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Abstract 

A nanostructured polypyrrole powder was synthesized in a previous work from the oxidation 

of pyrrole by a nanostructured MnO2 powder used simultaneously as an oxidizing agent and a 

sacrificial template in a redox heterogeneous mechanism. In this study, this original PPy 

powder was used as an active additive material with different ratio in carbon / carbon 

symmetrical supercapacitors whose performances were studied by cyclic voltammetry and 

electrochemical impedance spectroscopy (EIS) using a Swagelok-type cell. From the EIS 

spectra, the complex capacitance was extracted using a model involving two Cole-Cole type 

complex capacitances linked in series. The specific capacitance values evaluated by EIS and 

cyclic voltammetry are in a good agreement between them. The results show that the addition 

of nanostructured polypyrrole powder improves significantly the specific capacitance of the 

carbon electrode and consequently the performances of carbon/carbon supercapacitors. The 

original and versatile synthesis method used to produce this polypyrrole powder appears to be 

attractive for large scale production of promising additives for electrode materials of 

supercapacitors. 

*Corresponding author. Tel: +33 (0)1 44 27 41 69; fax: +33 (0)1 44 27 40 74.  

E-mail address: alain.pailleret@upmc.fr 
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1. Introduction 

In recent years, electrochemical supercapacitors have attracted great attention because 

of their high capacitance and potential applications in energy storage. Electrochemical 

capacitors are indeed used to store the energy within the electrochemical double layer 

determined by the surface area and pore size distribution [1-3].  

Activated carbon-based nanostructured materials with high specific surface areas are 

widely recognized as electrode materials for electric double-layer capacitors (EDLC). These 

products present outstanding properties, such as good electrical conductivity and stability, 

high accessible surface area, and reasonable cost [4-10]. Moreover, they can be produced in 

various forms, which allows the tuning of their porosity and their surface functionalization. 

Whether their electrical double layer is charged in aqueous or organic electrolytic solutions, 

their capacitance appears to be closely related to the surface area of the carbon/electrolytic 

solution interface. Moreover, it has been shown in literature over the last years that a good fit 

between their pore size and the size of electrolyte ions is beneficial for their performances. 

More accurately, it appears that 0.7-0.9 nm pore diameters are the most suitable for electrical 

double layer charging of pore walls with non-solvated ions in activated carbon materials. 

Even if additional mesopores interconnected with the abovementioned ultramicropores were 

shown to be beneficial for a good charge propagation, energy densities of carbon-based 

supercapacitors were often found to be lower than that of redox supercapacitors [5]. 

Recently, many research works have focused on additive electrode materials for 

supercapacitors, including conducting polymers and transition metal oxides to improve the 

capacitive performances of activated carbons [11-15]. In particular, many studies were 

focused on the synthesis and electrochemical characterisations of electronically conducting 
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polymers, which represent promising electrode materials for the application of 

supercapacitors due to their high specific capacitance [11,14,15]. Among the conducting 

polymers, polypyrrole (PPy) is considered as an interesting material for supercapacitor 

electrodes due to its high conductivity, good redox reversibility, long-term environmental 

friendliness, low cost, and easy chemical or electrochemical synthesis [16,17]. Chemical 

synthesis of conducting polymers is simply achieved by oxidation of corresponding 

monomers using an oxidizing agent and thus is well adapted for mass-production in industry 

as it provides a cheap and efficient route [18,19]. Compared to bulk conducting polymers, 

nanostructured conducting polymers are expected to exhibit improved performances in 

technological applications because some unique properties may arise from their nanoscale 

morphology [20]. Conducting polymer nanotubes and nanowires with diameters less than 100 

nm can be made by hard templates such as porous polycarbonate films [21], or porous 

alumina [22], which usually have to be removed after synthesis of PPy nanostructures. 

Nevertheless, this route appears to be risky as it may damage the synthesized PPy structures 

due to the use of strong acid/alkaline aqueous solutions, organic solvents, or elevated 

temperatures. On the other hand, soft templates such as reverse microemulsions [23] or 

micelles [24] may have the disadvantages of instability, low efficiency, and lack of versatility. 

The conducting polymers are used in different electrolytes to obtain a higher specific 

capacitance. For example, the best electrolytes for polyaniline are usually acidic solutions 

[25], whereas polypyrrole and polythiophene exhibit ideal capacitance behaviour in neutral 

and basic electrolytes [26]. Aqueous electrolytes are mostly composed of small inorganic 

anions (angström level) that can easily access the micropores and mesopores under an electric 

field. In this regard, aqueous electrolytes seem to be most favourable for pairing with 

micropores activated carbons for supercapacitors. Indeed, it was reported that after prolonged 

operation, supercapacitors based on activated carbons and organic electrolytes may reveal 
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capacity fading and resistance increase, together with microscopic phenomena such as gas 

evolution, increase of the electrode mass or local disbonding of the coating layer from the 

metallic collector [27]. There is however contributions from functional surface groups, which 

are in general present on activated carbons and can be charged and discharged, giving rise to a 

pseudocapacitance [28]. 

Polypyrrole and carbon materials have already been associated frequently to produce 

competitive composite materials for supercapacitor electrodes (see a non-exhaustive list in 

Table 1). Our objective was thus to benefit from a simple and efficient chemical method that 

was developped in our group to synthesize nanostructured PPy powders by using manganese 

dioxide as oxidizing agent and nanostructured template in presence of pyrrole [35]. In the 

work reported hereafter, the PPy powder thus obtained was used as active additive in carbon / 

carbon supercapacitors to improve their performances. The study of the capacitive 

performances of added PPy to activated carbon powder was carried out by cyclic voltammetry 

(CV) and electrochemical impedance spectroscopy (EIS) techniques. 

