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Assessment of Liquid Crystal Template Deposited Porous
Nickel as a Supercapacitor Electrode Material
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The high surface area porous nickel, obtained by template electrodeposition using a hexagonal liquid crystalline phase medium as
a template was evaluated as a potential material for electrochemical capacitors using cyclic voltad@%)edryd electrochemical
impedance spectroscopilS) studies in 6 M KOH. A single electrode double layer capacitance of 1.4 +(atr2 mV/s scan

rate was obtained using CV, which corresponds to a specific capacitance of 473 F/g. EIS studies show the typical behavior of a
porous electrode and the data were analyzed in terms of complex capacitance and complex power from which the relaxation time
constan{t,) has been determined. Nickel oxide electrode, obtained by the electrochemical oxidation of porous Ni, shows a double
layer capacitance value of 171 mF/&rmwhich corresponds to a specific capacitance of 57 F/g. The relaxation time constants for
the template deposited porous nickel and nickel oxide were determined to be 1.35 s and 33 ms, respectively. The values of double
layer capacitance and specific capacitance of the porous nickel with fast response time are the highest values reported for nickel
in the literature so far.
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Recently, we have reported the preparation of high surface areaised as supercapacitors. Among them, NiO is attractive in view of
porous nickel using liquid crystal template electrodeposition its well-defined electrochemical redox activity and the possibility of
method® It was shown by scanning tunneling microsco{STM) enhanced performance through different preparative methods.
and scanning electron microscof$EM) studies that the template The results of NiO were based on the preparation of nickel hydrox-
deposited Ni surface exhibits porous structure with nickel nanoparide either from sol-gel techniqlié or from electrodeposition
ticles being distributed in between as well as within the pores. Weproces%s'16 followed by heating in air to form nickel oxide. The
also evaluated the utility of this porous nickel as a high surface arespecific capacitance values varying from 240 to 260 F/g were re-
hydrogen evolution catalyst and indicated the potential applicationported. In addition to the higher specific capacitance values when
of this material in electrochemical capacitdiSCs. These capaci- compared to the carbon materials, the ability to produce thin films of
tors are often known by various names such as supercapacitor§yiO makes it an attractive material for high-power devices. Re-
ultracapacitors, power capacitors, gold capacitors, power cachesently, Nelson and Owen reported the fabrication of a
electrochemical double layer capacitoBDLCs), etc. and generally ~ supercapacitor/battery hybrid using a mesoporous N@Mi), posi-
fall under the category of energy storage devit&ecently, much tive electrode and a mesoporous Pd negative electrode. This system
research work has focused on ECs due to their application in higtwas able to deliver 166 mA h/g of Ni electrode in 50 ms at a mean
power devices such as lasers, electric vehiffi@sacceleratiopand discharge voltage of 1.18 V ugir6 M KOH. These values translate
also in variety of other energy storage applicatif‘)'ﬁé’.here aretwo into an energg/ density of 706 kJ/kg and a power density
modes of energy storage mechanism operative in ECs, those based 14.1 MW/kg?°
on the double layer capacitance arising from the separation of The high surface area porous nickel reported previ&tﬂﬁyowed
charges at the electrode/electrolyte interface and those based on tlaeroughness factor value as high as 3620, making it a potential
pseudocapacitance arising from faradaic reactions occurring at ocandidate for supercapacitor applications. In this paper, we report
near the solid electrode surface due to the presence of electroactiwe performance characteristics of such a high surface area porous
materials. The utility of EDLCs is limited by the maximum capaci- nickel and its corresponding NiO electrodes as EC electrode mate-
tance rangé10 - 4O}LF/CTT\2),6 electrochemical stability of the elec- rials. These electrodes will be used in a cell assembly presently
trolyte, and the utilization of electrode surface area due to the presunder development, and the results will be reported elsewhere in a
ence of non-wettable microporéé’.he well-known electrochemical later paper. The electrochemical characteristics of these electrode
double layer capacitors are normally based on the high surface arematerials have been evaluated using cyclic voltammédy) and
carbon materials such as activated carbon, carbon fiber cloth andlectrochemical impedance spectroscdRiS) in an aqueous elec-
carbon aero gels/foams having high specific capacitance Vluestrolyte of 6 M KOH. The EIS data were analyzed in terms of com-
However, there are some limitations on the performance of thesglex power and complex capacitance from which the relaxation time
capacitors due to the nonwettablity of the pores by the electrolyteconstant(ty) had been determined.
and also from the inherently associated high internal resistance. )

