostructures (PPy-NTs and PPy-Ur). Moreover, PPy-NFs have relatively higher current 

densities than PPy-NTs and PPy-Ur nanostructures at the same scan rate, indicating a much 

larger specific capacitance of PPy-NFs. It is further interesting to note that, as the nanostructure 
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changed from nanotubes to nanofibers with intermediate step of urchins the shapes of CV curves 

deviates from ideal rectangular shape. The intensity of the redox peaks indicates the 

electrochemical response of the PPy to the electrolyte. Impressively, intensity of redox peaks for 

PPy-NFs sample is relatively higher than other PPy nanostructures suggesting excellent 

interaction of PPy-NFs with electrolyte. In addition, due to hollow and thin walls of nanofibers 

allows fast diffusion and large electrochemical sites. The integrated area under the CV curves 

increase in the following order: PPy-NTs < PPy-Ur < PPy-NFs (Fig. 6 (a-c)). Similar behavior is 

observed for the CD curves, where the charge and discharge time increase in the same order (Fig. 

6 (d-f)). The values of specific capacitances derived from the charge/discharge curves with the 

current densities are presented in Fig. 7 (a). It is found that PPy-NFs exhibit higher specific 

capacitances than the other two nanostructures. The highest specific capacitance obtained at the 

lowest current density of 1.81 A/g is 604 F/g for the PPy-NFs, 318 F/g for PPy-Ur and 186 F/g 

for PPy-NTs (all capacitance values are normalized to mass of polypyrrole nanostructure coated 

on carbon cloth 1.1 mg/cm
2
). Furthermore, areal capacitance was calculated by dividing 

capacitance by area of electrode whereas volumetric capacitance was calculated by multiplying 

specific capacitance to density of polypyrrole (1.48 g/cm
3
) and are plotted in Fig. 7 (b, c), 

respectively. The highest areal and volumetric capacitances are found to be 846 mF/cm
2
 and 894 

F/cm
3
 for PPy nanofibers at current density of 2.5 mA/cm

2
, respectively. It is interesting to note 

that the specific capacitance obtained for PPy-NFs is very close to its theoretical value (620 

F/g).
[39]

 Strikingly, the significant enhancement of specific capacitance of PPy has been achieved 

by properly tuning the morphology of the electrode material. This finding confirms that the 

electrochemical performance of PPy is highly dependent on morphology, which in turn 

determines the electrode-electrolyte interphase. In addition, all three PPy nanostructures show 

adelaosa
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adelaosa
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good rate capability as seen from Fig. 7 (b). It is very interesting to note that although PPy-Urs 

have higher surface area than PPy-NFs, their capacitance is lower. This must be due to the 

limited diffusion and transport of the electrolyte ions to the bulk of the big PPy urchin-like 

particles, especially into their condensed cores, preventing the full utilization of the inner surface 

of the PPy urchins. In contrast, the much increased surface area of PPy-NFs over PPy-NTs 

contributed largely to their energy storage capacity, as the hollow nanostructures provide more 

exposed surface for electrochemical reaction to take place. In other words, the structure 

tortuosity (a parameter used to bridge the pore structure and the permeability of the materials) of 

PPy nanostructures varies with their morphology, porosity, pore size, and its distribution, which 

may also have an effect on the electrochemical performance of the PPy supercapacitors. The 

relative high tortuosity of PPy-Ur makes the electrolyte ions difficult to diffuse to the whole 

particles, resulting in modest electrochemical response and capacitance values, while the lower 

structure tortuosity of PPy-NF and PPy-NT contributes to easier and faster access of electrolyte 

ions to the materials, giving better electrochemical response and higher capacitance values. 

Nevertheless, the specific capacitance values of our PPy electrodes are comparatively higher 

than previously reported ones. For instance, Wang et al. 
[40]

 reported a specific capacitance of 

273 F/g for PPy nanotubes at 0.5 A/g. For comparison, 172-197 F/g for PPy nanotubes 

synthesized using methyl orange (MO)/FeCl3 
[41, 42]

, 305 F/g for PPy nanowires prepared using 

cetyltrimethylammonium bromide (CATB) 
[43]

 and 142 F/g for PPy particles 
[44]

 have been 

reported. Moreover, Fan et al. 
[45]

 prepared PPy thin films on Ti foil by electrodeposition method 

and reported specific capacitance of 480 F/g. Shi et al. 
[46]

 reported a specific capacitance of 380 

F/g for nanostructured conductive polypyrrole hydrogels synthesized via an interfacial 

polymerization method. In addition, the values reported here higher than PPy-graphene 
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composite materials. For example, Oliveira et al. 
[47]

 prepared free standing PPy/graphene 

nanocomposite and reported specific capacitance of 277.8 F/g whereas Zhang et al. 
[48]

 reported a 

specific capacitance of 375 F/g for polypyrrole wrapped graphene hydrogels.   