< Table 1 > 

2. Experimental 

2.1. Chemicals 

All the solutions were prepared using deionised water with double ion exchange 

columns. Sulphuric acid (H2SO4) and ethanol (C2H5OH) were purchased from Prolabo. 

Pyrrole was purchased from Fluka (97 % purity) and was purified by distillation before use. 

Picactif BP 10™ (hereby referred to as PICA) is commercially available activated carbon, and 

was used as received. Its nominal specific surface area was 2000 m2 g-1. The characterization 

of PICA by different physical techniques was realized by different research groups [9,10,36]. 
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2.2. Nanostructured polypyrrole powder 

The chemical synthesis and the characterization of this powder has already been 

reported in a previous publication [35]. It consisted of a hydrothermal synthesis of MnO2 

powder [37,38] followed by the polymerization of pyrrole using MnO2 simultaneously as 

oxidizing agent and template. The polypyrrole powder was chemically prepared by injecting 

liquid pyrrole (0.2 M) into a beaker containing MnO2 powder (2 g) suspended in a H2SO4 

(100 mL, 1 M) aqueous solution at room temperature. The mixture was stirred with magnetic 

bar for 1 hour at room temperature. The black precipitate of polypyrrole was collected by 

filtration, rinsed repeatedly with deionised water, and finally dried at 60 °C for 24 h. 

2.3. Electrochemical tests 

The PICA electrode was prepared by mixing 95 % (in mass) PICA and 5 % PTFE into 

5 mL of ethanol (95 %). The PICA/PPy composite electrodes were prepared, unless described 

differently, by mixing 85 % PICA, 10 % PPy, and 5 % polytetrafluoroethylene (PTFE) into 5 

mL of ethanol (95 %). After evaporation of ethanol, these mixtures were pressed in a roller 

and dried at 120 °C for 24 h. A 1.5 to 1.8 mm thick soft film was then obtained. A disk of 0.6 

cm in diameter was then cut out by punching. The frontal surface area was thus 0.29 cm2. The 

disk thus obtained weighed about 8 mg. 

The electrochemical behaviour of these electrodes was evaluated using CV and EIS 

techniques. All electrochemical experiments were carried out by using the Swagelok-type 

device presented in Figure SI-1a. Two active materials based disk electrodes were set together 

with a separator made of a filter paper between them as illustrated in Figure SI-1b. 

They were then inserted into a stainless-steel tube of the Swagelok-type cell. The 

electrical isolation of the electrodes to the cylinder was ensured by a 100 µm-PET 

(polyethylene terephthalate) sheet. Two cylinders push the electrodes towards the centre of 
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the tube by means of two nuts to make electrical contact. The PET spacers set on each 

cylinder wall allowed the electrical isolation to the central tube. A small plug set at the 

extremity of each cylinder was used to connect the potentiostat. 

The electrochemical tests were carried out with the help of two active material based 

pellets possessing close masses and separated by a filter paper impregnated with the 1 M 

NaNO3 aqueous electrolytic solution. 

The CV tests were performed in the potential window extending from -0.4 to 0.6 V 

(vs. open-circuit potential, EOC) using a Bio-logic SP 300 potentiostat controlled by the EC-

Lab V10.11 software. 

The EIS measurements were performed using Dielectric interface Solartron 1260 gain 

phase impedance analyzer coupled with a frequency response analyser (FRA 1255) and 

computer-controlled (Smart software, Solartron Analytical). A Swagelok type supercapacitor 

device was connected to a dielectric interface apparatus. An ac-amplitude of 100 mVrms was 

applied and data were collected in the frequency range from 100 kHz to 1 mHz with 5 points 

per decade. 

 2.4. Instruments 

A FEG-SEM (Ultra 55 Zeiss) coupled with EDX analysis was used to observe the 

synthesized powders. In addition to these techniques, XRD and TEM techniques were also 

used. The TEM images were obtained with a JEOL 2000 FX microscope running at an 

accelerating voltage of 200 keV. Prior to analysis, the powders were crushed in a mortar. A 

small amount of this powder was then added in a small volume of ethanol using ultrasonic 

bath. A drop of this mixture was then placed on a copper grid covered with a carbon coating 

and dried in air before analysis. 
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3. Results and Discussion 

3.1. Characterization of polypyrrole powder 

The morphology of the PPy powder resulting from the synthesis method published 

previously by us [35] was observed by FEG-SEM (Figure 1a). This picture shows that the 

synthesized PPy particles exhibit a hollow sea urchin like morphology dictated by that 

observed for MnO2 powders [35] with a rather uniform size and a more or less widely open 

mouth. Elemental analysis by EDX (Figure 1b) confirms the presence of carbon and nitrogen, 

elemental components of PPy, in the structure of the synthesized powders. The presence of 

sulphur and oxygen is also obvious in this PPy powder suggesting at this stage, that the 

obtained PPy is likely doped by SO4
2- anions present in the synthesis solution, and 

consequently, that PPy is in an oxidised state. It is worth noting the complete absence of 

manganese in the PPy powder in spite of the use of MnO2 as an oxidizing agent for pyrrole 

polymerization. From these first observations, it can be concluded that hollow particles of 

nanostructured PPy were successfully synthesized by a chemical route. 

