Postprint of article published in Journal of Power Sources, 2006, Vol. 158, p1523-32.
Available at the Raman Research Institute Digital Repository http://dspace.rri.res.in/

New symmetric and asymmetric super capacitors based on

high surface area porous nickel and activated carbon

V. Ganesh 2 S. Pitchumani ° and V. L akshminarayanan **

& Raman Research Institute, C.V. Raman Avenue, Sadashivanagar, Bangal ore-560080, India.

b Central Electrochemical Research Ingtitute, Karaikudi-630006, India.

Abstract

We have studied some supercapacitor cell assemtdissd on high surface area nickel and
nickel oxide materials. Both symmetric and asymineatonfigurations consisting of nickel and
nickel oxide with activated carbon as a negatiwectebde have been investigated. A single
electrode specific capacitance value of 473'fofnickel is obtained for the porous nickel. We
have used cyclic voltammetry (CV), electrochemiogbedance spectroscopy (EIS) and charge-
discharge profile analysis to characterize the mgmacitor cell assemblies. Based on the
analysis of impedance data in terms of complex @tgae and complex power, the relaxation
time constanttp) was calculated for different supercapacitor asiemblies. The quick response
time (of the order of milliseconds) with fast engemglivery at relatively high power suggests
that these materials can find applications in shoré pulse devices. A coulombic efficiency of
0.93 to 0.99 is obtained for the supercapacitdrassdemblies studied in this work. The measured
equivalent series resistance (ESR) value is regtihigh due to the contribution from the
resistance offered by the pores and the contadstaese arising from the cell fabrication
method. Although the specific capacitance values ratatively less, the cell exhibits a fast

response time, which is a desirable property itagespecialized applications.
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1. Introduction

The current research and developra#iotts on electrochemical power
sources are mainly focused on fuel cells, battearesd electrochemical capacitors
(EC) and are directed towards achieving high smeahergy, high specific
power, long cycle life etc., at relatively low cq4t2]. Due to their high specific
power, supercapacitors can find applications incepand automobile (for
acceleration and for recuperation of brake enetgghnologies [3,4]. A hybrid
power source consisting of supercapacitor in paralbnfiguration to battery is
proposed for applications in short duration puleeicks that require high specific
power [5,6]. While a battery is a high energy aod I[power device, which is
extensively used in conventional applications, shi@ercapacitor acts as a low
energy and high power device and is ideal for usehigh power pulse

requirements [7]. Unlike a battery, supercapacifmssess a high power density



with longer cycle-life time. They fill the gap beten the batteries and
conventional dielectric capacitors as can be oleskeim the Ragone plots [3,8].
They also cover a wide range of specific energysityemanging from 0.05 Wh kg
! to 15 Wh kg' and a specific power density from 10 Wk 16 W kg* [3].
Very large capacitance of these devices arises ffoable layer charging process
at the electrode | electrolyte interface. Alteweli, a fast reversible faradaic
reaction occurring at or near the electrode surfeene also contribute to the
overall capacitance, which is known as pseudoctma®. In literature, three
different kinds of supercapacitors based on cadaybon [9,10], transition metal
oxides [11,12] and conducting polymers [13-15] hagen reported.
Electrochemical double layer capasittEDLC) use high surface area
carbon materials such as activated carbon, caiben ¢loth, carbon aerogels and
foams as the electro active materials. A doubledaapacitance of about 4%
cm’?, which corresponds to a specific capacitance @180 F ¢ was earlier
reported [8,16]. The high specific capacitance @alarise from the high surface
area of these materials. Since the micropores afrk&ize cannot be wetted by
the electrolyte, a significant fraction of the lotrea is inaccessible to the
electrolyte, which limits its capacitance. To somwdent, the wettability and
accessibility can be improved by the use of condggbolymer depending upon

the size of the pores present within the polymetrimdl4]. In this case, the



overall measured capacitance arises mainly from pseudocapacitance
contribution due to the redox reaction of condugfoolymers [13-15]. Ruand
IrO, exhibit pseudocapacitance behaviour and have Ilspgeific capacitance
values ranging from 720-760 Fdfor single electrode) as supercapacitors [17].
However, the high cost of these materials limits prospects of large-scale
commercialization. There are reports in the lit@matbased on nickel oxide [18-
21], cobalt oxide [22] and manganese oxide [23]escgpacitors, which are
inexpensive and exhibit pseudocapacitive behavsurlar to that of ruthenium
oxide.

