
A

a
e
i
i
c
m
s
b
c
©

K

1

i
a
a
l
c
i
e
t
d
W
s
a
h

0
d

Journal of Power Sources 158 (2006) 1523–1532

New symmetric and asymmetric supercapacitors based on high
surface area porous nickel and activated carbon

V. Ganesh a, S. Pitchumani b, V. Lakshminarayanan a,∗
a Raman Research Institute, C.V. Raman Avenue, Sadashivanagar, Bangalore 560080, India

b Central Electrochemical Research Institute, Karaikudi 630006, India

Received 21 September 2005; received in revised form 26 October 2005; accepted 26 October 2005
Available online 15 December 2005

bstract

We have studied some supercapacitor cell assemblies based on high surface area nickel and nickel oxide materials. Both symmetric and
symmetric configurations consisting of nickel and nickel oxide with activated carbon as a negative electrode have been investigated. A single
lectrode specific capacitance value of 473 F g−1 of nickel is obtained for the porous nickel. We have used cyclic voltammetry (CV), electrochemical
mpedance spectroscopy (EIS) and charge–discharge profile analysis to characterize the supercapacitor cell assemblies. Based on the analysis of
mpedance data in terms of complex capacitance and complex power, the relaxation time constant (τ0) was calculated for different supercapacitor
ell assemblies. The quick response time (of the order of milliseconds) with fast energy delivery at relatively high power suggests that these
aterials can find applications in short time pulse devices. A coulombic efficiency of 0.93–0.99 is obtained for the supercapacitor cell assemblies
tudied in this work. The measured equivalent series resistance (ESR) value is relatively high due to the contribution from the resistance offered
y the pores and the contact resistance arising from the cell fabrication method. Although the specific capacitance values are relatively less, the
ell exhibits a fast response time, which is a desirable property in certain specialized applications.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Current research and development efforts on electrochem-
cal power sources are mainly focused on fuel cells, batteries
nd electrochemical capacitors (EC) and are directed towards
chieving high specific energy, high specific power, long cycle
ife, etc., at relatively low cost [1,2]. Due to their high spe-
ific power, supercapacitors have multiple applications includ-
ng automobiles (for acceleration and for recuperation of brake
nergy) [3,4]. A hybrid power source consisting of supercapaci-
or in a parallel configuration with a battery is proposed for short
uration pulse devices that require high specific power [5,6].
hile a battery is a high energy and low power device, exten-
ively used in conventional applications, the supercapacitor acts
s a low energy and high power device and is ideal for use in
igh power pulse requirements [7]. Unlike a battery, supercapac-
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tors possess a high power density and longer cycle-life. They
ll the gap between batteries and conventional dielectric capac-

tors as can be observed in Ragone plots [3,8]. They also cover a
ide range of specific energy density from 0.05 to 15 Wh kg−1

nd a specific power density from 10 to 106 W kg−1 [3]. The
ery large capacitance of these devices arises from the double
ayer charging processes at the electrode|electrolyte interfaces.
lternatively, a fast reversible faradaic reaction occurring at
r near the electrode surface can also contribute to the overall
apacitance, which is known as pseudocapacitance. In literature,
hree different kinds of supercapacitors based on carbon–carbon
9,10], transition metal oxides [11,12] and conducting polymers
13–15] have been reported.

Electrochemical double layer capacitors (EDLC) use high
urface area carbon materials such as activated carbon, car-
on fiber cloth, carbon aerogels and foams as the electroactive

aterials. A double layer capacitance of about 40 �F cm−2,
hich corresponds to a specific capacitance of 100–150 F g−1

as earlier reported [8,16]. The high specific capacitance val-
es arise from the high surface area of these materials. Since
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he micropores of <2 nm size cannot be penetrated by the elec-
rolyte, a significant fraction of the total area is inaccessible to
he electrolyte, which limits its capacitance. To some extent,
he wettability and accessibility can be improved by the use
f a conducting polymer depending upon the size of the pores
resent within the polymer matrix [14]. In this case, the overall
easured capacitance arises mainly from the pseudocapacitance

ontribution due to the redox reaction of conducting polymers
13–15]. RuO2 and IrO2 exhibit pseudocapacitance behaviour
nd have large specific capacitance values ranging from 720
o 760 F g−1 (for a single electrode) as supercapacitors [17].
owever, the high cost of these materials limits their prospects

or large-scale commercialization. There are reports in the lit-
rature on nickel oxide [18–21], cobalt oxide [22] and man-
anese oxide [23] supercapacitors, which are inexpensive and
xhibit pseudocapacitive behaviour similar to that of ruthenium
xide.