< Figure 1 > 

The PPy particles observed in Figure 1a are in fact nanotubes according to TEM 

image (Figure 1c). Typical TEM image shows that the PPy nanotubes powder synthesized 

from nanostructured MnO2 powders possess a typical outer diameter of ca. 70 nm, a length up 

to 400 nm, and an inner diameter of ca. 20 nm, which vary along the nanotube. One can also 

distinguish, especially from Figure 1c, that those nanotubes are also closed at one extremity. 

The XRD pattern of the PPy powder is displayed in Figure 1d. Since no manganese 

was present in this material, the XRD pattern can be ascribed only to PPy. This XRD 

spectrum exhibits a weak and broad diffraction peak at 2 = 25°, which has already been 

encountered in literature and attributed to amorphous PPy structures [39,40]. 
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3.2. Electrochemical results 

3.2.1. Comparison of the specific capacitance of PICA and PICA/PPy electrodes 

1. Cyclic voltammetry 

Typical cyclic voltammograms (CVs) were recorded for PICA and PICA/PPy 

electrodes between -0.4 and 0.6 V versus EOC with a scan rate v = 2 mV s-1 (cf. Figure 2a). 

Both CVs possess an almost rectangular shape revealing an ideal supercapacitor behaviour 

with nearly constant current in the whole potential range. In this figure, it can be noted that 

PPy powder added to the active carbon (PICA/PPy) makes the current higher, indicating that 

the resulting composite material has a greater specific capacitance. 

< Figure 2 > 

The capacitance of an electrode as a function of potential, C(E), may be defined by the 

following relation: 

mv

EI
EC





)(2

)(  (1) 

Where m is the mass of an electrode (g), E the potential (V), I(E) the current (A) at E, 

v the potential sweep rate (mV s-1), and the factor 2 is due to the fact that the two electrodes 

were linked in series. The software used (Bio-logic EC-Lab V10.11) permits the calculation 

of the electrical charge Q (in A h) as a function of potential in the form of straight line whose 

slope (dQ/dE) allows the determination of the specific capacitance value C (F g-1) as follows: 

m

slope
C

36002 
  (2) 

The capacitance values were determined as a function of the cycle number ncyc, and 

the results are presented in Figure 2b. This figure shows that the specific capacitance of these 

electrodes remains essentially constant, at least up to 50 cycles. Besides, it increases by more 

than 50 % when the electrode contains 10 % in mass of PPy powder. This indicates that the 
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presence of PPy improves markedly the capacitance performance of the carbon electrode 

(PICA). According to literature, the contact resistance between carbon particles induces a loss 

of capacitive performance of the supercapacitor [41]. The PPy addition may thus improve the 

electrical contact between particles. 

2. Electrochemical Impedance Spectroscopy 

The PICA and PICA/PPy electrodes were submitted to 10 CV scans between -0.4 and 

0.6 V vs. EOC at 2 mV s-1, and then the EIS measurements were carried out. 

The impedance spectra obtained experimentally are normalized with respect to the 

electrode mass. Figure 3 shows the impedance spectra of two electrodes (see blue triangles 

and red circles) and highlights a capacitive behaviour in the whole frequency domain, and 

composed of: 

‐ At the high frequency limit, the response includes the electrolyte resistance through the 

separator (filter paper) inserted between the two disks of active materials and the contact 

resistance at the current collector/active material interface [42]. The current collectors 

are metallic, thus their resistance is negligible. The electrolyte resistance through the 

active materials is shunted by electronically conducting active materials. However, the 

contact resistance between active material particles is electronic, therefore this resistance 

will be added to Rs. 

‐ When the frequency decreases (f > 100 Hz), a semicircle due to the charge transfer 

resistance in parallel with an interface capacitance was observed. 

‐ For intermediate frequency range (10 to 0.1 Hz), a straight line with an angle close to 45° 

with the real axis was observed. This behaviour can be allocated to two different origins; 

diffusion of ions from the electrolyte to the interior of the electrode (Warburg 

impedance), or the potential distribution through the porous active material (De Levie 

impedance). This behaviour will be discussed below to determine its physical origin. 
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‐ At low frequency (f < 0.1 Hz), a straight line almost parallel to the imaginary axis was 

observed which characterize the insertion/expulsion of charged species of reversible 

systems [43]. 

< Figure 3 > 

It can be clearly observed that the semicircle diameter and the length of the 45° line 

decrease, in the presence of PPy in the composite electrode, indicating the decrease of the 

charge transfer resistance and ions diffusion resistance [44] or the resistance through the 

active materials for the De Levie model. The decrease of the real part for a given frequency 

corresponds to a lower energy loss by Joule effect during the charge/discharge cycle thus 

giving rise to higher energy efficiency. 

The two proposed models that may explain the impedance spectra will be separately 

discussed below. 

A. Application of diffusion impedance 

In this model, the impedance is presented by the following equation where the charge 

transfer resistance Rt (in  cm2 or  g) is linked in parallel with the double layer capacitance 

Cd (in F cm-2 or F g-1). 

Cn
d

Dt

s
)j(

1
1





C

ZR

RZ  (3) 

Where  is the sinusoidal pulsation (rad s-1) and ZD is the restricted diffusion 

impedance (in  cm2 or  g) [45]. 

D

D

n

n

22D
)j(

)j(coth

F

R




















 D

CDAn

T
Z  (4) 
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Where R stands for the gas constant (8.31 J K-1 mol-1), T = 298 K, F = 96500 C mol-1, 

D the diffusion coefficient (cm2 s-1), C the concentration of diffusing species (mol cm-3), and 

δ is a characteristic diffusion length (cm). 