We find from the literature that theare several reports on nickel oxide
as supercapacitor electrode material, which hawecip capacitance values
ranging from 240-277 F(for single electrode) [18-21]. The preparatiorNiD
involves either sol-gel technique or electrocheintsposition followed by heat
treatment in air at around 3W There are studies on the effect of heat treatmen
electrolyte environment and the potential rangeopération on the measured
capacitance values of nickel oxide electrodes. Patk al. reported an
electrochemical capacitor based on a Ni(@a&ttivated carbon composite
electrode with a specific capacitance value of B3f) (for single electrode) [24].
Nelson and Owen reported a supercapacitor/battgoyich system based on the

template deposited mesoporous Ni/Ni(QHbpsitive electrode and a palladium



negative electrode [25]. Bursell et al. reportedyarid supercapacitor based on
ultrathin film of nickel [26], which indicates thdahe Ni electrodes have been
considered as the positive electrode in asymmstipercapacitors. Since both the
double layer capacitance and pseudocapacitancentaréacial phenomena, the
materials used for supercapacitors should possesghapecific surface area with
good wettability of electrolyte to enhance theirade storage capability.
Recently, we reported a method for the preparatioa high surface area porous
nickel material by template electrodeposition ustngexagonal lyotropic liquid
crystalline phase as a template [27], which wasvshto be a potential candidate
for supercapacitor electrode material [28].

In this paper, we report some new mmgnic and asymmetric
supercapacitor cell assemblies based on the higacguarea porous nickel and
NiO electrodes with activated carbon as a negatleetrode. The high surface
area porous nickel material is obtained by tempkeztrodeposition and the
nickel oxide electrode is derived from the eledemical oxidation of porous
nickel [27]. We have used electrochemical techesgsuch as cyclic voltammetry
(CV), electrochemical impedance spectroscopy (E#d charge-discharge
transient analysis for the characterization of scgygeacitors. EIS data were
analyzed in terms of complex power and complex cisquace values to determine

the relaxation time constanty] and the figure of merit of supercapacitors. The



charge-discharge profiles were used to calculatgows parameters such as
specific energy (SE), specific power (SP), speatfapacitance (SC), columbic

efficiency 1) and equivalent series resistance (ESR).

2. Experimental

High surface area porous nickel material was pezpairom a new
hexagonal liquid crystalline phase consisting of2 Triton X-100, 5 wt% PAA
and 53 wt% water in which the aqueous phase wdaaeg by nickel sulphamate
bath as reported in our previous work [27]. Thegtmess factor, which is a
measure of true surface area of the porous nidketrede, was determined using
cyclic voltammetry in 0.5M NaOH aqueous solution/][2 Activated carbon
(Lancaster) having a specific surface area of 180@" was used as the negative
electrode in asymmetric supercapacitor cell assesibllThe carbon paste was
prepared using N-methylpyrolidine as a binder aadtgd onto a smooth nickel
support that acts as a current collector. Thisaanbaste electrode was heated in
an oven at around 180 for about 15 minutes and then allowed to cool midev
room temperature. Polypropylene membrane of thisk®5@m was used as an
electrode separator in the cell assemblies.

Electrochemical characterization eimplate deposited porous nickel

electrode material in both the symmetric cell asdgniPorous Ni| KOH |Porous



Ni) and the asymmetric cell assembly (Porous Ni|HK{Activated carbon) of
supercapacitors was carried out using cyclic vatetny (CV), electrochemical
impedance spectroscopy (EIS) and charge-dischargigsss. Cyclic voltammetry
was performed in the double layer region of posmtinging from —1.1V to —0.9V
in 6M KOH aqueous solution at various potentialnsiates. First, the high surface
area porous Ni electrode was kept at a potentiallddV vs. SCE for 600s in the
alkaline solution. This process reduces the surtegges and cathodically cleans
the surface by the evolution of hydrogen gas. Thifollowed by keeping the
electrode at a potential of —1.02V vs. SCE, whigldiaes any metal hydrides on
the surface [29]. Finally the supercapacitor cedlsvscanned in the double layer
region to determine the capacitance.