We find from the literature that there are several reports on
ickel oxide acting as a supercapacitor electrode material, which
ave specific capacitance values of 240–277 F g−1 (for a sin-
le electrode) [18–21]. The preparation of NiO involves either
sol–gel technique or electrochemical deposition followed by
eat treatment in air at around 300 ◦C. There are studies on the
ffect of heat treatment, electrolyte environment and the poten-
ial range of operation on the measured capacitance values of
ickel oxide electrodes. Park et al. reported an electrochemi-
al capacitor based on a Ni(OH)2/activated carbon composite
lectrode with a specific capacitance value of 530 F g−1 (for a
ingle electrode) [24]. Nelson and Owen reported a superca-
acitor/battery hybrid system based on the template deposited
esoporous Ni/Ni(OH)2 positive electrode and a palladium neg-

tive electrode [25]. Bursell et al. reported a hybrid supercapac-
tor based on an ultra-thin film of nickel [26], which indicates
hat the Ni electrodes have been considered as positive elec-
rodes in asymmetric supercapacitors. Since both the double
ayer capacitance and pseudocapacitance are interfacial phe-
omena, the materials used for supercapacitors should possess
high specific surface area with good wettability to enhance

heir charge storage capability. Recently, we reported a method
or the preparation of a high surface area porous nickel mate-
ial by template electrodeposition using a hexagonal lyotropic
iquid crystalline phase as a template [27], which was shown to
e a potential candidate for a supercapacitor electrode material
28].

In this paper, we report some new symmetric and asymmet-
ic supercapacitor cell assemblies based on high surface area
orous nickel and NiO electrodes with activated carbon as a
egative electrode. The high surface area porous nickel mate-
ial is obtained by template electrodeposition and the nickel
xide electrode is derived from the electrochemical oxidation
f porous nickel [27]. We have used electrochemical techniques
uch as cyclic voltammetry (CV), electrochemical impedance
pectroscopy (EIS) and charge–discharge transient analysis for

he characterization of supercapacitors. EIS data were analyzed
n terms of complex power and complex capacitance values to
etermine the relaxation time constant (τ0) and the figure of
erit of supercapacitors. The charge–discharge profiles were

(
t
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sed to calculate various parameters such as specific energy
SE), specific power (SP), specific capacitance (SC), columbic
fficiency (η) and the equivalent series resistance (ESR).

. Experimental

High surface area porous nickel material was prepared from a
exagonal liquid crystalline phase consisting of 42 wt.% Triton
-100, 5 wt.% PAA and 53 wt.% water in which the aqueous
hase was replaced by nickel sulphamate as reported in our pre-
ious work [27]. The roughness factor, which is a measure of the
rue surface area of the porous nickel electrode, was determined
sing cyclic voltammetry in a 0.5 M NaOH aqueous solution
27]. Activated carbon (Lancaster) having a specific surface area
f 1500 m2 g−1 was used as the negative electrode in asymmetric
upercapacitor cell assemblies. The carbon paste was prepared
sing N-methylpyrolidine as a binder and pasted onto a smooth
ickel support that acted as a current collector. This carbon paste
lectrode was heated in an oven at around 100 ◦C for about
5 min and then allowed to cool down to room temperature. A
olypropylene membrane of thickness 250 �m was used as a
eparator in the cell assemblies.

Electrochemical characterization of template deposited
orous nickel electrode material in both the symmetric cell
ssembly (porous Ni|KOH|porous Ni) and the asymmetric cell
ssembly (porous Ni|KOH|activated carbon) of supercapacitors
as carried out using cyclic voltammetry (CV), electrochemical

mpedance spectroscopy (EIS) and charge–discharge analysis.
yclic voltammetry was performed in the double layer region
f potential ranging from −1.1 to −0.9 V in 6 M KOH aqueous
olution at various potential scan rates. First, the high surface
rea porous Ni electrode was kept at a potential of −1.6 V versus
CE for 600 s in the alkaline solution. This process reduces the
urface oxides and cathodically cleans the surface by the evolu-
ion of hydrogen gas. This is followed by keeping the electrode
t a potential of −1.02 V versus SCE, which oxidizes any metal
ydrides on the surface [29]. Finally the supercapacitor cell was
canned in the double layer region to determine the capacitance.

Electrochemical oxidation of porous nickel to nickel oxide
ad also been carried out to show that NiO obtained from
he high surface area porous Ni can also be used as the
upercapacitor electrode material. Porous Ni was converted
nto its corresponding NiO by potential scanning in the nickel
xide region [21,30]. First the potential was cycled between
0.1 and +0.5 V versus SCE in the alkaline solution for more

han 25 cycles at various scan rates, where the redox process
f NiO formation and its stripping takes place. The capacitance
as then determined by scanning the oxidized nickel oxide

lectrode in the potential range from −0.1 to +0.2 V versus SCE
t different scan rates. The potential scan rates used for cyclic
oltammetric experiments were varied from 2 to 500 mV s−1.
he capacitance was calculated by measuring the current
eparation (I) from the cyclic voltammogram and the scan rate

ν) using the formula, C = I/ν. Both the symmetric as well as
he asymmetric supercapacitor cell assemblies were analyzed.

