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Electrochemical capacitors (ECs or supercapacitors), as promis-

ing efficient electrical energy storage devices, have recently re-

ceived keen interest because of their advantages such as high pow-

er density, low maintenance cost and long durability in comparison 

to batteries and conventional capacitors[1,2]. Further, the investi-

gation into ECs has focused on the high performance of the elec-

trode with high capacitance, high conductivity and excellent elec-

trochemical cycle stability. Recently, conducting polymers, as a 

type of pseudo-capacitive materials, have attracted great interest 

on the recent developments in this most exciting field, especially 

polypyrrole (PPy). PPy, as a kind of traditional conducting poly-

mer[3,4], is promising and has been the subject of much research 

as a supercapacitor electrode material ascribed to low cost, high 

pseudocapacitance and controllable electrical conductivity, excel-

lent chemical and good environmental stability, and unique con-

ductive mechanism. Nevertheless, the volume expansion induced 

by doping and de-doping in electrochemical progress lowers the 

stability of electrochemical capacitors. PPy is generally fabricated 

by electrochemical polymerization[5-9], chemical interfacial 

polymerization[10-12], in situ depositing method[13] or chemical 

oxidation polymerization[14,15]. Among these approaches, chemi-

cal oxidation polymerization is a facile and effective way to syn-

thesize PPy. However, the reported specific capacitances of the 

PPy are rather low. 

As the development of nanoscience, the micro/nanostructure and 

morphology of electrode material have a significant impact on its 

electrochemical performance[16]. The electrochemical storage 

capacity of PPy has been reported varying with its morphology, 

particle sizes and specific surface areas. And a chemical oxidation 

polymerization is usually performed in the phase interface or with 

the help of surfactant to control the final morphology of the con-

ducting polymer[17,18]. Dendrite is a hierarchical structure, which 

consists of main stems in micrometer size and branches in na-

nometer size, like a pine-tree structure[19]. Dendritic structure, 
To whom correspondence should be addressed:  

Email: *xfan@glut.edu.cn, †csufangdong@gmail.com 

Hierarchical Dendritic Polypyrrole with High Specific Capacitance for High-performance 

Supercapacitor Electrode Materials 
  

Weiliang Chen1, Shuhua Pang1, Zheng Liu1,2, Zhewei Yang1, Xin Fan1,*, and Dong Fang3,†

  

1Key Laboratory of New Processing Technology for Nonferrous Metal and Materials of Ministry of Education, College of Materials Sci-

ence & Engineering, Guilin University of Technology, Guilin 541004, China 

2BengBu Center of Product Quality Supervising ＆ Inspection, BengBu 233000, China 
3College of Material Science and Engineering, Wuhan Textile University, Wuhan 430700, China 

  

Received: August 20, 2017, Accepted: September 06, 2017, Available online: October 17, 2017 

  

Abstract: Polypyrrole with hierarchical dendritic structures assembled with cauliflower-like structure of nanospheres, was synthesized 

by chemical oxidation polymerization. The structure of polyryrrole was characterized by Fourier transform infrared spectrometer and 

scanning electron microscopy. The electrochemical performance was performed on CHI660 electrochemical workstation. The results show 

that oxalic acid has a significant effect on morphology of PPy products. The hierarchical dendritic PPyOA(3) electrodes possess a large 

specific capacitance as high as 744 F/g at a current density of 0.2 A/g and could achieve a higher specific capacitance of 362 F/g even at a 

current density of 5.0 A/g. Moreover, the dendritic PPy products produce a large surface area on the electrode through the formation of 

the channel structure with their assembled cauliflower-like morphology, which facilitates the charge/electron transfer relative to the spher-

ical PPy electrode. The spherical dendritic PPyOA(3) electrode has 58% retention of initial specific capacitance after 260 cycles. The as-

prepared dendritic polypyrrole with high performance is a promsing electrode material for supercapacitor. 

  

Keywords:  

  
   

Journal of New Materials for Electrochemical Systems 20, 197-204 (2017) 

© J. New Mat. Electrochem. Systems 

file:///C:/Users/JNMES/Dropbox/20-4-2017/%5bJNMES-1114%5d/449-99Z_Article%20Text-854-1-15-20170911.docx#_ftn1#_ftn1


198 

comprising a configured channel for carrying charge and exciton 

efficiently[20,21], due to its good porous structure and high specif-

ic surface area, is ideal building blocks for functional nanoscale 

devices. Dendritic materials have attracted much attention for po-

tential applications in energy storage sources. 