On the other hand, transition metal oxides like ruthenium oxide Experimental
(RuG,) and iridium oxide(IrO,) exhibit faradaic pseudocapacitance  High surface area porous nickel was prepared from a new hex-
behavior with single electrode capacitance values between 720 andgonal liquid crystalline phase consisting of 42 wt % Triton X-100,
760 F/g % Despite the impressive capacitance values and high5 wt % PAA, and 53 wt % water in which the water phase was
reversibility obtained due to the faradaic redox reactions within replaced by nickel sulfamate bath as reported in our previous ork.
these electroactive materials, the high cost of ruthenium and iridiumAfter deposition, the roughness factor of the porous nickel electrode
has restricted its applications. In general, the ability to deliver thewas determined using CV by scanning the potential from —-1.2 to
high power density of supercapacitors is decided by the reversibility-0.2 V vs. SCE in 0.5 M NaOH solution and measuring the charge
of the electrode/electrolyte interfate!® under the anodic oxidation peak.

There are several reports on alternative electrode materials such Electrochemical characterization of porous nickel and its corre-
as nickel oxide*" cobalt oxide'® and manganese oxidwhich  sponding nickel oxide as electrochemical capacitor electrode mate-
are inexpensive and exhibit pseudocapacitive behavior that are beingals was carried out in an all glass three-electrode system. A plati-

num foil of large surface area was used as a counter electrode and a
saturated calomel electrod®CBE as a reference electrode. CV was

* Electrochemical Society Active Member. performed in the double layer region of potential from -1.1 to

2 E-mail: narayan@rri.res.in —-0.9 Vvs.SCE in 6 M KOHsolution at various potential scan rates.
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Before the beginning of the experiments the electrode was main. ™ 9() -
tained at a potential of —1.6 Ws. SCE for 600s in the alkaline = ] e
solution. This process reduces the surface oxides and cathodicall A
cleans the surface by the evolution of hydrogen gas. This is followed 60 -
by keeping the electrode at a potential of —1.02/%. SCE that
oxidizes any metal hydrides on the surf&teFinally, the porous
nickel electrode was scanned in the double layer region to determine
the capacitance.

Electrochemical oxidation of porous nickel to its corresponding
nickel oxide has been carried out by potential scanning at the nicke
oxide regiort>?* First, the potential was cycled between —0.1 and
+0.5 V vs. SCE in the alkaline solution for more than 25 cycles at
various scan rates, where the NiO formation and its stripping take
place. The capacitance was then determined by scanning the ox
dized nickel oxide electrode in the potential range from -0.1 to
+0.2 V vs. SCE at different scan rates and measuring the integratec . ' ; y i
charge. The potential scan rates for voltammetric experiments wert -1.10 '1'05. -1.00  -0.95 -0.90
varied from 2 to 500 mV/s. Potential (V) vs. SCE

EIS was performedni 6 M KOH aqueous solution by applying a
sinusoidal signal of 5 mV peak-to-peak amplitude at a frequency
range from 100 mHz to 100 kHz. All of the electrochemical mea-
surements were carried out using an EG&G electrochemical imped-
ance analyzefmodel 6310 which can be operated both in dc and ac
modes and interfaced to a PC through GPIB odtdtional instru-
mentg. The equivalent circuit fitting has been carried out using
Zsimpwin software(EG&G) developed on the basis of Boukamp’s
model. All of the chemical reagents used were AnafAR) grade.
Millipore water having a resistivity of 18 ) cm was used in all
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the experiments performed at a room temperature of 25°C. 0 -
Results and Discussion
CV measurement of specific capacitance in the double layer 20 -
region—For the porous nickel electrode-CV is an important
technique for evaluating the capacitive behavior of any material. A
perfect rectangular shaped voltammogram with a large current sepe .40 T .