Electrochemical impedance spectroscopic studies were per-
ormed in 6 M KOH aqueous solution by applying a sinusoidal
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Fig. 1. Cyclic voltammograms obtained using porous Ni cell assemblies of (a)
symmetric supercapacitor (porous Ni|KOH|porous Ni) at various scan rates of
(a) 50 mV s−1, (b) 100 mV s−1, (c) 200 mV s−1 and (d) 500 mV s−1 and (b)
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ignal of 10 mV peak-to-peak amplitude in the frequency
ange of 100 mHz to 100 kHz. The impedance data were
nalyzed in terms of complex capacitance and complex power
n order to determine the relaxation time constant (τ0). The
harge–discharge analysis was carried out at two different con-
tant current densities of 1 and 4 mA cm−2 in the potential range
f 0 to 1 V for both the symmetric and asymmetric supercapaci-
or cell assemblies in 6 M KOH aqueous solution. All the electro-
hemical measurements were carried out using an EG&G Elec-
rochemical Impedance Analyzer (model 6310) which can be
perated both in dc and ac modes and interfaced to a PC through
GPIB card (National Instruments). The charge–discharge

nalysis was performed on a WonATech Automatic Battery
ycler, WBCS 3000 system interfaced to a computer. The
nalysis of data was carried out using WBCS V3.0 software
nd different parameters of the supercapacitor cell assemblies
ere calculated. All the chemical reagents used were AnalaR

AR) grade. Millipore water having a resistivity of 18 M� cm
as used in all the experiments performed at room temperature.

. Results and discussion

.1. Cyclic voltammetry

.1.1. Using the high surface area porous nickel as an
lectroactive material

Figs. 1(a) and (b) show the cyclic voltammograms of sym-
etric (porous Ni|KOH |porous Ni) and asymmetric (porous
i|KOH|activated carbon) supercapacitor cell assemblies in 6 M
OH electrolyte. The potential scan rate was varied from 2 to
00 mV s−1. It can be seen from the voltammograms that there
s a large current separation between the forward and reverse
cans with no visible peak formation, indicating a capacitive
ehaviour. It can also be observed that the voltammograms are
ot symmetrical about the zero current axis. The fact that the
oltammograms do not show perfect box type rectangular fea-
ures with a mirror image characteristic implies that there is a
ubstantial pseudocapacitance contribution to the overall mea-
ured capacitance. The capacitance values are determined by

easuring the ratio of the magnitude of current separation and

he scan rate. The fact that all the CVs show almost rectangular
eatures at 500 mV s−1 scan rate with high current density values
ndicates a good electrochemical activity and high power density.

f
v
6
r

able 1
ouble layer capacitance and specific capacitance values of symmetric and asymmetri

can rate (mV s−1) Double layer capacitance (mF cm−2)

Ni|KOH|Ni Ni|KOH|ACa

2 47 250
5 13 195

10 26 100
25 55 172
50 61 123
00 66 80
00 62 39
00 61 18

a Activated carbon.
symmetric supercapacitor (porous Ni|KOH|activated carbon) at various scan
ates such as (a) 25 mV s−1, (b) 50 mV s−1, (c) 100 mV s−1, (d) 200 mV s−1 and
e) 500 mV s−1 in 6 M KOH aqueous solution.

he unsymmetrical nature of the CVs arises due to a large reduc-
ion current owing to nickel hydride (NiH) formation, which is
ot completely oxidized during the forward cycle. Table 1 shows
he double layer capacitance and specific capacitance values of
he respective symmetric and asymmetric supercapacitor cell
ssemblies based on the high surface area porous nickel at dif-
erent potential scan rates. It can be noted that the capacitance

alues vary with the scan rate. A maximum capacitance value of
6 mF cm−2 is obtained at 100 mV s−1 scan rate for the symmet-
ic supercapacitor, which corresponds to a specific capacitance

c supercapacitor cell assemblies based on high surface area porous Ni electrodes

Specific capacitance (F g−1)

Ni|KOH|Ni Ni|KOH|ACa

15.67 84.00
4.33 65.00
8.67 33.33

18.33 57.33
20.33 41.00
22.00 26.67
20.67 13.00
20.33 6.00
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Fig. 2. Cyclic voltammograms obtained using NiO cell assemblies of (a)
symmetric supercapacitor (NiO|KOH|NiO) at different scan rates such as (a)
1 −1 −1 −1 −1 −1
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f 22 F g−1. A double layer capacitance of 250 mF cm−2 corre-
ponding to a specific capacitance of 84 F g−1 is obtained for
he asymmetric supercapacitor at 2 mV s−1. These values are
uite low compared to a single electrode value of 473 F g−1

hat we have reported earlier [28]. It is speculated that the high
onic resistance inside the pores leads to a decrease in specific
apacitance of the electrode material used in the symmetric cell
ssembly. The dependence of the measured specific capacitance
n the scan rate is due to the contribution from pseudocapaci-
ance arising out of the formation and subsequent oxidation of
etal hydrides at this potential range [28].