In this work, a hierarchical dendritic micro/nanostructure PPy 

(denoted as PPyOA(3), molar ratio of oxalic acid/pyrrole = 3) was 

prepared by chemical oxidation polymerization using oxalic acid as 

the template and chlorine hydride solution as the doping agent. The 

structure and morphology of the as-synthesized PPy was character-

ized and the electrochemical performance for supercapacitor elec-

trode materials was investigated in detail in the following sections. 

The carbanyl group in oxalic acid facilitates massive pyrrole 

monomers to gather on the surface of oxalic acid by formed hydro-

gen bond with -NH in pyrrole ring. Then pyrrole monomers are 

polymerized on the condition of APS. A typical experiment process 

is shown as follows. 

1.17 mL oxalic acid was dispersed into 50 mL deionized water 

and stirred for 20 min at room temperature. Then 0.5 mL pyrrole 

was added into the oxalic acid solution and stirred for 1 h in a ice-

water bath to obtain a uniform solution (molar ratio of oxalic 

acid/pyrrole = 3). Next, 10 mL of 1.6482 g aqueous solution of 

APS (molar ratio of pyrrole/APS = 1) was drop by drop added into 

the reaction mixture under vigorous stirring in a ice-water bath for 

8 h. Finally, the products were filtered and washed with deionized 

water and ethanol repeatedly until the filtrate was neutral, and dried 

in a vacuum oven at 60 ºC for 24 h. The resultant products were 

denoted PPyOA(3). 

For comparison, the PPy products prepared without the presence 

of oxalic acid and at different molar ratios of oxalic acid/pyrrole (1, 

1/3, 1/5, 1/10) by the same method were denoted as PPy, PPyOA(1), 

PPyOA(1/3), PPyOA(1/5) and PPyOA(1/10). 

FTIR was carried out on Fourier transform infrared spectrometer 

(Thermo Nexus 470 FT-IR). Scanning electron microscopy (SEM) 

was performed on a Hitachi S4800 FESEM. 

The electrochemical measurements were performed on CHI690 

electrochemical workstation in an electrolyte of 1 M H2SO4 solu-

tion, using platinum foil as a counter electrode and saturated calo-

mel electrode as a reference electrode by cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD) and electrochemical imped-

ance spectroscopy (EIS) experiments. The specific capacitance of 

the electrode was measured by GCD and could be calculated ac-

cording to the following equation: 

 
where I is the current, ∆t is the discharge time, m is total mass of 

active material in a single electrode, and ∆V  is the potential win-

dow. 

The working electrode was prepared by sufficient mixing the 

composite, conductive black and polytetrafluor-ethylene (mass 

ratio=8:1:1), yielding homogeneous slurry under ultrasonic disper-

sion. The slurry was coated and pressed onto stainless steel wire 

(the area is 1 cm2 and the mass of active material was about 5~10 

mg), then dried in a vacuum oven at 60 ºC for 24 h[24]. 

EIS test was performed at a temprature of 25 ºC. The initial po-

tential is the open curcuit potential, frequecy range is 0.01~105 Hz, 

and amplititude is 5 mV. 

The morphologies of the as-prepared PPy and PPyOA(3) powder 

were investigated using SEM (Fig. 1). We find that PPy shows 

ball-like sphere, randomly scattering and partially stacking together 

with each other (Fig. 1a and b), and PPyOA(3) exhibited hierarchical 

dendritic structures assembled with cauliflower-like structure of 

Cs=(I·Δt)/(ΔV·m)  (1) 

 

Figure 1. SEM images of (a, b) PPy and (c, d) PPyOA(3) samples. 

Scale bar (a) 10 μm, (b) 2μm , (c)10μm ,(d) 1μm. 

 

 

 

Figure 2. FTIR spectra of PPy and PPyOA(3) samples. 
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nanospheres, which seemed to share a common trunk and grow 

outwards along the radial direction (Fig. 1c and d). This cauliflow-

er-like structure is mainly related to the doping difficulty in the 

disordered polymeric chain of PPy[22,23]. 

The morphologies of the products at different oxalic acid/pyrrole 

ratios were also examined. Fig. S1 (Supplementary Information) 

showed representative SEM images of the samples. All the SEM 

images illustrated hierarchical dendritic structures assembled with 

cauliflower-like structure of nanospheres, even though the oxalic 

acid/pyrrole ratio is 1/10. This demonstrates that oxalic acid plays 

an important role in the formation of hierarchical dendritic structure 

and cauliflower-like structure in PPy. When the oxalic acid/pyrrole 

ratio decreases up to 1, the numbers of the cauliflower-like struc-

ture in dendritic structure PPy relatively reduced (Fig. S1(a) and 

(b), Supplementary Information). With further decrease of oxalic 

acid/pyrrole ratio, the numbers of the cauliflower-like structure 

declined evidently and the spaces among dendritic structure were 

much greater (Fig. S1(c) and (f), Supplementary Information), and 

this phenomenon was further evidently presented when the oxalic 

acid/pyrrole ratio is 1/10 (Fig. S1(g) and (h), Supplementary Infor-

mation). 