Current density (mA/ cmz)

ration and symmetric in both cathodic and anodic directions are the 0.1 0:0 0:1 0.2
indicators of an ideal capacitor. Figure 1a shows the CVs of porous :
nickel electrode scanned in the double layer region of —1.1 to Potential (V) vs. SCE
-0.9 Vvs.SCE at various scan ratasé M KOH aqueous solution. _ ' .
It can be seen that the CVs show no visible peak formation but hagigure 1. (A) CVs of template deposited porous nickeld M KOH solution
a large current separation between forward and reverse scans. T Scan rates af) 25, (b) 50, (c) 100, (d) 200, and(e) 500 mV/s.(B) CVs
CVs possess almost rectanqular shape. especially at higher sc nickel oxide electrode obtained by electrochemical oxidation of porous
posses: e gula PE, pe y 9 nickel in 6 M KOH aqueous solution at scan rategaf25, (b) 50, (c) 100,
rates indicating capacitive behavior. The capacitance values are de-,
. : \ are deq) 200, and(e) 500 mvis.
termined by measuring the integrated charge from the CV. It is felt
that there may be a substantial pseudocapacitance contribution to the
overall measured capacitance of the porous nickel electrode.

Table | shows the double layer capacitance and specific capaciyi, the scan rate. The incomplete formation and subsequent oxida-
tance values for porous nickel at different scan rates. For comparition of metal hydride at higher scan rates can lead to lowering of the
son, the capacitance values of smooth nickel electrode were alsfeagred capacitance with the increasing scan rate as observed in
given. A single electrode capacitance of 1.4 Flcobtained at Fig. 2a. It is also evident that the porous nickel electrode exhibits
2 mV/s scan rate corresponds to a specific capacitance value Qfooq high power characteristic as seen from Fig. 2b, which shows
473 F/g. The fact that CVs show good rectangular features and arg, aimost linear variation of current density with the scan rate.
symmetrical at higher scan rat@s/en at 500 mV/sindicates that it
has good electrochemical activity and high power density. Figure 2&-or nickel oxide (NiO) electrode—Figure 1b shows the CVs of
shows the variation of specific capacitance with scan rate and Fighickel oxide electrode at various scan ratessiM KOH aqueous
2b shows the variation of the current density measured from CVvsolution. It is evident that the nickel oxide electrode shows a typical
with scan rate. The specific capacitance increases exponentially witGapacitive behavior with no redox peaks formation. Table | shows
decreasing scan rate. Similar behavior is reported in the literaturéhe capacitance and specific capacitance values for nickel oxide
for various electrode materiafé?’ In the case of Ru@  electrode, obtained by electrochemical oxidation of the porous
supercapacitd®® this is attributed to increasing ionic resistance in- nickel at different scan rates. A very high single electrode capaci-
side the pores leading to a decrease in capacitance. A similar effe¢@nce value of 171 mF/chhwhich translates into a specific capaci-
is believed to operate in the present porous Ni system where théance of 57 F/g has been measured at a scan rate of 50 mV/s.
surface reaction due to nickel hydride formation contributes to largeA specific capacitance value of 260 F/g was earlier reported in the
pseudocapacitance. The formation of nickel hydride in alkaline me-literature for nickel oxide electrod€. In that case, the
dia is well established in the literatuf&>° The contribution of sub-  capacitive behavior was due to the nickel oxide phase being formed
stantial pseudocapacitance is also suggested by the scan rate depdwy- heating the electrodeposited (BiH), to a temperature above
dence of the potential when plotted against (¥ is scan ratg The 250°C. However, the specific capacitance value decreased to
high power characteristics of the porous nickel can be inferred from146 F/g when heated to a temperature above 3G8These high
Fig. 2b, which shows almost linear variation of CV current density capacitance values were attributed to the change in surface area and
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Table I. The capacitance (C) and specific capacitancgC,) values of porous nickel and its corresponding nickel oxide electrodes obtained from
CV. For comparison smooth nickel values are also given.