.1.2. Using the nickel oxide (NiO) electrode
Electrochemical oxidation is employed to convert the high

urface area porous nickel to nickel oxide. In this case
lso both the symmetric (NiO|KOH|NiO) and asymmetric
NiO|KOH|activated carbon) supercapacitor cell assemblies
ere investigated. In fact, the supercapacitors based on NiO

how a better capacitive behaviour than the porous Ni electrode.
igs. 2(a) and (b) show the cyclic voltammograms of symmet-
ic and asymmetric supercapacitors based on NiO in 6 M KOH,
espectively. It is evident from the cyclic voltammograms that
he supercapacitor cell assemblies show a large current sepa-
ation with a mirror image characteristic especially at higher
can rates indicating a capacitive behaviour. Table 2 shows
he double layer capacitance and specific capacitance values of
upercapacitors based on NiO, obtained at different potential
can rates. It can be seen that the capacitance values vary with
he scan rate and a maximum capacitance value of 15 mF cm−2

s obtained at 2 mV s−1 for the symmetric supercapacitor, which
orresponds to a specific capacitance value of 5 F g−1. A dou-
le layer capacitance value of 100 mF cm−2 corresponding to a
pecific capacitance value of 34 F g−1 is obtained for the asym-
etric supercapacitor at 2 mV s−1 scan rate. These values are

f course quite low compared to a single electrode capacitance
alue of 57 F g−1 [28]. It can also be noted that the specific capac-
tance values are much lower compared to the literature value of
40–277 F g−1 (for a single electrode) and is due to the differ-

nt procedures employed in obtaining NiO in the present work.
t is also felt that the lower values of capacitance obtained by
he electrochemical oxidation method in our case may be due to
ncomplete conversion of nickel to nickel oxide within the pores.

i
m
n
o

able 2
ouble layer capacitance and specific capacitance values of symmetric and asymm

lectrodes

can rate (mV s−1) Double layer capacitance (mF cm−2)

NiO|KOH|NiO NiO|KOH|A
2 15 100
5 10 83

10 11 51
25 12 29
50 10 20
00 8 12
00 6 7
00 4 4

a Activated carbon.
0 mV s , (b) 25 mV s , (c) 50 mV s , (d) 100 mV s , (e) 200 mV s and
f) 500 mV s−1 and (b) asymmetric supercapacitor (NiO|KOH|activated car-
on) at different scan rates of (a) 25 mV s−1, (b) 50 mV s−1, (c) 100 mV s−1, (d)
00 mV s−1 and (e) 500 mV s−1 in 6 M KOH aqueous solution.

e have restricted our investigation to the double layer region
or the capacitance measurements in order to avoid contributions
rom pseudocapacitance arising from redox reactions. It can be
oncluded that the asymmetric cell assembly provides a higher
apacitance value for both porous nickel and NiO electrodes,
hen compared to a symmetric cell assembly.
To verify the pseudocapacitance contribution, we have stud-
ed the effect of scan rate on the capacitance of various sym-
etric and asymmetric supercapacitor cell assemblies based on

ickel and nickel oxide electrodes. Fig. 3(a) shows the plot
f I/ν versus scan rate (ν) for the symmetric cell assembly of

etric supercapacitor cell assemblies based on NiO obtained from porous Ni

Specific capacitance (F g−1)

Ca NiO|KOH|NiO NiO|KOH|ACa

5.00 34.00
3.33 27.67
3.67 17.00
4.00 9.67
3.33 6.67
2.67 4.00
2.00 2.33
1.33 1.33
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Fig. 3. Variation of I/ν with different scan rates used for the capacitance mea-
surement using cyclic voltammetry for (a) symmetric supercapacitor of high
surface area porous nickel (porous Ni|KOH|porous Ni). (b) Similar plots for the
other cell assemblies namely (a) asymmetric supercapacitor based on the porous
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Fig. 4. Nyquist plots using high surface area porous Ni as an electrode material
for (a) symmetric supercapacitor (porous Ni|KOH|porous Ni) at two different dc
potentials of (a) −1.0 V and (b) −0.9 V and for (b) asymmetric supercapacitor
(porous Ni|KOH|activated carbon) at two different dc potentials of (a) −1.0 V
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ickel electrode (porous Ni|KOH|activated carbon), (b) symmetric supercapac-
tor (NiO|KOH|NiO) and (c) asymmetric supercapacitor (NiO|KOH|activated
arbon) based on nickel oxide electrode.