In this calculation, the impedance in  cm2 is presented with the electrode frontal area 

so that the magnitude of each parameter can be readily compared to those of common use. 

Figure SI-2 shows the comparison between the experimental results and those obtained by a 

parameter regression calculation with a Simplex method. One can observe in this figure a 

very satisfactory agreement between the experimental results and those calculated by the 

fitting procedure. In a first approach, these results seem to validate the diffusion model. They 

must be examined in more details with the values of various obtained parameters listed in 

Table 2. In this calculation, the concentration of the diffusing species is set to 1 M (that 

corresponds to 10-3 mol cm-3). 

< Table 2 > 

In this table, the mean deviation,  between experimental and calculated 

impedance spectra was evaluated from chi-square by: 

       

 























 










 





Fn

i iF ZZn 1

2
ii

2

i

ii2 calcImexpImcalcReexpRe

82

100
(%) (5) 

In this equation, nF, is the number of frequencies defining the impedance spectra (41 

in these experiments), “8” is the number of variables thus (2·nF -8) represents the degree of 

freedom. |Zi|, Re, Im stand respectively for impedance modulus, and the real and imaginary 

components, whereas “exp” and “calc” indicate experimental and calculated data. A value of 

1 for  indicates that the experimental points are scattered by 1 % from the theoretical value. 

The  values are 2.6 % for both spectra. This relatively large  value is due to the fact 

that the experimental points observed at low frequencies (f < 0.1 Hz) scattered slightly more 
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than those in higher frequency domains. Taking this remark into account, the deviation 

observed is reasonable. It is important to emphasise that there is no systematic deviation 

indicating the adequacy of the model. The obtained value for the double layer capacitance (25 

 30 µF cm-2) indicates that the interface was located between the separator and the active 

materials, thus the diffusion, if any, occurs in normal component, i.e. in the electrode 

thickness, and not in radial component, inside pores. The diffusion coefficient (D) is almost 4 

orders of magnitude smaller than for diffusion of ions in an aqueous medium. That may be 

explained by the diffusion through the solid phase. In contrast, the diffusion layer thickness 

(δ) is 3 orders of magnitude too small for a diffusion taking place through the entire electrode 

thickness. Despite the good reproduction of the experimental impedance spectra, as illustrated 

in Figure SI-2, it is less probable that the diffusion process accounts correctly the impedance 

spectrum obtained with PICA or PICA/PPy electrodes. 

B. Porous electrode Model 

The experimental impedance spectra displayed in Figure 3 may be explained also by 

the porous electrode behaviour. The observed line whose slope is close to 45° can then be 

assigned to the potential and current distribution perpendicular to the disk surface. For 

frequencies above 100 Hz, the presence of a capacitive loop is presented by the parallel 

connection of a resistance R and a capacitor C or a constant phase element Q. It is important 

to note that this part of the impedance is not noticeably flattened in the Nyquist diagram, 

indicating that this contribution is external to the porous texture of the disk. This contribution 

is therefore located at the interface between the paper filter and PICA or PICA/PPy disk, 

because the current flow at the contact between the current collector and the disk is electronic, 

so there will be no space charge. The equivalent circuit is illustrated in Figure 4. Recall that 

the same explanation was given about the Cd / Rt couple for diffusion model. 

< Figure 4 > 
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The De Levie model [46] is based on a hollow cylinder where the inner pore wall 

constitutes the electrochemical interface and the local potential at the pore wall is governed by 

the ohmic drop through the cylinder. Many cylinders may be linked in parallel. This model is 

not realistic for the present case, since the electrode was constituted of the compressed 

mixture of active carbon and PPy powder. An alternative mathematical approach allows 

extending it to the continuum model [47]. The active material is considered homogeneous and 

the local potential is distributed in its bulk.  

 The overall impedance can be expressed by the following equation : 

prts 22 ZZRZ   (6) 

where pZ is the impedance of a porous electrode and it can be expressed as follows: 









L

ZRZ coth00p  (7) 

Where 
0

0

R

Z
  (8) 

Here  is the penetration depth, Z0 is the impedance corresponding to the charge 

storage reaction for the unit depth ( cm), R0 is the resistance of ionic conduction through the 

active material of the unit depth ( cm-1), and L is the thickness of the disk electrode (cm). 

The impedance Z0 corresponding to the storage of electricity in the active material is 

represented by a constant phase element (CPE): 

 a0
0

j

1




Q
Z ; f π2  (9) 

Here, f is frequency in Hz (s-1). At the disk/ filter paper interface, appears the 

impedance of a planar electrode Zrt. 

  ta
dt

t
rt

1 CRj

R
Z





 (10) 
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Where Rt and Cd have the same meaning as above. 

The comparison of the experimental spectra and those obtained by regression 

calculation is displayed in Figure 3. For this figure, the impedance spectra were presented 

with respect to the sample mass for one disk. The values of various parameters evaluated by 

non-linear regression calculation with a simplex algorithm for single disk are shown in Table 

3. 

< Table 3 > 

Operations used to evaluate some variables are presented below. 

LQQ  0  (11) 

Q0 is the CPE element for the unit length of the disk. 