It is proposed that oxalic acid induces the adsorption of pyrrole 

monomers onto its surface through intermolecular interactions such 

as hydrogen bonding and π-π interactions, and then pyrrole mono-

mers were polymerized into PPy with cauliflower-like structure of 

nanosphere aggregates. The self-assembly of pyrrole via hydrogen 

bond and morphological evolution process of hierarchical dendritic 

PPy was illustrated in Schemes S1 and S2, respectively, Supple-

mentary Information). 

IR spectra of PPy and PPyOA(3) were characterized qualitatively 

in the range of 400-4000 cm-1 (Fig. 2). The results indicated that 

both PPy and PPyOA(3) samples possessed characteristic peaks of 

PPy: the absorption bands at 1558 cm-1 and 1477 cm-1 were indi-

vidually attributed to the symmetric and asymmetric stretching 

vibrations of pyrrole ring, respectively[16]. The obvious peaks at 

1203 cm-1 and 1313 cm-1 were associated with the C-N stretching 

in pyrrole rings of PPy backbones[17]. The broad band centred at 

3426 cm-1 was assigned to the N-H stretching vibration in the pyr-

role ring, while the relative absorption intensity at 1049 cm-1 and 

929 cm-1 were proposed to be C-H in-plane deformation and C-H 

out-of-plane deformation, respectively[2425]. The upward peaks in 

IR between 1049 cm-1 and 929 cm-1 could imply the doping state of 

 

Figure 3. (a) CV curves of PPy and PPyOA(3) samples at scan rate of 5 mV/s; (b) GCD curves of PPy and PPyOA(3) samples at current density 

of 0.2 A/g; (c) CV curves of PPyOA(3) at various scan rates; (d) GCD curves of PPyOA(3) at various current densities. (vs. SCE) 
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polypyrrole[18]. All of these confirmed the formation of the PPy, 

however, the intensity of peaks for PPyOA(3) was relatively weaker 

than that for PPy. One possible explanation for this is that nano-

sphere aggregates in cauliflower-like structure of polymerized 

PPyOA(3) induced by oxalic acid affect the intensity of absorption 

band. 

Fig. 3 showed CV curves and corresponding galvanostatic 

charge/discharge (GCD) curves of PPy products with different 

nanostructures in 1 M H2SO4 electrolyte. As seen in Fig. 3(a), the 

CV curves for PPy samples deviated from ideal rectangular shapes, 

and displayed a pair of redox peaks, corresponding to the transition 

between oxidized and reduced PPy states[25], confirming involve-

ment of pseudocapacitive charge storing mechanism. This was also 

confirmed by the GCD curves of PPy samples which are not ideally 

linear (Fig. 3(b)). Furthermore, it is interesting to note that, in the 

case of PPyOA(3) sample, the redox peaks (corresponding to a much 

higher current signal) in the CV curve were sharper than those for 

spherical PPy sample. It may be due to the fact that (1) better inter-

action of hierarchical dendritic PPyOA(3) with the electrolyte envi-

ronment gives a more significant current signal owing to higher 

specific surface area than spherical PPy sample[26], and (2) the 

hierarchical dendrite structures provide easier path for ion and elec-

tron transmitting during charge/discharge process. 

Moreover, PPyOA(3) sample possessed higher redox current densi-

ty than spherical PPy sample at the same scan rate, indicating a 

much larger specific capacitance of hierarchical dendritic PPyOA(3). 

However, for PPyOA(3) sample and spherical PPy sample, there was 

no change in the anodic peak site and the cathodic peak site but the 

intensity of redox peaks for PPyOA(3) sample was relatively higher 

than spherical PPy sample, suggesting excellent interaction of 

PPyOA(3) with electrolyte because of fast diffusion and large electro-

chemical sites resulted from interconnected dendritic structures, as 

a result of the comparatively fast electrochemical response to the 

electrolyte. Furthermore, the CV curve area of dendritic PPyOA(3) 

sample was larger than that of spherical PPy sample, which demon-

strated that the specific capacitance of PPyOA(3) sample was greatly 

improved owing to the larger surface area of hierarchical dendritic 

structure relative to micro-spherical grains. This is also confirmed 

by the GCD curves (Fig. 3(b)) and the specific capacitances of 

PPyOA(3) and PPy samples were 744 F/g and 309 F/g, respectively, 

according to the equation (1) (Table S1, Supplementary Infor-

mation). To further verify the effect of oxalic acid/pyrrole ratio on 

the morphology of PPy, CV and GCD curves of PPy prepared at 

different oxalic acid/pyrrole ratios were conducted and shown in 

Fig. S2-3 (Supplementary Information). 