orous nickel and Fig. 3(b) shows the variation of I/ν versus
can rate (ν) for the other symmetric and asymmetric super-
apacitor cell assemblies studied in this work. The specific
apacitance increases exponentially with decreasing scan rate
xcept in the case of the symmetric porous nickel cell assembly.
imilar behaviour is reported in the literature for various elec-

rode materials [31–34]. In the case of a RuO2 supercapacitor
33], this effect is attributed to increasing ionic resistance inside
he pores leading to a decrease in its specific capacitance value.

similar effect is believed to occur in the present system where
he surface reaction due to nickel hydride formation contributes
o the pseudocapacitance. This is also suggested by the scan rate
ependence of the specific capacitance. In the case of a symmet-
ic porous nickel supercapacitor, the capacitance increases with
he scan rate. We felt that at higher scan rates, the pseudocapaci-
ance contribution is dominant over the double layer capacitance
ue to the high surface area and porous nature of the material.

.2. Electrochemical impedance spectroscopy
In order to investigate the electrochemical characteristics of
he supercapacitor electrodes|electrolyte interface in a quanti-
ative manner, ac impedance spectroscopic measurements were
erformed. Figs. 4(a) and (b) show the respective Nyquist plots

F
r
a
h

nd (b) −0.9 V in 6 M KOH aqueous solution. Inset shows the expanded high
requency region of the same plot.

f symmetric and asymmetric supercapacitor cell assemblies
ased on high surface area porous nickel and activated carbon in
M KOH aqueous solution. The inset shows the expanded high

requency region of the same plot. It can be seen from the figures
hat the cell shows a semicircle in the high frequency region and
straight line in the lower frequency region. This implies that the
upercapacitors have a blocking behaviour at high frequencies
nd a capacitive behaviour at low frequencies. The impedance
lots obtained in this case are similar to that of a transmission line
odel (TLM) for the porous electrode as proposed by Conway

8,35] for the case of under potential deposition with continuous
eaction. The TLM consists of a parallel combination of R and

elements interconnected with pore resistance elements, Rp.
n our case, the contribution from pseudocapacitance due to the
ickel hydride redox reaction is dominant at this potential for
he porous nickel electrodes, which gives an additional pseudo-
apacitance element (C�). Phase angle values close to 65◦ and
0◦ are obtained for the symmetric (porous Ni|KOH|porous Ni)
nd asymmetric (porous Ni|KOH|activated carbon) supercapac-
tors, respectively, indicating a dominant capacitive behaviour.
igs. 5(a) and (b) show the respective Nyquist plots of symmet-

ic and asymmetric supercapacitors based on NiO in 6 M KOH
queous solution. The insets of the figures show an expanded
igh frequency region. It can be inferred from the plots that the
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Fig. 5. Typical impedance (Nyquist) plots using NiO obtained from the porous
Ni as an electrode material in 6 M KOH aqueous solution for (a) symmetric
supercapacitor (NiO|KOH|NiO) at dc potentials of (a) 0 V and (b) 0.1 V and
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b) asymmetric supercapacitor (NiO|KOH |activated carbon) at dc potentials of
a) 0 V and (b) 0.1 V. Inset shows the zoomed portion of the same plot at high
requency region.

upercapacitors show a very small kinetic arc at high frequen-
ies implying the charge transfer controlled regime and a straight
ine at low frequencies indicating the capacitive regime. A phase
ngle of 65◦ and 77◦ obtained for the respective symmetric and
symmetric supercapacitors based on NiO electrodes, implies
hat the material is suitable for fabrication of low leakage capac-
tors.

In general, a supercapacitor behaves as a pure resistor at
igh frequencies and as a capacitor at low frequencies. In the
id frequency range, it behaves as a combination of resistor

nd capacitor, where the electrode porosity and thickness of
lectroactive materials play a vital role in the determination of
apacitance values. This is in conformity with the transmission
ine model. The above-mentioned effect shifts the low frequency
apacitive behaviour towards more resistive values along the real
xis, from which the equivalent distributed resistance (EDR)
rising due to the porous nature of the electrode material can
e calculated. From the high frequency intercept of the semicir-
le, the equivalent series resistance (ESR) can be determined. In
he present study, the ESR value is higher due to the additional
DR arising from the resistance offered by the diffusion of ions
hrough the pores, which contributes to the overall resistance
alue. The utility of the supercapacitors is validated by analyz-
ng the impedance data using complex capacitance and complex
ower method as reported earlier.

s
f
m
s

ources 158 (2006) 1523–1532

.2.1. Complex capacitance and complex power analysis
The relaxation time constant (τ0), which is also known as the

ielectric relaxation time of the supercapacitor [36], is a figure of
erit of a supercapacitor [37]. This parameter represents one of

ts discharge characteristics. It has been studied for various cell
ssemblies based on the analysis of complex capacitance and
omplex power using impedance data by other workers [38,39].