Scan rate C(Flcn?) C(mF/cn?) C4(F/g) C(mF/cn?) C(Flg)
(mV/s) (Smooth Nj (Porous NJj (Porous Nj (NiO) (NiO)
2 3.70 1418 473 74 24.67
5 2.45 678 226 86 28.67
10 1.80 437 146 82 27.33
25 1.14 297 99 80 26.67
50 1.08 228 76 171 57
100 0.75 187 62 142 47.33
200 0.50 158 52 125 41.67
500 0.32 114 38 57 19

the nonstoichiometric nature of NiO that is formed. In the presentbetween —0.1 and +0.2 Vs. SCE. The limitation in potential win-
study, we employed the direct electrochemical oxidation of porousdow arises due to the redox reaction of nickel to nickel hydroxide at
nickel to nickel oxide through nickel hydroxide formation by simply more positive potentials. A study involving nonaqueous electrolytes
scanning at a potential range where NiO formation and subsequeris underway to explore the possibility of extending the potential
stripping take place. The lower values of capacitance obtained bywindow.

the electrochemical oxidation method in our system can be attrib- . . .

uted to incomplete conversion of nickel to nickel oxide within the  E/S—Nyquist plots of template deposited porous nickel elec-
pores. The potential window in which the capacitance is measured itrode n 6 M KOH at tWO_dlffgrent dc potentials viz. =1.0 and
—1.1 Vvs.SCE are shown in Fig. 3a. It can be seen that the porous
nickel electrode shows a high-frequency depressed semickile
netic ar¢ and a low-frequency straight-line portion, in contrast to

a the depressed semicircle obtained for smooth nickel in the entire
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Figure 3. (A) Nyquist plots for the porous nickel electrode in 6 M KOH
Figure 2. (a) Variation of specific capacitance of porous nickel electrode solution at two different dc potentials ¢&) —1.1 and(b) —1.0 V vs. SCE.
with different scan rates employed for the capacitance measurement using) Typical impedanceéNyquisf plot of the nickel oxide electrode in 6 M
CV. (b) A plot of variation of current densitys.scan rate for the high surface  KOH solution. The inset shows the expanded high-frequency region of the
area porous nickel obtained by template electrodeposition. same plot. Potential: 0 Vs. SCE.
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Table Il. Equivalent circuit fitting models and the parameters
obtained using the fitting procedure for both the porous nickel
and NiO electrodes.

-
rq
Electrode Porous nickel Nickel oxid®&iO) E
Equivalent circuit model R(R(CR))) R(Q(RO)) E':
Equivalent circuit fiting ~ Rg = 0.324( cn? Ry =0.29Q cn? :'."'
parameters "'_:
Q=0.246 Q =0.043
n = 0.69 n=0.82
R;=0.658Q cn? R = 1.440 cn?
C, =109 mF/cA  C, = 0.008 mF/crA
R = 0.6580) cn?
Porous Ni NiO
Ry 9] Rg |
|_
R
]
RQR(CR))) R(QMRC) 25
ot
range of frequencies used for the measurenteat shown. This ',:'_,
behavior implies that the porous nickel electrode shows a blocking
behavior at high frequency region and capacitive behavior with the
phase angle close to 60fot shown at the low-frequency region.
The impedance plots were fitted with appropriate equivalent circuits

described by Conway for the electrochemical capac?to‘fhe re-
sults of the fitting and the best-fit equivalent circuit for the imped-
ance data at —1.0 V is shown in Table II. It can be seen that the

model conforms to that described by Conway for the case of under_. L .
Figure 4. Plots of imaginary part of the complex capacitansefrequency

for (a) the porous nickel and b) the nickel oxide electrodes.

potential deposition with continuous reactivmhe pseudocapaci-
tance(C,) contribution (1.09 mF/cm) due to the nickel hydride
redox reaction is dominant at this potential while the double layer

capacitance contribution is relatively less and cannot be computed
due to the depressed nature of semicircle characteristic of porou§

electrodes. Figure 3b shows the Nyquist plots of nickel oxide elec-
trode n 6 M KOH. A small semicircle at high frequenciéshown in
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pure resistance, all the power is dissipated into the sy$f@m
= 100% while no power is dissipated into a pure capacitance at low
frequency. This can be seen from Fig. 5, where the valu®|dffS|

the inset of figurksuggests that the reaction is charge transfer con-decreases with decreasing frequency, while the normalized imagi-
trolled at this region and a straight line with the phase angle of 80°ahary part of the complex poweQ)|/|S| increases with decreasing
low frequency implies that the electrode can function as low leakagefrequency. The maximum ofQ|/|S| occurs at the low-frequency
electrochemical capacitor in the double layer region. The impedancéegion where the supercapacitor behaves like a pure capacitance.