CV curves of the PPyOA(3) electrode (Fig. 3(c)) presented approx-

imately rectangular shape at the scan rate of from 5 mV/s to 100 

mV/s, which suggesting the good pseudocapacitance performance 

with symmetrical redox behavior. The current density gradually 

increased with increasing scan rate, showing that the electrochemi-

cal process is diffusion-controlled[28]. Since the redox reactions 

involve doping and de-doping of ions from the electrolyte into the 

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

almost entirely into all the pores of the electrode. 

GCD curves of the PPyOA(3) electrode at different current densi-

ties were shown in Fig. 3(d)), illustrating good symmetrical charac-

teristic, which indicated that the hierarchical dendritic PPyOA(3) 

electrodes had excellent capacitive behavior and the redox process 

was reversible. Table 1 presented specific capacitances calculated 

by GCD curves at different current densities. It can be seen from 

Table 1 that hierarchical dendritic PPyOA(3) electrodes possessed a 

large specific capacitance as high as 744 F/g at a current density of 

0.2 A/g and could achieve a higher specific capacitance of 362 F/g 

even at a current density of 5.0 A/g. The specific capacitance of the 

hierarchical dendritic PPyOA(3) electrode is better than some previ-

ous results such as PPy/carbon nanotubes nanocomposites-228 F/g 

at a current density of 0.5 A/g[29], PPy nanotubes-273 F/g at 0.5 

A/g[30], and PPy nanowires-420 F/g at 1.5 A/g[15]. 

Electrochemical impedance spectroscopy (EIS) is a powerful and 

informative tool to evaluate the charge transport phenomena of 

materials[31]. The EIS data of all samples were analyzed via 

Nyquist plots consisting of three regions and shown in Fig. S4 

(Supplementary Information), indicating that the electrode process 

is in the control of both charge transfer and diffusion process-

es[32,33]. The first part was an intercept at Z′ axis in high frequen-

cy, and the second part was a semicircle in the middle frequency 

region, while the last part (the sloping line) was the Warburg im-

pedance in the low frequency region. The impedance spectra pre-

sented in Fig. S5 (Supplementary Information) are fitted using the 

equivalent circuit model[34,35]. An intercept at Z′ axis in high 

frequency corresponds to Ohmic resistance (RΩ). The depressed 

semicircle in the middle frequency range is related to an interfacial 

charge-transfer process and its diameter directly correlates to the 

charge transfer resistance (Rct). The low frequency Warburg imped-

ance (Zw) is ascribed mainly to the diffusion process of ions in the 

electrode[36-40]. 

The intercepts which correspond to the Ohmic resistance (RΩ) were 

relatively small (about 0.75~2.5 Ω) (in Fig. S4, Supplementary 

Information) for all the plots, indicative of low inner resistance of 

both solution and electrode etc. Compared to spherical PPy with 

the complete larger semicircle which is indicative of the higher Rct, 

the depressed semicircles of the plots for all hierarchical dendritic 

PPy samples were obviously observed and indicated lower Rct. The 

lower Rct could mainly be attributed to the facile electron transfer 

feasibility and good conductive nature of the dendritic PPy, which 

accelerate the electron transfer rate at the electrode surface, reveal-

ing a faster kinetics in electrochemical reactions. Moreover, the 

dendritic PPy products produce a large surface area on the elec-

trode through the formation of the channel structure with their as-

sembled cauliflower-like morphology, which facilitates the 

charge/electron transfer relative to the spherical PPy electrode. It 

implied that the hierarchical dendritic nanostructure could efficient-

ly increase ionic conductivity which causes reduction in the elec-

trode/electrolyte interface resistance[41]. 

As it can be seen in Fig. S4 (Supplementary Information), the 

slope of straight line for dendritic PPyOA(3) sample was less than 1, 

with the decline of oxalic acid content, the slope for PPy samples 

Table 1. Specific capacitance of PPyOA(3) at different current densi-

ties 

Current density 

(A/g) 
0.2 0.4 0.6 0.8 1.0 2.0 5.0 

Specific capacitance 

(F/g) 
744 649 594 568 522 449 362 
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gradually became larger and larger and the line was nearly parallel 

to the imaginary impedance axis (Z′′ axis) for spherical PPy with-

out the presence of oxalic acid. 