The complex capacitance is expressed as follows:

(ω) = C′(ω) − jC′′(ω) (1)

here C′(ω) is the real part of the complex capacitance and
′′(ω) is the imaginary part of the complex capacitance C(ω)
nd they are given by,

′(ω) = −Z′′(ω)

ω|Z(ω)|2 (2)

nd

′′(ω) = Z′(ω)

ω|Z(ω)|2 (3)

here Z′(ω) and Z′′(ω) are the respective real and imaginary parts
f the complex impedance Z(ω). ω is the angular frequency and
t is given by ω = 2πf.

At low frequency, C′(ω) corresponds to the capacitance of
he electrode material and C′′(ω) corresponds to the energy dis-
ipation by an irreversible process that leads to a hysteresis [39].

The value of complex power can be expressed as,

(ω) = P(ω) + jQ(ω) (4)

here the real part of the complex power P(ω) is called the active
ower and Q(ω), the imaginary part is called the reactive power,
hich are given by,

(ω) = ωC′′(ω)|�Vrms|2 (5)

nd

(ω) = −ωC′(ω)|∆Vrms|2 (6)

here |�Vrms|2 = �Vmax/
√

2 with Vmax being the maximal
mplitude of the ac signal.

The relaxation time constant, τ0 (=1/2πf0) can be calculated
rom the plots of C′(ω) versus frequency and C′′(ω) versus fre-
uency. The real part of the complex capacitance C′(ω) decreases
symptotically with frequency (figures not shown). This is char-
cteristic of the electrode structure and electrode|electrolyte
nterface. From the frequency corresponding to the half of the

aximum value of C′(ω), the relaxation time constant (τ0) can
e determined. The change in the imaginary part of the complex
apacitance C′′(ω) with frequency goes through a maximum at
frequency, f0, from which the value of τ0 can be calculated.
igs. 6(a)–(d) show the variation of C′′(ω) with frequency for

he symmetric and asymmetric supercapacitor cell assemblies

tudied in this work. The plots show a characteristic hysteresis
or all the cell assemblies studied. It can be noted that the sym-
etric and asymmetric cell assemblies based on nickel oxide

how a clear peak formation, while the cell assemblies based on
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F th the frequency (in logarithmic scale) for (a) symmetric supercapacitor (porous
N ated carbon) based on the high surface area porous nickel electrode. (c) Symmet-
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ig. 6. The plots of imaginary part of the complex capacitance [C′′(ω)] wi
i|KOH|porous Ni) and (b) asymmetric supercapacitor (porous Ni|KOH|activ

ic supercapacitor (NiO|KOH|NiO) and (d) asymmetric supercapacitor (NiO|K

orous nickel electrodes have not reached the maximum even at
he lowest frequency used in this study.

The plots of normalized power with the frequency shown
n Figs. 7 and 8 represent the relaxation time constants for the
espective cell assemblies. The power dissipated into the sys-
em can be analyzed from the normalized active power denoted
y |P|/|S|. At high frequency, when the supercapacitor behaves
ike a pure resistor, all the power is dissipated into the sys-
em (P = 100%). However, no power is dissipated into a pure
apacitance at low frequency. In fact, the values of |P|/|S| and
Q|/|S| show opposite trends with frequency as can be seen from
igs. 7 and 8. The crossing of two plots occurs at a frequency

0, known as the resonance frequency, from which the relaxation
ime constant, τ0 (=1/2πf0), can be determined explicitly. This
ime constant, τ0 corresponds to a phase angle of 45◦ and it
epresents the transition of the electrochemical capacitor from
urely resistive to purely capacitive behaviour. For a frequency,
> 1/τ0, it acts as a pure resistor and for f < 1/τ0, it behaves as
pure capacitor. In what follows, we discuss the results based
n the analysis using the complex power method, which is the
ost appropriate one for evaluating the figure of merit of the

upercapacitor cell assemblies.
Figs. 7(a) and (b) show the plots of |P|/|S| and |Q|/|S| of

he complex power versus frequency (in logarithmic scale) for
he respective symmetric and asymmetric supercapacitors based
n high surface area porous nickel electrodes. These param-
ters show the expected trends as discussed above. From the
rossing of two plots at a frequency, f0, the value of τ0 has

een calculated. A value of 10 ms and 0.16 s have been cal-
ulated for the respective symmetric (porous Ni|KOH|porous
i) and asymmetric (porous Ni|KOH|activated carbon) super-