The value of RL corresponding to the resistance of 45° linear part is calculated by: 

3
0

L
RL

R


  (12) 

As we have noted previously in Figure 3, the decrease of the semicircle diameter for 

the PICA/PPy composite electrode results from the decrease of the resistances at the active 

material/separator interface. Thus, the presence of PPy in the composite electrode improves 

significantly the charge transfer between the filter paper and disk. The resistance value of 

ionic conduction in the active material, R0, of PICA/PPy is more than twice smaller. This 

decrease of R0 results directly in the diminishing of RL. The real part component, the cell 

resistance Rtotal (= Rs+Rt+RL), associated with the charge/discharge impedance Z0, is important 

in the functioning of the supercapacitor since this term corresponds to the energy loss by 

Joule effect during the charge and discharge processes as mentioned above. Ideal capacitor 

should have no real part. 
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C. Complex capacitance 

The electrochemical impedance spectroscopy presented in the Nyquist diagram 

(Figure 3) however supplies no direct quantitative information about the capacitive behaviour 

as a function of the frequency of the supercapacitor. In the presence of resistive contribution, 

the current flow is split into two components, one for charging/discharging of the capacitance, 

and another to the energy loss by Joule effect. Access to this information can be obtained by 

using the complex capacitance which considers supercapacitor as an element whose value 

depends upon the frequency [48,49]. If one considers that the complex capacitance depending 

on the pulsation , from the electrochemical impedance Z(), one yields readily: 

 
)(j

1




C
Z


  (13) 

However, the overall impedance Z measured experimentally contains the solution 

resistance Rs, thus: 

 ZRZ  s  (14) 

Therefore, the complex capacitance C*() can be deduced according to the following 

equation: 

    sj

1
*

RZ
C





  (15) 

This complex capacitance can be represented by the real and imaginary components: 

      "'* CCC   (16) 

With : 

C*(): Complex capacitance depending on frequency (F cm-2 or F g-1), 

C’(): Real part of the complex capacitance. The low frequency limit of this term 

corresponds to the cell capacitance (F cm-2 or F g-1), 
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C”(): Imaginary part of the complex capacitance. It corresponds to the energy 

dissipation due to the resistances of the system (Rt and real component of Z 

due to the CPE behaviour) (F cm-2 or F g-1). 

As the cell is composed of two identical cells linked in series, the overall capacitance 

C*() can be calculated as follows [50]: 

2

)(

2

)(
)(* 21 


CC

C   (17) 

Figure 5a shows the modulus of the complex capacitance as a function of the 

frequency for the two electrodes PICA and PICA/PPy whereas Figure 5b depicts their 

spectrum in complex plane. At the low frequency limit, as stated above, the modulus of the 

complex capacitance corresponds to the effective specific capacitance stored in the cell. 

< Figure 5 > 

Regression calculations with a single relaxation time constant of complex capacitance 

did not allow correctly reproducing the experimental C*() as can be guessed by a slightly 

asymmetric shape of the complex capacitance in Figure 5b. Therefore, two relaxation 

phenomena were introduced and each one follows the Cole-Cole type relaxation process: 

    21
2

2

1

1
0

j1j1
)(*

aa

CC
CC








  (18) 

The results of regression calculation by a Simplex method are displayed in Table 4. 

< Table 4 > 

It can be noticed that the low frequency limit C*(0) i.e. C0+C1+C2 is in agreement 

with the values obtained by CV. As for Q value listed in Table 2, it is important to note that Q 

is the CPE parameter and its value corresponds to the capacity at the angular frequency  
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equal to 1. By applying Brug’s equation [51] in our particular case, the effective capacitance 

C according to the following equation can be determined, as follows: 

aa

RRR
QC

1
1

Lts

1



























 (19) 

One gets the value of 106 and 166 F g-1 for PICA and PICA/PPy electrodes, 

respectively. These values are found in good agreement with the values of Ctotal (Table 4). 

A good agreement between these three different methods validates the analytical 

methods used. We recall that the complex capacitance of PICA/PPy electrode is higher than 

data determined for the PICA electrode. We can also notice that τ2 corresponds approximately 

when all the active material is solicited by ac signal, i.e. L/λ ≈ 1. As for τ1, it corresponds to 

the transition from the porous to the expanded electrode behaviour. 

In conclusion, the addition of PPy powder to the activated carbon (PICA) improves 

significantly the performance of the PICA / PICA supercapacitors. As already mentioned 

earlier, the contact between the carbon particles induces an internal resistance and therefore 

decreases the performances of the supercapacitor [41]. The PPy synthesized in the present 

study is a mixed conductor, electronic and ionic, and it is porous. Therefore, the introduction 

of this PPy powder in the activated carbon can improve the capacitance of the supercapacitor 

thanks to its conductivity by allowing better electronic contact between particles. Obviously, 

nanostructured PPy powder supplies also its own pseudo-capacitive contribution.  

 

3.2.2 The ageing effect 

Figure 2b showed that the specific capacitance determined by CV does not 

significantly change with the 50 first cycles. We actually verified that this observation 
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remains valid over a very large number of consecutive CV scans, (i.e. 1000 scans, see Figure 

SI-3) and EIS investigations (see Figure 6).  

< Figure 9> 

The plateau current decreases only slightly with the cycle number, thus there is a weak 

ageing effect. In contrast, the initial slope of cycling voltammogram becomes gentler with 

cycling, indicating the increase of overall internal resistance. The capacitance with respect to 

cycle number was calculated by the current at EOC as the mean value from the forward and 

backward scan.  

dE

dt
IC

OCE          (20) 

Figure 6a shows the impedance spectra obtained after various CV scan numbers and 

Figure 6b, the capacitance calculated according to Equation 20. The capacitance decreases 

significantly above 500 cycles, but it is uncertain if the increase of internal resistance affects 

the calculated value. This is the reason why we verified this result by EIS measurements. 

