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Abstract. Activated carbon powders (ACP) were produced from the KOH treated pre-carbonized rubber wood sawdust. 
Different conductive materials (graphite, carbon black and carbon nanotubes (CNTs)) were added with a binder 
(polivinylidene fluoride (PVDF)) into ACP to improve the supercapacitive performance of the activated carbon (AC) 
electrodes. Symmetric supercapacitor cells, fabricated using these AC electrodes and 1 molar H2SO4 electrolyte, were 
analyzed using a standard electrochemical impedance spectroscopy technique. The addition of graphite, carbon black 
and CNTs was found effective in reducing the cell resistance from 165 to 68, 23 and 49 Ohm respectively, and 
increasing  the specific capacitance of the AC electrodes from 3 to 7, 17, 32 F g-1 respectively. Since the addition of 
CNTs can produce the highest specific capacitance, CNTs were chosen as a conductive material to produce AC 
composite electrodes that were added with 2.5 %, 5 % and 10 % (by weight) electro-active material namely ruthenium 
oxide; PVDF binder and CNTs contents were kept at 5 % by weight in each AC composite produced.  The highest 
specific capacitance of the cells obtained in this study was 86 F g-1, i.e. for the cell with the resistance of 15 Ohm and 
composite electrode consists of 5 % ruthenium oxide. 

Keywords: Activated carbon, Supercapacitor, Specific capacitance, Cell resistance, Carbon nanotubes 
PACS: 81.05.U-, 82.47.Uv, 84.37.+q, 87.15.Vc, 88.30.rh

INTRODUCTION

One of the most common methods that has been 
used to study supercapacitor’s performance is the 
electrochemical impedance spectroscopy (EIS) method 
[1]. This method applies an electrical signal within a 
certain selected frequency range to detect the electrical 
characteristics at the interface of current collector and 
electrode, the interface of carbon particles and the 
effect of ions adsorption into carbon electrode pores. 
This method can record the real (Z’) and imaginary 
(Z”) impedance data of the supercapacitor over a 
selected frequency range, for example from 100 kHz 
to 10 mHz, and an analysis of the data will provide 
electrochemical characteristic of the supercapacitor 
such as resistance, capacitance, ions adsorption, 
relaxation time etc. [2]. For an ideal double layer 
mechanism in a supercapacitor employing pure carbon 
porous electrodes, the Z” versus Z’ data (Nyquist plot) 
can be accurately modelled by a Randal electric circuit 
model. However, for a more complex electrode 
material such as composite electrode made of carbon, 

metal oxide and other components, the impedance data 
would be complicated and have to be analyzed or 
modeled by a much better method, for example, a 
constant phase element (CPE) method [3].  

In the present study, activated carbon powder 
(ACP) from the carbonization of KOH treated pre-
carbonized rubber wood sawdust (RWSD), electrically 
conductive materials (carbon black (CB), graphite 
(GR) and carbon nanotubes (CNTs)), electrochemical 
active material (ruthenium oxide (RuO) [4]), and 
binding agent were used to prepare composite 
supercapacitor electrodes in a coin shaped form. The 
ACP porosity was investigated by nitrogen adsorption-
desorption measurement and the microstructure of 
composite electrodes wereinvestigated by field 
emission scanning electron microscopy (FESEM). 
Symmetrical supercapacitor cells fabricated using the 
prepared electrodes were investigated using EIS 
method.  The effect of conductive and electrochemical 
active materials on the electrodes/cells performance 
will be discussed. To the best our knowledge, no 
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FIGURE 2. FESEM micrographs for supercapacitor electrodes: (i-iv) represent electrodes (A-D), while (v-vi) represent 
electrode (F) with different magnification.  
 

 
TABLE 2. Weight, dimensions and density of carbon 
electrodes A to D 

Electrode m t d  
[g] [mm] [mm] [g cm-3] 

A 0.024 0.19 15.22 0.686 
B 0.032 0.19 15.66 0.875 
C 0.029 0.21 15.54 0.659 
D 0.025 0.21 15.22 0.652 

 
Table 2 shows the density ( ) of electrodes A, B, C 

and D calculated from their weight (m) and dimension 
(thickness = t, diameter = d), respectively. The 
electrode density less than 1 g cm-3 is typical and very 
favorable for the supercapacitor application. The 
observation that electrode B has higher density than 
electrode A, and other composite electrode density is 
close to that of the electrode A indicates that these 
materials are compatible to be mixed. These density 
data seem to be consistent with the microstructure 
revealed by FESEM micrograph shown in the later 
section. 