apacitors, respectively, indicating that the cell based on the

Fig. 7. Plots of normalized active power, |P|/|S| and reactive power |Q|/|S| vs.
frequency (in logarithmic scale) for (a) symmetric and (b) asymmetric super-
capacitor cell assemblies using the high surface area porous Ni as an electrode
material.
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Fig. 8. Plots of normalized active power, |P|/|S| and reactive power |Q|/|S| vs.
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cell assemblies using the high surface area porous nickel
electrodes in 6 M KOH aqueous solution. We have used a
voltage range of 0–1 V in order to evaluate the performance
at higher voltages. It can be seen that the charge–discharge
requency (in logarithmic scale) for (a) symmetric and (b) asymmetric superca-
acitor cell assemblies using NiO obtained from the electrochemical oxidation
f porous Ni as an electrode material.

ymmetric system is able to deliver its stored energy almost 10
imes faster at high power. Figs. 8(a) and (b) show the plots of
P|/|S| and |Q|/|S| of the complex power versus frequency (in
ogarithmic scale) for the respective symmetric and asymmet-
ic supercapacitors based on NiO, obtained by electrochemical
xidation of porous Ni electrode. The relaxation time constant
τ0) values of 650 �s and 21 ms are determined for the sym-
etric (NiO|KOH|NiO) and asymmetric (NiO|KOH|activated

arbon) supercapacitor cell assemblies, respectively. By com-
aring Figs. 7 and 8 and from the calculated relaxation time
onstants, it is evident that the response time is faster for the
iO supercapacitors than for the porous Ni system, even though

he specific capacitance value is higher for the latter. In addi-
ion, the symmetric cell assembly provides the faster delivery
f stored energy at a much higher power when compared to the
symmetric cell assembly.

.3. Charge–discharge profile analysis

In order to evaluate the charge storage capacity, durabil-
ty of cycle lifetime and various electrical parameters, the
alvanostatic charge–discharge analysis of the supercapaci-

or cell assemblies were performed at two different current
ensities namely 1 and 4 mA cm−2. The electrical parame-
ers such as specific capacitance (SC), specific power (SP)
nd specific energy (SE) are calculated using the following

F
t
(
h
t

ources 158 (2006) 1523–1532

elationships [6]:

C = [I × t]

[V × m]
(7)

P = [I × V ]

[m]
(8)

E = [I × t × V ]

[m]
(9)

here SC is the specific capacitance in F g−1, SP the specific
ower in W g−1 and SE is the specific energy in Wh g−1. The
bove expressions show the discharge current (I) in amperes,
oltage range (V) in volts, discharge time (t) in seconds and
ass of the electroactive material (m) in grams. The coulombic

fficiency is calculated using the following equation:

=
[
tD

tC

]
× 100 (10)

here tC and tD represent the time of charging and discharging,
espectively.

Figs. 9(a) and (b) show the typical charge–discharge profiles
f the respective symmetric and asymmetric supercapacitor
ig. 9. Representative galvanostatic charge–discharge curves for the respec-
ive devices of (a) symmetric (porous Ni|KOH|porous Ni) and (b) asymmetric
porous Ni|KOH|activated carbon) supercapacitor cell assemblies based on the
igh surface area porous Ni as an electrode material in 6 M KOH aqueous solu-
ion.
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rofiles deviate from the typical linear variation of voltage with
ime normally exhibited by an electrochemical double layer
apacitors (EDLC). The observed non-linearity in our case can
e explained as due to the pseudocapacitance arising out of the
edox reaction in this voltage range. It can also be noted that the
harging–discharging times are almost the same. For symmetric
upercapacitor (porous Ni|KOH|porous Ni), a specific capaci-
ance of 23 F g−1 is obtained at 4 mA cm−2 with a specific power
f 1.23 W g−1 and a specific energy of 23.31 kWh kg−1. The
pecific capacitance value decreases to 50% after 500 cycles.
he coulombic efficiency ranges from 0.93 to 0.99. There is a

arge voltage drop at the beginning of the discharge curve, which
s attributed to the resistance arising out of the porous nature
f the electrode. For the asymmetric supercapacitor (porous
i|KOH|activated carbon), a specific capacitance of 30 F g−1

s obtained at 1 mA cm−2 current density with a specific power
f 330 W kg−1 and a specific energy of 28.88 Wh g−1. In this
ase also the specific capacitance value decreases to 50% of
ts original value after 500 cycles. The coulombic efficiency
alue ranges from 0.91 to 0.97. However, there is no significant
oltage drop during the initial stage of the discharge process.
ere the variation of voltage with respect to time is again not

inear due to the porous nature of the electrode materials, which
onforms to the proposed model of Conway and Pell [35]. The
quivalent series resistance (ESR) value increases marginally
ith the number of cycles when activated carbon was used as