data for this system are fitted to several equivalent circuit mddels.
The best fit equivalent circuit and the corresponding circuit elements
are shown in the Table Il. In contrast to the case of porous nickel
electrode described earlier, the double layer capacitance componel
is dominant in the case of NiO electrode. However, a significant
contribution from pseudocapacitan¢€,) does arise due to OH
adsorption on the electrode surface at this potential ré?]ge.

Complex capacitance and complex power analysiShere have
been several models proposed to explain the frequency behavior ¢
supercapacitor materials such as transmission line m@dew )3
and models based on size and shape of the fp@® size distri-
bution model.>*3® In our case, we have followed the simpler
method of analysis of complex capacitance,w€ and complex
power, $o).>*% The complex power &) contains the real part
active power, Pw) and the imaginary part reactive power(«.
Figures 4a and b present the plot of @s. frequency for the tem-
plate deposited porous nickel and nickel oxide electrodes respe
tively. The nickel oxide electrode shows a peak athile in the
case of template deposited porous nickel electrode, the maximun
has not been reached in the entire range of frequency used for th
study.

Figures 5a and b show the normalized real pBit|S| and the
imaginary partQ|/|S| of the complex powevs.frequency(in loga-
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Figure 5. Plots of normalized reactive powéQ|/|S| and active power

rithmic scalg for the porous nickel and nickel oxide electrodes re- |Pj/|S| vs. frequency for(a) the porous nickel an¢b) the nickel oxide elec-
spectively. At high frequency, when the supercapacitor behaves likarodes.
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The time constant,(=1/2 wf,) determined at resonant frequency

corresponds to the phase angle of 45°, which represents the transis.
tion for the electrochemical capacitor between a pure resigtore 2.
f > 1/ry) and a pure capacitivdor f < 1/r,) behavior. From Fig. 3

5, 7, values of 1.35 s and 33 ms were calculated for the porous

nickel and nickel oxiddsingle electrodes respectively, which im- 4.
plies fast power dissipation in the system. Leyvalues are pre- S.

ferred in fast charging-discharging process and the values obtaine
in the present work imply that the material is quite fast in delivering

energy with a higher power. 7.

The analysis of the results shown in Fig. 4 and 5 indicate that the
template deposited high surface area porous nickel has high energ

density and the nickel oxide derived from it has a higher power o
density with faster response time. It is clear that the porous nickel ago.
well as its corresponding nickel oxide electrodes are the promisingtl:

sources of supercapacitor electrode materials. Using these results, a

supercapacitor cell is being constructed and an evaluation of its,,

13.
14.
15.

We have studied the utility of the high surface area porous nickeligj

performance as supercapacitor will be reported in due course.

Conclusions

obtained from the template electrodeposition and nickel oxide de-

rived from it as electrochemical capacitor electrode materials. Fromig-

the cyclic voltammetry studies of these electrodes in 6 M KOH, we

measured a single electrode specific capacitance of 473 F/g for poy.
rous nickel electrode and 57 F/g for the NiO electrode. From the21.

analysis of EIS data, we have determined a relaxation time constar#?: f ‘
23. K. W. Nam, W. S. Yoon, and K. B. Kintlectrochim. Acta 47, 3201(2002.

X . A A 24. K. R. Prasad and N. Miur&lectrochem. Commun§, 849 (2004.
values suggest their utility in short time pulse devices that can de-s,

of 1.35 s for the porous nickel and 33 ms for nickel oxide. These

liver energy at a faster rate with much higher power. Our studies

show that the material has excellent potential as an electrode i?6

electrochemical capacitors. The work on the fabrication of device

way and will be reported elsewhere.
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