Figures 2 (i), (ii), (iii), (iv) show the FESEM 
micrographs for the surface of electrodes A, B, C and 
D, while figures 2 (v) and (vi) for electrode F. 
Micrograph (i) shows the presence of open macro 
pores between carbon particles, and other micrographs 
show that open pores are occupied by GR, CB and 
CNTs particles respectively. Micrograph (ii) shows 
that electrode with GR particles has relatively more 

dense microstructure and this is consistent with the 
density data in Table 2. Micrographs (v) and (vi) show 
that CNTs and RuO particles are uniformly spread 
across the surface of carbon electrodes, but pores are 
still sufficiently available to be occupied by electrolyte 
ions.  
 

 

 

FIGURE 3. Fitting circuit model. 
 
 

The EIS data in the form of Nyquist plot (Z” vs Z’) 
for all of the supercapacitor cells A to G are shown 
together with the fitted results in Figures 4 and 5. The 
fitting based on the CPE circuit model shown in Figure 
3 was carried out using the standard Z-View software 
(Solartron 1286). Rs, Rct, CPE1 and W1 represent the 
total resistance of the electrolyte and contact resistance 
between current collector and carbon electrode, charge 
transfer resistance, constant phase element and 
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Warburg impedance, respectively. PW1 is the Warburg 
coefficient value which is related to slope of Z” within 
the area of low frequency in the Nyquist plot.  The 
impedance of CPE in the form of ZCPE = 1 / [Yo (j ) ] 
was used in this fitting, where  = 2 f, f is the 
frequency,  (phase shift) is a parameter without unit 
with a value between 0 and 1, Yo is the CPE constant 
[19]. Table 3 shows the parameter values obtained 
from the fitting (1 % error by chi-squared). Tw1 is the 
limiting diffusion resistance and Rw1 is the Warburg 
resistance.  These results clearly demonstrate the 
addition of conductive and electro-active materials can 
improve the internal resistance of electrode, the double 
layers capacitance and Warburg resistance.  

 
 
 

 
 

FIGURE 4. Nyquist plot for supercapacitor cells with 
electrodes A, B, C and D. 

 
 
FIGURE 5. Impedance data and fitted Nyquist plot for 
supercapacitor cells with electrodes D, E, F and G. 
 

The cell specific capacitance can be calculated 
from the EIS data using equation Csp = 1/( f mZ”), 
where Csp, f, m and Z” is specific capacitance, 

frequency, weight of an electrode and imaginary 
impedance, respectively [20]. The plots of Csp versus 
frequency for all cells are shown in Figures 6 and 7. 
These plots clearly show that (i) among the various 
conductive materials used, CNTs could be regarded as 
a promising additive material for supercapacitor 
application due to its specific surface area and high 
electric conductivity [21-22], and (ii) a significant 
improvement in capacitive behavior can be achieved 
when this composite ACP/CNTs electrode is added 
with a sufficient amount of RuO (above 5 %). These 
findings seem to be in agreement with the FESEM 
observation and the results in Table 3. A similar 
significant effect from RuO was also observed for 
composite electrode prepared from a mixture of 
ruthenium oxide and carbon from coconut shell [23]. 
 

 
FIGURE 6. Dependence of specific capacitance with 
frequency for electrodes with different conductive materials. 

 
 

FIGURE 7. Dependence of specific capacitance on 
frequency for electrode with different percentage of RuO. 
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This study clearly shows the influence of electrode 
compositions on the resistive and capacitive properties 
of the supercapacitor composite electrodes consist of 
ACP, conductive materials and ruthenium oxide. 
Based on the evaluation of our experimental results, 
the highest capacitance value was found to be as high 
as 86 F g-1 for electrode F (10 % CNTs and 5 % RuO). 
However, this capacitance value is relatively smaller 
than that of the commercial activated carbon 
(capacitance value < 200 F g-1) for supercapacitor 
electrodes [24]. The reasons for this are as follows: (i) 
the porosity of the sample is relatively lower, 
therefore, the surface area of the electrode need to be 
improved, for example by introducing hierarchical 2 
and 3 dimensional pore networks in the electrode, and 
(ii) the use of conductive material with higher 
electrical conductivity to improve the electronic 
conductivity of the electrode; high surface area 
graphene would be a promising material for solving 
this problem [25], or improving monolithic electrodes 
[5,26]. 

 
CONCLUSION 

This study found that addition of conductive 
materials (GR, CB and CNTs) and electroactive 
materials (ruthenium oxide) into activated carbon 
powder during fabrication of electrodes can produce 
electrodes with satisfactory capacitive performance. 
Composite electrode with CNTs was found to exhibit 
better capacitive performance compared to the other 
composite electrodes (ACP/GR, ACP/CB) since CNTs 
particles are well dispersed and pores in this electrode 
are relatively more accessible by electrolyte ions. 
Further improvement of the capacitive behavior was 
observed when 5-10 % RuO content was added to the 
composite electrode (ACP/CNTs). 
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