Electrochemical oxidation of porouskel to nickel oxide had also been
carried out to show that NiO obtained from the hgyiiface area porous Ni can
also be used as the supercapacitor electrode alateorous Ni was converted into
its corresponding NiO by potential scanning at tiekel oxide region [21,30].
First the potential was cycled between —0.1V andW0Ov/s. SCE in the alkaline
solution for more than 25 cycles at various scaestavhere the redox process of
NiO formation and its stripping takes place. Thpamtance was then determined
by scanning the oxidized nickel oxide electrod¢hia potential range from —0.1V

to +0.2V vs. SCE at different scan rates. The ga@kscan rates used for cyclic



voltammetric experiments were varied from 2 mV ® 500 mV &. The
capacitance was calculated by measuring the cusep@ration (1) from the cyclic
voltammogram and the scan rate) (using the formula, C =\ Both the
symmetric as well as the asymmetric supercapacgibassemblies were analyzed.
Electrochemical impedance spectroscefudies were performed in 6M
KOH aqueous solution by applying a sinusoidal dignfalOmV peak-to-peak
amplitude at a frequency range of 100mHz to 100kH® impedance data were
analyzed in terms of complex capacitance and complewer in order to
determine the relaxation time constamng).( The charge-discharge analysis was
carried out at two different constant current déesiof 1 mA crif and 4 mA crif
at a potential range of 0 to 1V for both the synmuetand asymmetric
supercapacitor cell assemblies in 6M KOH aqueousutisa. All the
electrochemical measurements were carried out lBNEG&G Electrochemical
Impedance Analyzer (model 6310) which can be opdrhbth in dc and ac modes
and interfaced to a PC through a GPIB card (Natiomsiruments). The charge-
discharge analysis was performed in WonATech Autantzattery Cycler, WBCS
3000 system interfaced to a computer. The anabfstkata was carried out using
WBCS V3.0 software and different parameters of thegercapacitor cell

assemblies were calculated. All the chemical remgesed were AnalaR (AR)



grade. Millipore water having a resistivity of 18(Mcm was used in all the

experiments performed at room temperature.

3. Results and Discussion
3.1. Cyclic voltammetry
3.1.a. Using the high surface area porous nickel as an electro active material:
Figures 1 (a) and (b) show the cysla@tammograms of symmetric
(Porous Ni| KOH |[Porous Ni) and asymmetric (Pordif KOH |Activated
carbon) supercapacitor cell assemblies in 6M KOHtlas electrolyte. The
potential scan rate was varied from 2 nite 500 mV §. It can be seen from the
voltammograms that there is a large current separéietween the forward and
reverse scans with no visible peak formation, iating a clear capacitive
behaviour. It can also be observed that the voltagrams are not symmetrical
about the zero current axis. The fact that theamathograms do not show perfect
box type rectangular features with a mirror imabaracteristic implies that there
IS a substantial pseudocapacitance contribution thte overall measured
capacitance. The capacitance values are deterrineteasuring the ratio of the
magnitude of current separation and the scan Taie fact that all the CVs show
almost rectangular features at 500 mV scan rate with high current density

values indicates a good electrochemical activitd &mgh power density. The



unsymmetrical nature of the CVs arises due to gelaeduction current owing to
nickel hydride (NiH) formation, which is not compdéy oxidized during the
forward cycle. Table 1 shows the double layer cégace and specific
capacitance values of the respective symmetric asyinmetric supercapacitor
cell assemblies based on the high surface areapaiokel at different potential
scan rates. It can be noted that the capacitarioessaary with the scan rate. A
maximum capacitance value of 66 mFTim obtained at 100 mV'sscan rate for
the symmetric supercapacitor, which correspona@sdpecific capacitance of 22 F
g'. A double layer capacitance of 250 mF Tmorresponding to a specific
capacitance of 84 F'gs obtained for the asymmetric supercapacitor @i\2s”.
These values are quite low compared to a singldretée value of 473 F gthat
we have reported earlier [28]. It is speculated tha high ionic resistance inside
the pores leads to a decrease in specific capaeitainthe electrode material used
in the symmetric cell assembly. The dependence hef measured specific
capacitance on the scan rate is due to the cotibttbdrom pseudocapacitance
arising out of the formation and subsequent oxutabf metal hydrides at this

potential range [28].

3.1.b. Using the nickel oxide (NiO) electrode:
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Electrochemical oxidation method ispdoyed to convert the high
surface area porous nickel to nickel oxide. In t#tase too both the symmetric
(NiO| KOH |NiO) and asymmetric (NiO| KOH |Activatedrbon) supercapacitor
cell assemblies were investigated. Infact, the sigmacitors based on NiO show
a better capacitive behaviour than the porous dttedde. Figures 2 (a) and (b)
show the cyclic voltammograms of symmetric and asgitnic supercapacitors
based on NIO in 6M KOH respectively. It is evidefrom the cyclic
voltammograms that the supercapacitor cell assesidhow a large current
separation with a mirror image characteristic esbgcat higher scan rates
indicating a capacitive behaviour. Table 2 shovesdbuble layer capacitance and
specific capacitance values of supercapacitorsdbaseNiO, obtained at different
potential scan rates. It can be seen that the tapee values vary with the scan
rate and the maximum capacitance value of 15 mFismbtained at 2 mV sfor
the symmetric supercapacitor, which corresponds $pecific capacitance value
of 5 F g*. A double layer capacitance value of 100 mF*aorresponding to a
specific capacitance value of 34 F'gs obtained for the asymmetric
supercapacitor at 2 mV'sscan rate. These values are of course quite less
compared to a single electrode capacitance vall& d&F g' [28]. It can also be
noted that the specific capacitance values are nergh lower compared to the

