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The CNTs shows much lower impedance than the
cobalt hydroxide and nanocomposite electrode. The
impedance spectra of the pure Co(OH)2 and the composite exhibit a small time constant in the high frequency which is related to the electrical charge transfer in the electrode material. The internal resistance
of the pure Co(OH)2 is very large, which will result in
the serious deterioration of the capacitance at high discharge current. Although the internal resistance of the
Co(OH)2 /CNTs nanocomposite electrode is still large
compared to that of the CNTs electrode, the internal resistance of the nanocomposite electrode is much
smaller than that of the pure Co(OH)2 . It can be seen
from the Fig.4 that the resistance of the nanocomposite electrode is still very low even when the electrode
potential is increased to 0.6 V. With the introduction
of the CNTs into the Co(OH)2 , the phase angle of tan
(Rimag /Rreal ) at the low frequency region is close to 90◦ ,
indicating a significant reduction of the internal resistance in the Co(OH)2 /CNTs nanocomposite electrode.
All these data suggest that the CNTs obviously affects
the specific capacitance and internal resistance in the
composite electrode.

FIG. 4 The impedance plot for (a) the CNTs electrode at
0 V, (b) the CNTs electrode at 0.6 V, (c) the Co(OH)2
electrode at 0 V, (d) the Co(OH)2 electrode at 0.6 V, (e)
the Co(OH)2 /CNTs composite electrode at 0 V, and (f) the
Co(OH)2 /CNTs composite electrode at 0.6 V.

E. The electrochemical performance of the combined
capacitor

In contradistinction to RuOx pseudo-capacitors and
ACF based EDLC possessing wide window of potentials in anode and cathode areas, the difference between potentials of the discharged electrode—
Co(OH)2 and charged electrode—CoOOH is not significant (<0.7 V). Thus, it is not expedient to
create “pure” pseudo-capacious systems, such as
[+CoOOH/KOH/Co(OH)2 − ]. We also found the maximum working voltage of the cell composed of two identical composite electrodes is no more than 0.8 V acISSN 1003-7713/DOI:10.1360/cjcp2006.19(6).499.7
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cording to the voltage profile in Fig.5. Moreover, the
power characteristic of the cell is poor. The specific capacitance of the cell decreased greatly, especially with
a larger discharging current. Thus, it is not helpful to
create “pure” pseudo-capacious systems.

FIG. 5 The discharge curve for the [+CoOOH/KOH
/Co(OH)2 − ] cell and specific capacitance of the cell
as a function of charge/discharge current density. (a)
40 mA/cm2 , (b) 20 mA/cm2 , (c) 10 mA/cm2 .

Therefore, in order to widen the working voltage window, ACF-based material and Co(OH)2 /CNTs based
material have been adapted to an anode and a cathode
respectively. This electrochemical system can be written as the following: [+CoOOH/KOH/ACF− ]. The
charge of Co(OH)2 is based on transferring of charge
throughout the interface of phase. During the process
of charging of the negative carbon electrode, a double
electric layer is being created. The electrodes included
into the system are notable for their reversibility. The
process of discharge for this new type super-capacitor
is a process of portonization of crystal grid CoOOH
and destruction of the layer of hydrated ions on a negative carbon electrode. We can also expect that replacement of the anode electrode from Co(OH)2 /CNTs
to ACF contributed to improving the energy density of
the ECs. Furthermore, the ACF-based anode which has
the power characteristics of an EDLC would contribute
to improving the power characteristics of a combined
capacitor as in this study.
Figure 6 shows the CV curves of the combined capacitor consisting of composite electrode as the cathode
and ACF as the anode in 1 mol/L KOH. The CV were
obtained with the two-electrode cell described in experimental section (II.D). The combined capacitor shows
ideal capacitor behavior with rectangular CV shape and
mirror symmetry. It is noteworthy that an operating
voltage window of 1.4 V can be achieved even in aqueous electrolyte. We believe that the extended operating
voltage of the combined capacitor comes from a combination of positive stability of the Co(OH)2 electrode
and negative stability of the ACF electrode.
The DC charge/discharge test was carried out to inc
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FIG. 6 CV of combined capacitor with scan rate of (a)
20 mV/s and (b) 40 mV/s.