< Figure 6 > 

On figure 6a, it can be noticed that the imaginary part of the low frequency limit 

increases only slightly indicating that the specific cell capacitance may decrease but only a 

little. The most marked fact is related to the real part that becomes greater with increasing 

cycle numbers. As can be seen in the insert, even the high frequency limit, i.e. Rs, the solution 

resistance determined through the filter paper increases. This effect may be explained by the 

fact that the electrolyte in the filter paper diffuses into the PICA/PPy material. These spectra 

were analyzed with the porous electrode model as mentioned above, and the results of 

regression calculation by the Simplex method are displayed in Table 5. 

< Table 5 > 
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The resistances Rs and R0 increased about two times after 1000 cycles compared with 

the initial value whereas Rt is multiplied by seven. As a whole, the cell resistance Rtotal 

becomes about five times greater. The effective specific capacitance likely remains almost 

constant by potential cycling up to 1000 times, whereas the energy efficiency will decrease 

significantly. This result contrasts to the assertion made in literature [40]. 

In order to check how the effective capacitance changes with the cycling, the complex 

capacitance was calculated from the impedance spectra presented above, and then regression 

calculations as explained above were carried out with two time constants for the capacitance 

relaxation process. 

The results of fitting procedure are given in Table 6. It can be seen that C0 and C1 

decrease whereas C2 varies little. Since the latter determines essentially the effective cell 

capacitance, it remains constant by ageing induced by potential cycling except for the largest 

cycle. The variation is more marked for the relaxation time constants, as both 1 and 2 

increase significantly, that is, the relaxation process becomes slower and slower. 

< Table 6 > 

A decrease of the capacitance observed by the cyclic voltammetry is thus due to the 

increase of the relaxation time constant, t2, leading to the too fast 2 mV s-1 scan rate. The 

capacitance evaluated from EIS measurements were overlaid in Figure 6b. The values 

evaluated by EIS determined from the extrapolation to zero frequency are systematically 

greater as expected. The increase of RS may be explained by the drying of filter paper and this 

phenomenon also leads to an increase of Rt value. Since the ageing effect was examined, we 

will now focus on the examination of the effect of PPy content of the composite electrode on 

the supercapacitor performance. 
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3.2.3. Effect of the PPy mass in PICA/PPy electrode 

In addition to PICA/PPy examined above, composite materials containing 30, 60, and 

70 % in mass of PPy powder were prepared. The other preparations and experimental 

conditions described above were the same. 

1. Cyclic voltammetry 

The CV obtained for the composites containing different PPy masses is displayed in 

Figure SI-4. The current intensity is normalized with respect to the mass of one disk 

electrode. 

It can be noticed that these voltammograms display an almost rectangular shape 

indicating the capacitive behaviour of the electrodes. It can be noticed also that the plateau 

current observed on these voltammograms increases with the polypyrrole content in the 

PICA/PPy composite electrode. This indicates an increase of the specific capacitance of the 

electrode and therefore an improvement of the supercapacitor performances. Indeed, the 

current plateau is narrower for PICA/PPy electrodes whose PPy content is 60 or 70% of the 

total mass of the electrode. A fast current increase in absolute value for potentials more 

positive than 0.4 V and more negative than -0.3 V are partly ascribed to a pseudo-capacitive 

behaviour, due to a reversible oxidation / reduction of the polymer. It can be remarked that the 

initial slope of the voltammogram becomes steeper when PPy content increases, that is, the 

internal resistance of PICA / PPy decreases with addition of PPy in the active material. As 

expected, the use of conducting polymers permits a neat improvement of carbon/carbon 

supercapacitor performances but their major drawback may be their instability. Hence, the 

maximum useful potential range for the PICA/PPy electrode with high PPy content is below 

0.7 V. 
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Since excessive addition of nanostructured PPy powder may be harmful for the 

stability of the electrode, the effect of cycle number on the specific capacity was investigated. 

The results are shown in Figure SI-5. 

This figure shows first that the specific capacitance of the electrodes increases with the 

increase of the PPy content in the composite film as observed in Figure SI-4. However, the 

composite electrode with the PPy content of 60 or 70 % of total active mass revealed the 

decrease in specific capacity up to 10th cycles due to the faradic reactions of PPy. Above this 

cycle number, the specific capacitance tends to stabilize. 

2. Electrochemical Impedance Spectroscopy 

The electrochemical impedance was measured on the PICA/PPy composite electrode 

containing 10, 30 or 70 % of PPy in the total mass of the active material. Prior to these 

measurements, the electrode was submitted to 10 CV scans at 2 mV s-1. The impedance 

spectra obtained are presented in Figure 7. They are similar in shape and are representative of 

a capacitive behaviour. However, the imaginary component at 1 mHz diminishes significantly 

with PPy content in agreement with the increase of the specific capacitance. Beside, the 

diameter of the high frequency semicircle decreases with increasing PPy content showing the 

decrease of the internal resistance which is essentially due to the charge transfer resistance at 

the active material/ separator interface. 

< Figure 7 > 

These diagrams will be explained by the porous electrode behaviour with the 

equivalent electrical circuit shown on Figure 4. The values of the different elements obtained 

by regression calculation are listed in Table 7. 

< Table 7 > 
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From the data displayed in Table 7, it can be noticed that resistances RS, Rt and R0 

decrease whereas the double layer capacitance C becomes greater when the PPy content in the 

composite film increases. The decrease of the total cell resistance Rc (RS + Rt +RL) with the 

increase of polypyrrole content substantiates an improved capacitive response. These results 

thus confirm those obtained with CV. 