literature value of 240 to 277 F-dfor single electrode) and is due to the different
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procedures employed to obtain NiO in the presentkwi is also felt that the
lower values of capacitance obtained by the eleb&gmical oxidation method in
our case may be due to incomplete conversion &ehio nickel oxide within the
pores. We have restricted ourself to the doublerlaggion for the capacitance
measurement in order to avoid the contribution fneseudocapacitance arising
out of the redox reaction. It can be concluded thatasymmetric cell assembly
provides a higher capacitance value in both thesca$ porous nickel and NiO
electrodes, when compared to symmetric cell assembl

To verify the pseudocapacitance d¢buation, we have studied the effect
of scan rate on the capacitance of various symmeamd asymmetric
supercapacitor cell assemblies based on nickehakel oxide electrodes. Figure
3 (a) shows the plot ofu/vs. scan ratev] for the symmetric cell assembly of
porous nickel and figure 3 (b) shows the variatwdr/v vs. scan ratev] for the
other symmetric and asymmetric supercapacitor @&sdemblies studied in this
work. The specific capacitance increases exporigntdth decreasing scan rate
except in the case of symmetric porous nickel agdembly. Similar behaviour is
reported in the literature for various electrodeterals [31-34]. In the case of
RuQ, supercapacitor [33], this effect is attributedirtoreasing ionic resistance
inside the pores leading to a decrease in its Bpeapacitance value. A similar

effect is believed to occur in the present systdmre the surface reaction due to
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nickel hydride formation contributes the pseudocépace. This is also suggested
by the scan rate dependence of the specific capaeit In the case of symmetric
porous nickel supercapacitor, the capacitance ase®with the scan rate. We felt
that at higher scan rates, the pseudocapacitamtghzdion is dominant over the

double layer capacitance due to the high surfaea and porous nature of the

material.

3.2. Electrochemical impedance spectr oscopy

In order to investigate the electdical characteristics of the
supercapacitor electrodes | electrolyte interfateai quantitative manner, ac
impedance spectroscopic measurements were perforfgares 4 (a) and (b)
show the respective Nyquist plots of symmetric asgimmetric supercapacitor
cell assemblies based on the high surface areaipmiokel and activated carbon
in 6M KOH aqueous solution. Inset shows the expdridgh frequency region of
the same plot. It can be seen from the figuresttiaicell shows a semi circle at
high frequency region and a straight line at loWveguency region. This implies
that the supercapacitors show a blocking behavatuhigh frequencies and
capacitive behaviour at low frequencies. The impedalots obtained in this case
are similar to that of transmission line model (TLKbr the porous electrode

proposed by Conway [8,35] for the case of underemitdl deposition with
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continuous reaction. The TLM consists of a paratlembination of R and C
elements interconnected with the pore resistanemesit, B. In our case, the
contribution from pseudocapacitance due to theatiblydride redox reaction is
dominant at this potential for the porous nickeéctlodes, which gives an
additional pseudocapacitance elemeny).(Che phase angle values close t3 65
and 78 are obtained for the symmetric (Porous Ni| KOHr¢Re Ni) and
asymmetric (Porous Ni| KOH |Activated carbon) soppacitors respectively,
indicating a dominant capacitive behaviour. Figutega) and (b) show the
respective Nyquist plots of symmetric and asymroettipercapacitors based on
NiO in 6M KOH aqueous solution. The insets of tigufes show an expanded
high frequency region. It can be inferred form filets that the supercapacitors
show a very small kinetic arc at high frequenciaplying the charge transfer
controlled regime and a straight line at low freagies indicating the capacitive
regime. A phase angle of 68nd 77 obtained for the respective symmetric and
asymmetric supercapacitors based on NiO electradgsy that the material is
suitable for the fabrication of low leakage caparsit