Long cycle life and high rate capability are important parameters for the practical 

applications of supercapacitors. Following the above cycles, the PPy electrodes were subjected to 

continuous charging and discharging for 1000 cycles at a high current density of 9 A/g, shown in 

Fig. 7 (d). All three PPy nanostructures showed a small decrease of their capacitance during the 

first ca. 50 cycles, then remained essentially constant up to at least 1000 cycles. The overall 

stability of PPy-NFs is higher (91 %) than that of the other two (i.e. 86 % for PPy-NTs and 89 % 

PPy-Ur), when tested under the same current density of 9 A/g. This added a further advantage to 

PPy-NFs and confirmed the morphology dependence of the electrochemical properties of PPy. 

The high capacitance, excellent cycling stability, and good rate capability can be attributed to the 

unique morphologies and structures of PPy nanostructures. In particular, the hierarchical porous 

architecture of PPy-NFs greatly increases the surface area, promoting the electrolyte to diffuse 

more easily into the inner region of the electrode, which results in a high utilization of the 

electroactive material. Additionally, the hierarchical array possesses a favorable morphological 

and phase stability, helping to alleviate the structure or phase damage caused by volume 

expansion and redox reactions during the cycling process.  

 

Electrochemical evaluation of PPy nanostructures in lithium-ion batteries 

Since PPy can be reversibly switched between oxidized and reduced state, it can be used 

as a lithium-storage host. It is well-known that the electrochemical reaction occurring at the PPy 

electrode is a doping-extraction process. In a Li/PPy cell with LiPF6 as the electrolyte, the PPy 
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electrode releases electrons and gains -
6PF  in its structure to keep electro-neutrality during 

charging or doping process; while it gains electrons and releases -
6PF  during discharging or 

extraction process.  

We tested the three nanostructured PPy samples as electrodes in front of Li anodes, The 

battery performance of the samples were tested at various C rates between 2.0 and 4.5 V vs. 

Li/Li
+
, but first the cells were cycled at 1C for 20 cycles and finally back at 1C for 100 cycles 

(see Fig. 8 (a, b)). In addition, the capacity can be recovered when the C-rate is turned back to 

1C after cycling at various C-rates. This is indicative of an excellent electrochemical 

reversibility. The capacity fading was 2% if we take into account the last 100 cycles and we 

compare them with the first 5
th

 cycles performed at 1C. To be precise, capacities changed from 

4.5 to 4 mAh/g in the case of the PPy-NFs, 6 to 5 mAh/g in the case of PPy-Urs and from 5.5 to 

5 mAh/g in the case of the PPy-NTs. Another interesting thing observed was that when the C-

rate increased, the sample that showed more capacity was PPy-Ur while at low C-rates PPy-NFs 

shows higher capacity. The nano-sized morphology of the particles plays a significant role with 

the utilization of particles being enhanced by their larger surface area and shorter diffusion 

length for the lithium intercalation process. At high C-rate the urchins have more pores available 

that results in more area for the electrolyte diffusion in this structure, which can explain the 

better performance of this structure at high C-rates (Fig. 8 (c)). 

Evolution of cell resistance ESR over cycling was studied by electrochemical impedance 

spectroscopy. The EIS was conducted after the cell was charged/discharged before and after 

charge/discharge cycles from 100 kHz to 0.010 Hz. As shown in Fig. 8 (d), an intercept in the 

high frequency region is observed which corresponds to the ohmic resistance. The depressed 

semicircle indicates that the charge transfer resistance Rct and a straight line in the low frequency 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

13 

 

region represents the Warburg impedance W. These results are in agreement with observations 

during the charge/discharge cycles. The PPy-NFs sample shows low resistance before and after 

charge/discharge cycling than that of other PPy nanostructures, indicating excellent of PPy-NFs. 

The results obtained here show an improvement over other polypyrrole based cathodes. Park et 

al. 
[49]

 reported capacity of 20 mAh/g at C-rate equivalent to 0.10 C for bare PPy material. They 

reported an increment in capacity when they covalently bound ferrocene to PPy. This material 

showed a capacity of 34 mAh/g for the 1
st
 cycle at 0.10 C-rate. Qie et al. 

[50]
 showed that the 

oxidants play a role in the properties of PPy as cathode. Thus, PPy prepared with FeCl3 showed a 

capacity of 98 mAh/g, however the capacity began to fall dramatically after just 35 cycles. 