he negative electrode in the asymmetric supercapacitor.
The high surface area porous nickel was electrochemically

xidized to obtain its corresponding NiO as discussed earlier.
igs. 10(a) and (b) show the representative charge–discharge
rofiles of both the symmetric and asymmetric supercapacitor
ell assemblies based on NiO in 6 M KOH aqueous solution,
espectively. It can be seen that the symmetric NiO cell assem-
ly (Fig. 10(a)), exhibits a non-linear charge–discharge profile.
n the other hand, the asymmetric device (Fig. 10(b)) shows a
erfect linear characteristic, implying the formation of a good
lectrode|electrolyte interface with a well-defined conductiv-
ty. In addition, no ohmic drop is observed in the case of the
symmetric supercapacitor and an insignificant ohmic drop in
he case of the symmetric cell assembly. We have employed
wo different current densities for the measurements in which
he activated carbon was used as a negative electrode. For the
ymmetric supercapacitor (NiO|KOH|NiO), a specific capaci-
ance of 37 F g−1 is obtained at a constant current density of
mA cm−2 with a specific power of 1.23 W g−1 and a specific
nergy of 37 Wh g−1. In fact the specific capacitance decreases
o a large extent with the number of cycles while the ESR
alue increases marginally. The coulombic efficiency of the
ell ranges from 0.85 to 0.97. For the asymmetric superca-
acitor (NiO|KOH|activated carbon), a specific capacitance of
0 F g−1 at a constant current density of 1 mA cm−2 with a spe-
ific power of 330 W kg−1 and a specific energy of 35 Wh g−1

s obtained. The coulombic efficiency ranges from 0.80 to 0.90.

t can be seen that the specific capacitance values measured
rom the charge–discharge analysis described above for the
ifferent supercapacitor cell assemblies are higher than the cor-
esponding values determined from cyclic voltammetry shown

m
i
f
n

NiO|KOH|NiO) and (b) asymmetric (NiO|KOH|activated carbon) supercapac-
tor cell assemblies based on NiO as an electrode in 6 M KOH aqueous solution,
espectively.

n Tables 1 and 2. This can be attributed to the different poten-
ial ranges used for the capacitance measurement in these two

ethods. The larger value in the case of charge–discharge stud-
es arises from the enhanced pseudocapacitance contribution to
he total measured capacitance.

Usually, the ESR values for the supercapacitors lie in the
ange of a few hundreds of milliohms, which arises mainly
rom the contact and electrolytic resistances. In the case of
orous electrodes, the contribution from the equivalent dis-
ributed resistance (EDR) may also add to the measured ESR
alue. In the present study, the symmetric supercapacitor (porous
i|KOH|porous Ni) based on the high surface area porous Ni

lone shows a higher ESR value ranging from ∼10 to 20 �, com-
ared to ∼1 to 3 � of all the other supercapacitor cell assemblies
sed in this study. The fact that the asymmetric supercapacitor
NiO|KOH|activated carbon) based on NiO shows almost no
oltage drop rules out the contribution from the contact resis-
ance. Obviously, the ESR contribution in other cell assemblies
rises from the contact resistance of the respective cell. The
igher ESR value in the case of symmetric porous nickel super-
apacitor can be attributed to the diffusional resistance (EDR)
f the electrolyte inside the pores [40]. We have earlier reported
flooded pear shaped pore model [27] for the porous nickel

aterial. This pore geometry makes it difficult for a free flow of

ons, which leads to a large increase in the resistance value. The
act that the asymmetric supercapacitor based on NiO has a very
egligible ESR value implies that the geometry of the pores is
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ltered during the process of electrochemical oxidation. It is felt
hat this behaviour facilitates better ionic flow within the pores.
n spite of the higher ESR and lower specific capacitance values,
hese supercapacitors have a fast response time, which is well
uited for applications in short duration pulse devices.

. Conclusions

We have studied symmetric and asymmetric supercapaci-
or cell assemblies using high surface area porous nickel and
ickel oxide as electrode materials. The specific capacitance
alues of the devices were measured using cyclic voltamme-
ry and charge–discharge analysis. The specific capacitance
alues range from 20 to 40 F g−1 and exhibit a frequency dis-
ersion. The devices are shown to be stable for up to 500
harge–discharge cycles. The measured ESR value is relatively
igh in the case of porous nickel supercapacitors, which can
e minimized by optimizing the design of the cell assembly.
he relaxation time constant values ranging from 0.65 to 160 ms
ere determined for different cell assemblies using electrochem-

cal impedance spectroscopy. From these studies we find that the
ymmetric supercapacitor exhibits a faster energy delivery capa-
ility at a higher power compared to the asymmetric device. This
emonstrates the potential application in short duration pulse
evices.
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