In general, a supercapacitor behages pure resistor at high frequencies
and as a capacitor at low frequencies. In the maguency range, it behaves as a
combination of resistor and capacitor, where tleetebde porosity and thickness

of electroactive materials play a vital role in tdetermination of capacitance
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values. This is in conformity with the transmissimodel. The above-mentioned
effect shifts the low frequency capacitive behavitmwards the more resistive
values along the real axis, from which equivaleistributed resistance (EDR)
arising due to the porous nature of the electrodeernal can be calculated. From
the high frequency intercept of the semicircle, dwpiivalent series resistance
(ESR) can be determined. In the present study, E&&e is more due to the
additional EDR arising from the resistance offefeg the diffusion of ions

through the pores, which contributes to the oversistance value. The utility of
the supercapacitors is validated by analyzing theedance data using complex

capacitance and complex power method as reportédrea

3.2.1. Complex capacitance and Complex power analysis:

The relaxation time constantipgf, which is also known as dielectric
relaxation time of the supercapacitor [36], coroesys to the figure of merit of the
supercapacitor [37]. This parameter representsobits discharge characteristics.
It has been studied for various cell assembliegdasn the analysis of complex

capacitance and complex power using impedancebgatéher workers [38,39].

The complex capacitance is expressed as follows,

@) =C(w)—-jC'(w) (1)
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where C(w) is the real part of the complex capacitance an@oLis the imaginary
part of the complex capacitanceu§f@nd they are given by ,

Q) =- Z'(w) /{w[ZWI} (2)

and

Qw) = Z(w) / {02} )3
where Z(w) and Z'(w) are the respective real and imaginary parts @fcttmplex
impedance 40). wis the angular frequency and it is givendey: 2rd.

At low frequency, 'Gv) corresponds to the capacitance of the electrode

material and C(w) corresponds to the energy dissipation by an emgtsle process

that leads to a hysteresis [39].

The value of complex power can be expressed as,
& =PW+ | QW) (4)
where the real part of the complex powewfi€ called the active power andQ(
the imaginary part is called the reactive powericilare given by,
Bf = w C"(0) | AVimd” )
and
@] = -wC (W) | AVimd’ (6)
where levrms|2 = AVmax | V2 with V. being the maximal amplitude of the ac

signal.

16



The relaxation time constamt(=1/2rfy) can be calculated from the plots
of C(w) vs. frequency and 'Qw) vs. frequency. The real part of the complex
capacitance Qw) decreases asymptotically with frequency (Figures shown).
This is characteristic of the electrode structurd alectrode | electrolyte interface.
From the frequency corresponding to the half ofrtteximum value of Qw), the
relaxation time constantd) can be determined. The change of imaginary dart o
the complex capacitance (@) with frequency goes through a maximum at a
frequency, 4, from which the value of, can be calculated. Figures 6 (a-d) show
the variation of C(w) with frequency for the symmetric and asymmetric
supercapacitor cell assemblies studied in this wbhle plots show a characteristic
hysteresis for all the cell assemblies studiedaft be noted that the symmetric and
asymmetric cell assemblies based on nickel oxidevsh clear peak formation,
while the cell assemblies based on porous nicladteldes have not reached the
maximum even at the lowest frequency used in tidys

The plots of normalized power witle tilhequency shown in figures 7 and
8 represent the relaxation time constants for dspective cell assemblies. The
power dissipated into the system can be analyzenh fthe normalized active
power denoted by |P|/|S|. At high frequency, wihensupercapacitor behaves like
a pure resistor, all the power is dissipated ih gystem (P=100%). However, no

power is dissipated into a pure capacitance atftequency. Infact, the values of
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|[P/|S] and |Q)/|S| show opposite trends with émgu as can be seen from the
figures 7 and 8. The crossing of two plots occura drequency & known as
resonance frequency, from which the relaxation tomestanty, (=1/2mf,), can be
determined explicitly. This time constant, corresponds to a phase angle of 45
and it represents the transition of electrochengeglacitor from a purely resistive
to a purely capacitive behaviour. For a frequeieylft,, it acts as a pure resistor
and for f < 1f,, it behaves as a pure capacitor. In what follows,discuss the
results based on the analysis using complex powethad, which is the most
appropriate one for evaluating the figure of maeoit the supercapacitor cell
assemblies.