 We have studied two different applications of PPy nanostructures such as supercapacitor 

and Li-ion battery. Although both are energy storage devices, they have different charge storing 

mechanism. In Li-ion batteries, the charges are stored in bulk of electrode materials through 

redox reactions (diffusion-controlled process) and hence exhibit high energy density but low 

power density. However, pseudo-capacitors (a type of supercapacitor different than EDLC) 

stores charge through reversible redox reactions at electrode/electrolyte interface and lead to 

EDLC-like electrochemical features but much greater charge storage. Moreover, 

pseudocapacitive materials hold the promise of achieving battery-level energy density combined 

with the cycle life and power density of EDLCs.
[51]

 Interestingly, in present investigation, the 

shapes of CV and CD curves (see Fig. 7) doesn’t show well-defined sharp redox peaks (like 

battery-type materials), suggesting pseudo-capacitive behavior (like EDLC type materials) of 

PPy nanostructures.
[52]

 The charge storage mechanism is based on the fast and reversible 

doping/undoping of PPy and can be written as: 

  2

4

02

4 ][2][ SOPPyeSOPPy   (1) 
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Furthermore, as mentioned before PPy can be reversibly switched between oxidized and reduced 

state, it can be used as a lithium-storage host. The charge storing mechanism in PPy as battery 

electrode materials can be explained as follows: 

At cathode:   66

0 ][][ PFPPyPFePPy  (2) 

At anode: LieLi       (3) 

It is further interesting to note that, due to nanoscale dimensions of PPy, extrinsic pseudo-

capacitance is emerged which creates large fraction of Li
+
 storage sites on the surface or near-

surface region. Thus, PPy nanostructures can be used as electrode materials in both 

supercapacitors and Li-ion battery devices.  

      

Conclusions 

In summary, three different morphologies of polypyrrole: nanotubes, nanowires and 

urchins have been successfully prepared by a reactive-template assisted chemical polymerization 

route. The electrochemical performance of PPy nanostructures strongly depends on their 

morphologies. The hierarchical structures reported here exhibit outstanding advantages for 

energy storage. For supercapacitor applications, PPy-NFs deliver high specific capacitance of 

604 and 285 F/g at high current densities of 1.81 and 18 A/g, respectively, with excellent cycling 

stability. Even after more than 1000 cycles at 9 A/g, a capacitance of 259 F/g at 9 A/g with 91 % 

retention was achieved for PPy-NFs. For LIBs application, PPy-NFs present a high reversible 

capacity of 70.2 mAh/g at 0.1 C with good cycling stability and rate capability. These excellent 

results highlight the advantage of fine-tuned nanostructures of PPy and show the way to design 

electrodes with higher energy storage performance together with low cost, ease of fabrication 

and high reproducibility. 
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Experimental details 

Synthesis of MnO2 nanorods 

MnO2 nanorods were prepared by a hydrothermal method. Briefly, 0.025 M of KMnO4 

was dissolved into 50 ml of deionized water in which 1.5 ml of concentrated HCl (37%) was 

added with stirring. The solution was transferred to a Teflon-lined stainless steel autoclave with a 

capacity of 100 ml. The autoclave was kept in an oven at a temperature of 140 C for 16 hours. 

After reaction, the product was washed with deionized water and ethanol several times and dried 

in an oven overnight.  

MnO2 nanowires (Nw) and urchins have been synthesized by a simple co-precipitation 

method. Briefly, 0.1 M MnSO4 and 0. 1 M (NH4)2S2O8 were used as sources of manganese and 

oxidizing agent, respectively. MnO2 nanowires and urchins were prepared by using 0.05 M 

(NH4)2SO4 and 0.05 M NH4F, respectively. Both precursors were maintained at 353 K for 1 hr. 

The products were cleaned successively with water and ethanol and finally dried in an oven at 

373 K overnight. The products obtained were further used as templates to prepare PPy 

nanostructures. 

Synthesis of PPy nanostructures 

Three different PPy nanostructures have been synthesized by using the corresponding 

three morphologies of MnO2 as sacrificial templates. Typically, 100 mg of MnO2 nanorods or 

urchins or nanowires were dispersed into 30 mL of deionized water with stirring for 15 min 

followed by bath sonication for 30 min in which 1 M HCl (37%) was added. Then 0.1 g of 

K2Cr2O7 and 200 l of pyrrole were added with stirring for 15 min followed by another 30 min 

of bath sonication. Later, the solution was stirred for 5 hours and maintained at room temperature 

for 24 hours. The product obtained was washed repeatedly with deionized water and ethanol and 
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then vacuum dried at 60 C for 12 hours. Following the same strategy, three different 

nanostructures of PPy; nanotubes, urchins and nanofibers have been synthesized which are 

subsequently named PPy-NTs, PPy-Ur and PPy-NFs, respectively.  