vestigate the performance of the composite/ACF combined capacitor as an electrochemical capacitor. Figure 7 is a representative charge/discharge voltage profile of the combined capacitor at a current density of
10 mA/cm2 . The voltage increases and decreases almost linearly with time between 0 and 1.4 V.

where Cs and V are specific capacitance (F/g) and operating voltage, respectively. The energy density of
the combined capacitor was found to be 12.7 Wh/kg
at 10 mA/cm2 . This value is superior to the energy
density of an ACF-based double layer capacitor.
Figure 8 shows the specific capacitance of the cell
as a function of charge/discharge current density for
(a) ACF-based EDLC, (b) the combined supercapacitor
and (c) ECs composed of two identical composite electrodes. Although the capacitance of the ACF is lower
compared with the pseudocapacitance of the composite,
the ACF-based EDLC showed better power characteristics between 10 and 100 mA/cm2 current density (line
(a)). From line (a) and line (b) in Fig.8, it is known
that the specific capacitance of an ACF-based EDLC
cell is enhanced by changing the anode from ACF to
Co(OH)2 /CNTs. For the combined capacitor, the maximum specific capacitance of 47 F/g was obtained by dividing the unit cell capacitance by the total mass of two
electrodes (active material: including CNTs, Co(OH)2
and ACF). The value was almost 1.3 times that obtained from the ACF-based cell. On one hand, we can
see that the power characteristics of the combined cell
were decreased very slightly with increasing of discharging current density (line (b)). On the other hand, the
combined capacitor exhibited much more stable power
characteristic compared with the cell composed of two
identical composite electrodes (line (c)). The specific
capacitance and energy density of the combined capacitor was found to be 41 F/g and 11 Wh/kg at a current density of 100 mA/cm2 , respectively. It is obvious
that the combined capacitor exhibits high-energy density and stable power characteristics simultaneously.

FIG. 7 DC charge/discharge voltage profile of combined capacitor at 10 mA/cm2 .

The specific capacitance of the combined capacitor
can be evaluated from the charge/discharge test together with the following equation.
C=

I∆t
∆V

(5)

where C is the capacitance in Farads (F); I is the discharge current in ampere (A); and ∆t is the time period in seconds for the potential change ∆V , in volts.
By comparing the linearity of the voltage change with
respect to time during the discharge period, the capacitance C was calculated by the potential change from
0 V to 1.4 V. The specific capacitance of the combined
capacitor was calculated as 47 F/g at 10 mA/cm2 current density. In turn, one can also calculate the energy
density of this system as using the following equation
E=

1
Cs V 2
2
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FIG. 8 Specific capacitances of the cells as a function of
current density (a) [+ACF/KOH/ACF− ], (b) [+CoOOH
/KOH/ACF− ] and (c) [+CoOOH/KOH/Co(OH)2 − ].

IV. CONCLUSION

A Co(OH)2 /CNTs nanocompostite electrode was introduced to improve the specific capacitance of the supercapacitor by combining the electric double layer and
c
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faradic redox reaction. Compared with pure cobalt hydroxide, the nanocomposite shows high specific capacitance and low impedance. The high specific capacitance
of the composite is due to the fact that the CNTs were
uniformly covered with cobalt hydroxide particles, and
the CNTs increased the number of active sites on the
cobalt hydroxide particles. The introduction of CNTs
in cobalt hydroxide increased the capacitance by reducing the internal resistance of the electrode. We also
have introduced a new electrochemical capacitor, the
composite/ACF combined capacitor with an operating
voltage of 1.4 V, high energy density, high power density
and excellent stability. The energy at a current density
of 100 mA/cm2 was found to be 11 Wh/kg. It should
also be noted that the combined capacitor delivers high
power without profound loss in energy as compared to
the composite/composite capacitor.
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