Figures 7 (a) and (b) show the pluit$P|/|S| and |Q|/|S| of the complex
power vs. frequency (in logarithmic scale) for thespective symmetric and
asymmetric supercapacitors based on the high sudi@a porous nickel electrode.
These parameters show the expected trends as skscabove. From the crossing
of two plots at a frequencyg, fthe value ofy has been calculated. A value of 10ms
and 0.16s have been calculated for the respecyinenetric (Porous Ni| KOH
|Porous Ni) and asymmetric (Porous Ni| KOH |Acedatarbon) supercapacitors
indicating that the cell based on the symmetridesysis able to deliver its stored
energy almost ten times faster at a high powewurég8 (a) and (b) show the plots

of [P)/|S| and |QJ/|S| of the complex power vsjugacy (in logarithmic scale) for
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the respective symmetric and asymmetric supercpadiased on NiO, obtained
by electrochemical oxidation of porous Ni electrodbe relaxation time constant
(To) values of 650s and 21ms are determined for the symmetric (NIOHKNIiO)
and asymmetric (NiO| KOH |Activated carbon) suppacdtor cell assemblies
respectively. By comparing the figures 7 and 8 finth the calculated relaxation
time constants, it is evident that the responsee tim faster for the NiO
supercapacitors than the porous Ni system, evemgthohe specific capacitance
value is higher for the latter. In addition, thersgetric cell assembly provides the
faster delivery of stored energy at a much high@wvgr when compared to the

asymmetric cell assembly.

3.3. Charge-Discharge profileanalysis
In order to evaluate the charge storage capacityaldity of cycle
lifetime and various electrical parameters, thevaabstatic charge-discharge
analysis of the supercapacitor cell assemblies weréormed at two different
current densities namely 1 mA @mand 4 mA crif. The electrical parameters
such as specific capacitance (SC), specific poB&) @nd specific energy (SE)
are calculated using the following relationshipk [6
SC=Ht]/[V xm] (7)

SP=%V]/m (8)
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SE=HtxV]/m (9)
where SC is specific capacitance in'E §P is specific power in Wgand SE is
specific energy in Wh'§ The above expressions show the discharge cutjent
amperes, voltage range (V) in volts, discharge ffthen seconds and mass of the
electroactive material (m) in grams. The coulondfitciency is calculated using
the following equation,

n=[to/ tc] x 100 (10)
where ¢ and p represent the time of charging and dischargingeetsvely.

Figures 9 (a) and (b) show the typmaarge-discharge profiles of the
respective symmetric and asymmetric supercapacitrassemblies using the
high surface area porous nickel electrodes in 6MHKEQueous solution. We have
used a voltage range of 0 to 1V in order to evaliube performance at higher
voltages. It can be seen that the charge-dischanjées deviate from the typical
linear variation of voltage with time normally ekited by a purely
electrochemical double layer capacitors (EDLC). Diserved non-linearity in
our case can be explained as due to the pseudaeaeacarising out of the redox
reaction at this voltage range. It can also bedthat the charging-discharging
times are almost the same. For symmetric supertapa@orous Ni| KOH
|Porous Ni), a specific capacitance of 23 Fig obtained at 4 mA chwith a

specific power of 1.23 W jand a specific energy of 23.31 kWhkgThe
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specific capacitance value decreases to 50% a@ér cycles. The coulombic
efficiency ranges from 0.93 to 0.99. There is gedavoltage drop at the beginning
of the discharge curve, which is attributed to theistance arising out of the
porous nature of the electrode. For the asymmstimercapacitor (Porous Nif
KOH |Activated carbon), a specific capacitance ®fF3g" is obtained at 1 mA

cm? current density with a specific power of 330 W'kand a specific energy of
28.88 Wh ¢.. In this case also the specific capacitance vaageases to 50% of
its original value after 500 cycles. The coulombf@iciency value ranges from
0.91 to 0.97. However, there is no significant agi drop during the initial stage
of the discharge process. Here the variation ofagal with respect to time is
again not linear due to the porous nature of trectedde materials, which

conforms to the proposed model of Conway and Be&l]. [The equivalent series
resistance (ESR) value increases marginally with nlamber of cycles when
activated carbon was used as the negative electindéhe asymmetric

supercapacitor.