 

Electrode preparation and characterizations 

To obtain a typical slurry, 85% of active material (PPy) was mixed with 10 % PVDF as 

binder and 5 % acetylene black. A fine mixture of active material, PVDF and acetylene black 

with NMP (solvent) was prepared. Finally the paste was applied on flexible carbon cloth which 

was further used as supercapacitors electrode. The mass loading of materials on the carbon cloth 

was obtained by measuring the weight difference before and after coating using a microbalance. 

The mass loaded (PPy) on the carbon cloth was between 1.1 to 1.3 mg/cm
2
. Surface 

morphological analyses were carried out by scanning electron microscopy (FEI Quanta 650F 

Environmental SEM) and transmission electron microscopy (Tecnai G2 F20 S-TWIN HR(S) 

TEM, FEI). Powder X-ray diffraction study was performed using Panalytical X’pert Pro-MRD 

instrument (Cu K radiation and PIXel detector). The X-ray photoelectron spectra (XPS) 

analyses were obtained by X-ray photoelectron spectroscopy (XPS, SPECS Germany, PHOIBOS 

150). N2 adsorption/desorption was determined by Brunauer-Emmett-Teller (BET) 

measurements using Micromeritics instrument (Data Master V4.00Q, Serial#:2000/2400). 

Electrochemical characterization of PPy nanostructures was carried out in 3-electrode 

configuration with Biologic VMP3 potentiostat. Electrochemical properties were investigated by 

assembling three-electrode cells comprising a working electrode (area of 0.8 cm
2
 PPy coated on 

carbon cloth), counter electrode (platinum wire) and reference electrode (sat. Ag/AgCl) in 1 M 

H2SO4 electrolyte. 
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Figure captions 

Fig. 1 SEM images of three different nanostructures of MnO2 (a) nanorods (b) nanowires and (c) 

urchins with corresponding morphologies of PPy (d) nanotubes, (e) nanofibers and (f) urchins, 

respectively. 

 

Fig. 2 Schematic illustration of steps involved in growth of PPy nanostructures by the tunable 

morphology of MnO2 as reactive templates 

 

Fig. 3 TEM images of PPy nanostructures (a) nanotubes, PPy-NTs (b) nanofibers, PPy-NFs and 

(c) urchins, PPy-Urs with corresponding SAED pattern of PPy-Urs (d). 

 

Fig. 4 (a) XRD patterns (b) Full XPS spectra of three different nanostructures of PPy: PPy-NTs, 

PPy-NFs and PPy-Urs, respectively. 

 

Fig. 5 (a) Nitrogen adsorption/desorption isotherm of PPy-NTs, PPy-NFs and PPy-Urs samples, 

respectively (b) corresponding pore size distribution plots.  

 

Fig. 6 (a-c) Cyclic voltammetry curves of PPy-NTs, PPy-NFs and PPy-Urs electrodes at 

different scanning rates, respectively, (d-f) Galvanostatic charge/discharge (CD) curves of PPy-

NTs, PPy-NFs and PPy-Urs electrodes at different current densities.  

 

Fig. 7 (a) Variation of specific capacitance of PPy-NTs, PPy-NFs and PPy-Urs electrodes with 

current density (b) Plots areal capacitance versus current density for PPy-NTs, PPy-NFs and 

pgomez
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PPy-Urs, (c) Variation of volumetric capacitance of PPy-NTs, PPy-NFs and PPy-Urs electrodes 

with current density, (d) variation of specific capacitance of PPy-NTs, PPy-NFs and PPy-Urs 

electrodes with number of cycles at 9 A/g current density.  

 

Fig. 8 (a) Cell voltage as a function of the capacity for the 5
th

 cycle at 0.10 (b) discharge capacity 

at different C-rate (c) discharge capacity of the last 100 cycles at 1 C (d) Nyquist plot before and 

after cycling PPy-NTs, PPy-NFs and PPy-Urs electrodes 
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Graphical Abstract  

SEM images of three different PPy nanostructures synthesized by using three different 

nanostructures of MnO2 as sacrificial templates. 

 

 

 

Graphical Abstract (for review)


	(all capacitance values are normalized to mass of polypyrrole nanostructure coatedon carbon cloth 1.1 mg/cm2). Furthermore, areal capacitance was calculated by dividingcapacitance by area of electrode whereas volumetric capacitance was calculated by multiplyingspecific capacitance to density of polypyrrole (1.48 g/cm3) and are plotted in Fig. 7 (b, c),respectively. The highest areal and volumetric capacitances are found to be 846 mF/cm2 and 894F/cm3 for PPy nanofibers at current density of 2.5 mA/cm2, respectively.