For ideal electrode process controlled by both charge transfer and 

diffusion process, the angle between the straight line and the X axis 

is 45°[42]. The plots showed an angle between 45° and 90° relative 

to the real impedance axis, displaying much shorter ions diffusion 

path and indicating the dominant diffusion control process of the 

electrode[43,44]. The angle deviated from 45° for dendritic 

PPyOA(3) sample reflected longer diffusion path of ions and in-

creased obstruction of ion movement. It may be due to the fact that 

dendritic PPyOA(3) products with favorable interconnected pore 

structures were assembled with cauliflower-like structure of nano-

spheres, and the ions transferred among the pores, which prolonged 

the transmission path of ions relative to the dendritic PPy with 

sparse structures and spherical PPy with stacked and tight nanopar-

ticles. However, the uniform interconnected pore facilitated the 

efficient access of electrolyte ions into the inside of electrodes, and 

the high specific surface area of dendritic PPyOA(3) ascribed to the 

interconnected pore structures could provide tremendous electro-

chemical sites for electrode/electrolyte contact[40], leading to the 

improvement of active material utilization and subsequent high 

specific capacitance. The capacitive behavior of PPy electrodes 

from the EIS is well consistent with the CV and GCD results.  

Fig. 4 displayed the cyclic stability of the spherical PPy and den-

dritic PPyOA(3) electrodes investigated by continuous CV measure-

ments over 260 cycles at the scan rate of 10 mV/s. The capacitance 

retention of the spherical PPy and dendritic PPyOA(3) electrodes had 

similar variation trend on the cycle number and were 58% and 54% 

retention of initial specific capacitance after 260 cycles, respective-

ly. However, the initial specific capacitance of dendritic PPyOA(3) 

electrode was 2.4 times as much as that of spherical PPy electrode, 

suggesting that dendritic PPyOA(3) electrode still kept fairly high 

specific capacitance after 260 cycles. Compare to literature, capaci-

tance maintained 55% at 10 mV/s for 5000 cycles[45], 60% at 2 

mV/s for 5000 cycles[46], 50% at 25 mV/s for 500 cycles[47], 

65.6% at 5 mV/s Forfor 10000cycles[48], 10% at 20 mV/s for 275 

cycles[49]. conducting polymers, volume changes are often in-

duced by the insertion and removal of counter-ions due to swelling 

and shrinking of electrode materials during the oxidation and re-

duction process, which causes the deterioration of cycle stability 

especially in the early process of circulation. It is a promising di-

rection to prepare high-capacitance conducting polymers or their 

composites with withstanding severe volume changes. 

In summary, polypyrrole with hierarchical dendritic structures 

assembled with cauliflower-like structure of nanospheres was suc-

cessfully synthesized by chemical oxidation polymerization using 

oxalic acid as the template. The oxalic acid/pyrrole molar ratio has 

a significant effect on the formation of hierarchical dendritic struc-

ture and cauliflower-like structure in PPy. The hierarchical dendrite 

structures can provide not only better interaction with the electro-

lyte environment owing to higher specific surface area, but also 

easier path for ion and charge transfer during charge/discharge 

process. Therefore, the unique hierarchical dendritic structure en-

dows PPy materials with a high specific capacitance of 744 F/g, 

which makes them have significant potential for the applications as 

promising electrode materials for high-performance supercapaci-

tors. 
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Fig. S2 CV curves of dendritic PPy samples at scan rate of 5 

mV/s(vs. SCE). 

 

 

 

Scheme S2. Schematic illustration of the synthesis of hierar-

chical dendritic polypyrrole 

 

 

Scheme S1. Schematic diagram of self-assembly of pyrrole via 

hydrogen bond. 

 

 

 

Fig. S1. SEM images of (a,b) PPyOA(1), (c,d) PPyOA(1/3), (e,f) 

PPyOA(1/5) and (g,h) PPyOA(1/10) samples. 
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Fig. S3. GCD curves of dendritic PPy samples at current density of 

0.2 A/g. 

 

 

Fig. S5. The equivalent circuit model for PPy electrodes. 
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Fig. S4. Nyquist plots of (a) PPy, (b) PPyOA(3), (c) PPyOA(1), (d) PPyOA(1/3), (e) PPyOA(1/5) and (f) PPyOA(1/10) at scan rate of 10 mV/s. 

 

sample PPy PPyOA(1/10) PPyOA(1/5) PPyOA(1/3) PPy(OA(1) PPy(OA(3) 

Specific capacitance (F/g) 309 262 233 352 401 744 

Table S1. Specific capacitance of dendritic PPy materials at current density of 0.2A/g 