The high surface area porous nickas wlectrochemically oxidized to
obtain its corresponding NiO as discussed eaffigiures 10 (a) and (b) show the
representative charge-discharge profiles of both shimmetric and asymmetric
supercapacitor cell assemblies based on NiO in 60HKaqueous solution

respectively. It can be seen that the symmetric 8D assembly (Fig. 10(a)),
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exhibits a non-linear charge-discharge profile.t®# other hand, the asymmetric
device (Fig. 10(b)) shows a perfect linear charastie, implying the formation of
good electrode | electrolyte interface with a vagfined conductivity. In addition,
no ohmic drop is observed in the case of asymmstipercapacitor and not quite
significant ohmic drop in the case of symmetrid assembly. We have employed
two different current densities for the measures@mnivhich the activated carbon
was used as a negative electrode. For the symnsetpercapacitor (NiO| KOH
INiO), a specific capacitance of 37 Eig obtained at a constant current density of
4 mA cni” with a specific power of 1.23 W'gand a specific energy of 37 WH.g
Infact the specific capacitance decreases to a lasgent with the number of
cycles while the ESR value increases marginallye @¢dulombic efficiency of the
cell ranges from 0.85 to 0.97. For asymmetric stggeacitor (NiO| KOH
|Activated carbon), a specific capacitance of 49'Rt a constant current density
of 1 mA cm® with a specific power of 330 W Kgand a specific energy of 35 Wh
g is obtained. The coulombic efficiency ranges f@/80 to 0.90. It can be seen
that the specific capacitance values measured fhentharge-discharge analysis
described above for the different supercapacittirassemblies are higher than
the corresponding values determined from cyclidcarometry shown in Table 1
and 2. This can be attributed to the different poé ranges used for the

capacitance measurement in these two methods.argerlvalue in the case of
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charge-discharge studies arises from the enharsmdipcapacitance contribution
to the total measured capacitance.

Usually, the ESR values for the sappacitors lie in the range of a few
hundreds of milliohms, which arises mainly from tbentact and electrolytic
resistances. In the case of porous electrodescdh&ibution from equivalent
distributed resistance (EDR) may also add to thasmed ESR value. In the
present study, the symmetric supercapacitor (Pobu&OH |Porous Ni) based
on the high surface area porous Ni alone showgleehiESR value ranging from
~10Q-20Q, compared to ~@-3Q of all the other supercapacitor cell assemblies
used in this study. The fact that the asymmetripestapacitor (NiO| KOH
|Activated carbon) based on NiO shows almost nadagel drop rules out the
contribution from the contact resistance. Obvioutg ESR contribution in other
cell assemblies arises from the contact resistahtiee respective cell. The higher
ESR value in the case of symmetric porous nickpéstapacitor can be attributed
to the diffusional resistance (EDR) of the elegt®linside the pores [40]. We
have earlier reported a flooded pear shaped podehfip7] for the porous nickel
material. This pore geometry makes it difficult fofree flow of ions, which leads
to a large increase in the resistance value. Tl flaat the asymmetric
supercapacitor based on NiO has a very negligil8& kalue implies that the

geometry of the pores is altered during the prooéssectrochemical oxidation. It
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is felt that this behaviour facilitates better oriiow within the pores. Inspite of
the higher ESR and lower specific capacitance galtieese supercapacitors have
fast response time, which are well suited for ajgions in short duration pulse

devices.

4. Conclusions

We have studied the symmetric andmesgtric supercapacitor cell
assemblies using high surface area porous nickehenkel oxide as the electrode
materials. The specific capacitance values of tiecegs were measured using
cyclic voltammetry and charge-discharge analysibe Tspecific capacitance
values range from 20-40 F*gnd exhibit a frequency dispersion. The devices ar
shown to be stable for upto 500 charge-dischargkesyThe measured ESR value
is relatively high in the case of porous nickel ewgapacitors, which can be
minimized by optimizing the design of the cell asbdy. The relaxation time
constant values ranging from 0.65ms to 160ms weterchined for different cell
assemblies using electrochemical impedance speopgsstudies. From these
studies we find that the symmetric supercapaciabitéts a faster energy delivery
capability at a higher power compared to the asymmedevice. This

demonstrates the potential application in shoratiom pulse devices.
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Table-l

The double layer capacitance and specific capamtaalues of symmetric and

asymmetric supercapacitor cell assemblies basdideoimigh surface area porous

Ni electrode.
Scan ra}ge Double layer capacitance (mF cm™) Specific capacitance (F g7)
(mvs) Ni| KOH |Ni Ni| KOH |AC Ni| KOH |Ni Ni| KOH |AC

2 47 250 15.67 84.00
5 13 195 4.33 65.00
10 26 100 8.67 33.33
25 55 172 18.33 57.33
50 61 123 20.33 41.00
100 66 80 22.00 26.67
200 62 39 20.67 13.00
500 61 18 20.33 6.00

* AC --- Activated carbon
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Table-2

The double layer capacitance and specific capamtaalues of symmetric and
asymmetric supercapacitor cell assemblies basé&ti@mbtained from the porous

Ni electrode.