3. Complex capacitance 

As performed above, the experimental electrochemical impedance spectra were 

transformed into complex capacitances using Equation 15. The modulus of complex 

capacitance against frequency for PICA/PPy electrodes with PPy contents of 10, 30, or 70 

mass - % is plotted in Figure 8. 

< Figure 8 > 

These capacitance spectra were then modelled with two relaxation phenomena 

according to Equation 18. The obtained parameters after the same fitting procedure (Simplex 

method) are listed in Table 8. 

< Table 8 > 

From this table, one can readily note that the total capacitances are in a good 

agreement with the values obtained by CV (Figure SI-5), which validates the analysis 

methods employed here. Interestingly, these specific capacitance values reported in Table 8 

can be predicted by using the composition of composite electrodes as well as the specific 

capacitance value of each of the two major components, i.e. 486 F g-1 for PPy and 83.6 F g-1 

for PICA (see Table 3, PTFE neglected). The specific capacitance of the PICA/PPy with PPy 

content of 70 % possesses the highest value. The increase of specific capacitance with the PPy 

mass % in the composite electrode material assesses that the PPy improves the performance 

of carbon/carbon supercapacitor. 
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At this stage, a higher amount of PPy in the composite active material clearly 

increases the performances of the resulting supercapacitors by improving the specific 

capacitance, possibly as a consequence of a pseudo-capacitive behaviour of PPy resulting 

from its electroactivity. Nevertheless, it makes simultaneously the working potential range 

narrower and it leads to a slightly higher instability at least during the ten first CV scans and 

to a lower charge transfer resistance at the active material/separator interface. In the presence 

of such opposite effects on the supercapacitor performances, it appears necessary to optimize 

the amount of PPy powder in the composite PPy/PICA active materials of supercapacitor 

electrodes. 

However, the cyclic voltammograms and also the capacitance changes presented in 

Figures SI-4 and SI-5 respectively showed as expected that the PPy takes part in the redox 

process, that is the higher capacitance obtained contains a part of the pseudo-capacitance. This 

system will therefore likely be subjected to a premature degradation. Besides, the effective 

operating voltage, if one would like to avoid too deep redox process of PPy, will become 

substantially narrower. Finally, as PPy is possibly more expensive than carbon powder, the 

cost effectiveness has to be taken into account. For all these reasons, the addition of a 

reasonable amount of PPy, around a 10 % mass percentage seems to be the best compromise. 

4. Conclusion 

A nanostructured polypyrrole powder was successfully synthesized chemically by 

using nanostructured MnO2 as oxidizing agent and nanostructured sacrificial template 

simultaneously. It was then used to improve the capacitive performances of (Swagelok type) 

carbon/carbon supercapacitor devices, as shown by means of cyclic voltammetry and 

electrochemical impedance spectroscopy. 
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The PICA/PPy composite electrode exhibits a much higher specific capacitance than 

the PICA electrode, due to the addition of nanostructured PPy powder and to the 

improvement of contact resistance between carbon particles. The PICA/PPy electrode also 

shows a cycling stability similar to that of the PICA electrode and the increase of the mass 

percentage of PPy in the PICA electrode can improve significantly its specific capacitance. As 

a result, addition of an optimised amount of nanostructured PPy powder to high surface area 

activated carbon can improve the performance of carbon/carbon supercapacitors, but an 

excessive addition of PPy powder to carbon seems to induce a premature ageing of electrical 

storage device. Further investigations aimed at understanding how the specific area and the 

morphology of PPy affect the composite electrode capacitance are currently underway. 
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Figure 1. (a) FEG-SEM image and (b) EDX profile, (c) TEM image after grinding, and (d) 
XRD pattern of synthesized polypyrrole powder 
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Figure 2. (a) Cyclic voltammograms of PICA and PICA/PPy electrodes at a 2 mV s-1 scan 
rate. The separator was impregnated with a 1 M NaNO3 aqueous electrolytic solution, (b) 
Evolution of the specific capacity of PICA and PICA/PPy electrodes as a function of the 
number of cyclic potential scans 
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Figure 3. Comparison of the experimental EIS spectrum with the one calculated with the 
porous electrode model. The insert shows the HF part in enlarged scale (blue triangles and red 
circles : experimental data for PICA/PPy and PICA electrodes respectively, and + : calculated 
data with same color code) 
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Figure 4. Equivalent electrical circuit for a porous electrode behaviour 

 

 

 



 31

 

 

10-3 10-2 10-1 100 101 102 103 104 105
10-4

10-3

10-2

10-1

100

101

102

103

PICA

PICA/PPy

|C
*|

 /
 F

 g
-1

f / Hz

(a)

 

0 20 40 60 80 100 120 140 160
0

20

40

60

80

PICA

PICA/PPy

0.1

10m

1m

-C
"(


) 
/ 

F
 g

-1

C'() / F g-1

(b)

 

 

Figure 5. Evolution of the complex capacitance modulus as a function of frequency for the 
PICA (in red) and PICA/PPy (in blue) (a) Bode-type plot (b) Cole-Cole plot 
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Figure 6. Ageing effect by potential cycling on the EIS spectra of PICA/PPy electrodes : (a) 
Nyquist-type plot (b) Cole-Cole plot 
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Figure 7. Comparison of the experimental impedance spectrum (experimental data) with the 
one calculated with the de Levie model for PICA / PPy electrodes for different mass 
percentages of PPy. The insert shows the HF part in enlarged scale (blue triangles and red 
circles : experimental data for PICA/PPy and PICA electrodes respectively, and + : calculated 
data with same color code) 
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Figure 8. Evolution of the modulus of cell complex capacitance as a function of frequency for 
PICA / PPy electrodes with different mass percentages of PPy 
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Table 1. Specific capacitance values of composite supercapacitor electrodes based on 
polypyrrole and carbon materials. 