Scan raﬁe Double layer capacitance (mF cm™) Specific capacitance (F g%)
(mvs) NiO|KOH [NiO | NiO|KOH |JAC™ | NiO|KOH |NiO [ NiO|KOH |AC”
2 15 100 5.00 34.00
5 10 83 333 27.67
10 11 51 3.67 17.00
25 12 29 4.00 9.67
50 10 20 3.33 6.67
100 8 12 2.67 4.00
200 6 7 2.00 2.33
500 4 4 1.33 1.33

* AC --- Activated carbon
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L egendsfor thefigures

1. Cyclic voltammograms obtained using porous Niassemblies of (a)
Symmetric supercapacitor (Porous Ni| KOH |Psridi) at various scan rates of
a) 50, b) 100, c) 200 and d) 500 niVand (b) Asymmetric supercapacitor
(Porous Ni| KOH |Activated carbon) at varionarsrates such as a) 25, b) 50,
c) 100, d) 200 and e) 500 mV in 6M KOH aqueous solution.

2. Cyclic voltammograms obtained using NiO cellessblies of (a) Symmetric
supercapacitor (NiO| KOH |NiO) at different sgates such as a) 10, b) 25,
c) 50, d) 100, e) 200 and f) 500 mVand (b) Asymmetric supercapacitor
(NiO| KOH |Activated carbon) at different saaes of a) 25, b) 50, c) 100,
d) 200 and e) 500 mV$n 6M KOH aqueous solution.

3. Variation of IV with different scan rates used for the capacitaneasurement
using cyclic voltammetry for (a) Symmetric stgagpacitor of high surface area
porous nickel (Porous Ni| KOH [Porous Ni). Snilar plots for the other cell
assemblies namely (a) Asymmetric supercapalsésed on the porous nickel
electrode (Porous Ni| KOH |Activated carboh).Symmetric supercapacitor
(NiO| KOH |NiO) and (c) Asymmetric supercapaciiNiO| KOH |Activated

carbon) based on nickel oxide electrode.

4. Nyquist plots using high surface area porouas\an electrode material for
(a) Symmetric supercapacitor (Porous Ni| KOst¢Bs Ni) at two different dc
potentials of a) —1.0V and b) —0.9V and for Alsymmetric supercapacitor
(Porous Ni| KOH |Activated carbon) at two diffiet dc potentials of a) —1.0V
and b) —0.9V in 6M KOH aqueous solution.
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Inset shows the expanded high frequency regiidhe same plot.

. Typical impedance (Nyquist) plots using NiO o from the porous Ni as
an electrode material in 6M KOH aqueous solufar (a) Symmetric
supercapacitor (NiO| KOH |NiO) at dc potentiaiis) OV and b) 0.1V and

(b) Asymmetric supercapacitor (NiO| KOH |Acted carbon) at dc potentials
of a) OV and b) 0.1V. Inset shows the zoometi@o of the same plot at high

frequency region.

. The plots of imaginary part of the complex cataace [C'(w)] with the
frequency (in logarithmic scale) for,

(a) Symmetric supercapacitor (Porous Ni| KOH |Psiél) and

(b) Asymmetric supercapacitor (Porous Ni| KOH |#%ated carbon) based on
the high surface area porous nickel electrode.

(c) Symmetric supercapacitor (NiO| KOH |NiO) and

(d) Asymmetric supercapacitor (NiO| KOH |Activatstbon) based on the

nickel oxide electrode.

. Plots of normalized active power, |P|/|S| aadtree power |Q|/|S| vs. frequency
(in logarithmic scale) for (a) Symmetric and g&symmetric supercapacitor cell

assemblies using the high surface area poroas Bn electrode material.

. Plots of normalized active power, |P|/|S| aadtree power |Q|/|S]| vs. frequency
(in logarithmic scale) for (a) Symmetric and fgsymmetric supercapacitor cell
assemblies using NiO obtained from the elebieaucal oxidation of porous Ni

as an electrode material.
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9. Representative galvanostatic charge-dischangestior the respective devices
of (a) Symmetric (Porous Ni| KOH |Porous Niyigh) Asymmetric (Porous Nif
KOH |Activated carbon) supercapacitor cell adsdess based on the high

surface area porous Ni as an electrode materéi¥ KOH aqueous solution.

10. Typical galvanostatic charge-discharge profie&@) Symmetric (NiO| KOH |
NiO) and (b) Asymmetric (NiO| KOH |Activatedrban) supercapacitor cell

assemblies based on NiO as an electrode in 6M Kqueous solution

respectively.
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