 

Table 2. Values of the parameters obtained by the diffusion model 

Electrode 
D×109 

cm2 s-1 

δ 

µm 
nD 

Rs 

Ω cm2 

Rt 

Ω cm2 

Cd 

µF cm-2 
nC 

 

% 

PICA 1.94 1.28 0.96 1.59 8.17 31.9 0.824 2.55 

PICA/PPy 2.61 1.24 0.953 1.59 2.11 24.7 0.879 2.55 

 

Electrodes Electrolyte Conditions 
Capacitance 

(F g-1) 
Ref. 

PPy/carbon nanotubes 

PPy/CNT 
KCl (1 M) 1 mA cm-2 

 

304 
[29] 

PPy/graphite 

PPy/Graphite 

 

PPy 

H2SO4 (1 M) 

 

0.5  A g-1 

5 A g-1 

0.5 A g-1 

5 A g-1 

 

482 

222 

152 

43 

[30] 

CNT/Graphite/PPy 

PPy/Graphite 

CNT/PPy 

CNT/Graphite/PPy 

KCl (1 M) 0.2 A g-1 

 

265 

253 

361 

[31] 

CNT/PPy/Graphite 

Graphite 

PPy/CNT 

CNT/PPy/Graphite 

KCl (1 M) 0.2 A g-1 

 

73 

164 

211 

[32] 

PPy/Graphene 

PPy NTs 

Graphene aerogel 

Graphene/Polypyrrole aerogel 

H2SO4 (1 M) 

 

0.5 A g-1 

 

 

144 

180 

253 

[33] 

RGO/PPy 

RGO/PPy 

 

 

0.3 A g-1 

0.5 A g-1 

1.0 A g-1 

2.0 A g-1 

 

249 

229 

204 

189 

[34] 
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Table 3. Values of the equivalent electrical circuit elements for the de Levie model. 

Electrode 
L* 

mm 

RS 

mΩ g 

Rt 

mΩ g 

Cd 

µF g-1 
at 

R0 

Ω g 

Q 

F g-1 sa-1 
a 

Rl 

mΩ g

 

%

PICA 1.7 18.7 96.1 469 0.82 0.55 83.6 0.96 115 2.24

PICA/PPy 1.5 12 15.9 848 0.87 0.34 136 0.97 28.1 2.67

* Fixed value  

 

 

Table 4. The specific complex capacitance of PICA and PICA / PPy electrodes. 

Electrode 
C0 

µF g-1 

C1  

F g-1 

t1 

s 
a1 

C2 

F g-1 

t2  

s 
a2 

Ctotal  

F g-1 

 

% 

PICA 452 1 0.85 1.00 100 14.3 0.97 101 5.6 

PICA/PPy 662 7.6 0.47 0.98 146 5.8 0.94 154 3.41

 

 

Table 5. Values of the equivalent electrical circuit elements for ageing experiments. 

Cycles 
L* 

mm 

RS 

mΩ g 

Rt 

mΩ g 

Cd 

µF g-1 
at 

R0 

Ω g 

Q 

F g-1 sa-1 
a 

Rl 

mΩ g

 

%

1 1.8 26 70.7 335 0.8 0.94 92 0.93 98 2.74 

10 1.8 27 111 273 0.84 0.97 91.6 0.92 139 2.15 

500 1.8 38 269 207 0.81 1.4 91.4 0.93 308 1.38 

1000 1.8 47.1 419 190 0.81 1.7 90 0.93 467 1.4 

* Fixed value  
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Table 6. Variation of the specific complex capacitance with respect to the number of cyclic 

potential scans. 

Cycles 
C0 

µF g-1 

C1  

F g-1 

t1 

s 
a1 

C2 

F g-1 

t2  

s 
a2 

Ctotal  

F g-1 

 

% 

1 253 7.28 2.00 1.00 125 22.3 0.935 132 3.71 

10 230 6.93 3.20 1.00 127 29.4 0.952 133 3.36 

500 165 6.52 10.7 1.00 126 57.8 0.959 133 4.53 

1000 142 2.37 8.84 0.867 123 70.1 1.00 124 4.78 

 

Table 7. Values of the equivalent electrical circuit elements of PICA/PPy electrodes for 

different mass percentages of PPy. 

PPy 

(%) 

L* 

mm 

RS 

mΩ g 

Rt 

mΩ g 

Cd 

µF g-1 
at 

R0 

Ω g 

Q 

F g-1 sa-1 
a 

RL 

mΩ g

 

%

10 1.8 27 11 273 0.84 0.97 91.6 0.92 139 2.15

30 1.5 14.8 57 629 0.76 0.67 174 0.96 72 1.97

70 1.5 13.2 35 1560 0.7 0.24 257 0.92 48 1.99

* Fixed value 

Table 8. Variation of the specific complex capacitance of different PICA/PPy electrodes for 

different mass percentages of PPy 

PPy 

(%) 

C0 

µF g-1 

C1  

F g-1 

t1 

s 
a1 

C2 

F g-1 

t2  

s 
a2 

Ctotal  

F g-1 

 

% 

10 242 6.9 3.1 1.00 126 28.9 0.95 133 3.2 

30 712 6.64 1.52 0.93 210 20.8 0.99 217 2.8 

70 1020 5.21 1.07 1.00 312 19.7 0.95 317 3.2 

 

 


