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a b s t r a c t

A network of CoxNiyAlz layered triple hydroxides (LTHs) nanosheets was prepared by the potentiostatic
deposition process at −1.0 V (vs. Ag/AgCl) onto stainless steel electrodes. X-ray diffraction patterns show
that the CoxNiyAlzLTHs belong to the hexagonal system with layered structure. Cyclic voltammetry and
charge discharge measurements in the potential range of −0.1 to 0.5 V and 0.0–0.4 V, respectively, vs.
vailable online 21 January 2009
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Ag/AgCl in 1 M KOH electrolyte indicate that CoxNiyAlzLTHs have excellent supercapacitive characteristics.
The maximum specific capacitance of ∼1263 F g−1 was obtained for Co0.59Ni0.21Al0.20LTH. The impedance
studies indicated highly conducting nature of the CoxNiyAlzLTHs.

© 2009 Elsevier B.V. All rights reserved.
pecific capacitance
upercapacitor

. Introduction

Our increasing energy demands is at the crossroad, where soar-
ng fuel prices, increasing pollution and depleting fuel reserve have
orced us to search alternate power-energy sources. Electrochem-
cal supercapacitors have higher energy density than dielectric
apacitors and higher power density than batteries [1]. Owing to
he unique energy storage performance, they have attracted consid-
rable attention in many applications, e.g., hybrid electric vehicles,
eak power sources, backup power storage, lightweight electronic
uses, starting power of fuel cells, memory protection of computer
lectronics, cellular devices, etc. [2–6].

Based on the different operation mechanisms, supercapacitors
an be classified into two different categories: (1) double-layer
apacitors, which are based on the non-Faradaic charge separa-
ion at the electrode/electrolyte interface, and (2) pseudocapacitors,
hich are based on the Faradaic redox reaction of electroactive
aterials. The materials studied for capacitor have been mainly
f three types: carbon [7], metal oxide [8,9] and conducting poly-
er [10–12]. High-surface-area carbon materials (activated carbon

lack, carbon aerogel, and carbon nanotubes) are electrochem-
cal double layer capacitors (EDLCs). Specific capacitance of up
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to ∼280 F g−1 could be achieved in the case of EDLCs [7]. Metal
oxide and conducting polymer are pseudocapacitors. Initially, the
hydrous ruthenium oxide was reported as the promising materials
with specific capacitance value of 863 F g−1 [13]. However, due to its
high cost, other metal oxides, such as manganese oxide [9], nickel
oxide [14] and cobalt oxide [15] has been explored for supercapac-
itors.

Metal hydroxides are often layered materials with large inter-
layer spacing [16,17]. Recent development of metal hydroxides with
high specific capacitances has regenerated great interest in such
materials [18–25]. In the case of Co–Al LDHs, a maximum specific
capacitance of 684 F g−1 was observed [19], whereas potentio-
statically synthesized CoxNi1−xLDHs showed a maximum specific
capacitance of 2104 F g−1. Co(OH)2/Y-zeolite composites showed a
total specific capacitance of 1492 F g−1 [20] whereas in the case
of Co(OH)2–Ni(OH)2/Y-zeolite composites, a specific capacitance
of 479 F g−1 was obtained [22]. However, the characteristics of
all these hydroxides suffered from asymmetric charge–discharge
behavior. In this work, we have synthesized novel CoxNiyAlzLTHs
by potentiostatic deposition method. Their structural and capaci-
tive characteristics showed that CoxNiyAlzLTHs are very promising
materials for supercapacitors.
2. Experimental

Analytical grade chemicals (Co(NO3)2·6H2O, Ni(NO3)2·6H2O,
Al(NO3)3·9H2O and 1 M KOH) and research grade stainless-steel

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:drvinaygupta@netscape.net
dx.doi.org/10.1016/j.jpowsour.2009.01.026
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Fig. 1. (i) XRD patterns of the: (a) Co0.75Ni0.00Al0.25LTHs, (b) Co0.67Ni0.13Al0.20LTHs,
(c) Co0.59Ni0.21Al0.20LTHs, (d) Co0.51Ni0.29Al0.20LTHs and (e) Co0.31Ni0.49Al0.20LTHs and
(ii) TG/DTA curves of the Co0.59Ni0.21Al0.20LTHs.

Table 1
EDX analysis of Co, Ni and Al in CoxNiyAlzLTHs.

Electrolyte solution Co:Ni:Al Elemental composition CoxNiyAlzLTHsa

0.90 M:0.00 M:0.10 M Co0.75Ni0.00Al0.25

0.75 M:0.25 M:0.10 M Co0.67Ni0.13Al0.20

0.60 M:0.40 M:0.10 M Co0.59Ni0.21Al0.20

Fig. 2. SEM images of the CoxNiyAlzLTHs: (a) Co0.67Ni0.13Al0.20LTHs, (b) Co0.59N
0.50 M:0.50 M:0.10 M Co0.51Ni0.29Al0.20

0.25 M:0.75 M:0.10 M Co0.31Ni0.49Al0.20

a x + y + z = 1.

(SS, grade 304, 0.2 mm thick) were used for CoxNiyAlzLTHs prepa-
rations. The area of the SS for deposition was 3 cm × 4 cm.
The SS was polished with emery paper to a rough finish,
washed free of abrasive particles and then air-dried. An electro-
chemical cell was assembled in a three-electrode configuration
in which the counter electrode was platinum (Pt), the refer-
ence electrode was Ag/AgCl (saturated KCl solution) and the
working electrode was SS. The molar concentrations of the
Co(NO3)2·6H2O:Ni(NO3)2·6H2O:Al(NO3)3·9H2O aqueous solutions
used for potentiostatic deposition were 0.25:0.75:10, 0.50:0.50:10,
0.60:0.40:10, 0.75:0.25:10 and 0.90:0.00:10. The potentiostatic
deposition was carried out at the potential of −1.0 V vs. Ag/AgCl.
The deposited electrodes were washed in distilled water by using
a magnetic paddle in a beaker and then dried in an oven at 50 ◦C
overnight. The weight of the deposit was measured by means of
a micro-balance (Sartorius, BP211D) with an accuracy of 0.01 mg.
The weights of all deposited CoxNiyAlzLTHs were ∼10 mg. The ele-
mental analysis was carried out by use of an energy dispersive

X-ray (EDX) spectrometer (EDAX, Horiba EX-220SE) coupled to a
scanning electron microscope (Hitachi, S3000-N). The microstruc-
ture of the electrode materials was evaluated by use of a field
emission scanning electron microscope (FE-SEM, JEOL, JSM-6340F).
The X-ray diffraction patterns were obtained by use of an X-ray

i0.21Al0.20LTHs, (c) Co0.51Ni0.29Al0.20LTHs and (d) Co0.31Ni0.49Al0.20LTHs.
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Fig. 3. (i) Cyclic voltammograms and (ii) charge–discharge curves of the:
294 V. Gupta et al. / Journal of Pow

iffractrometer (XRD, RIGAKU, R1NT2100) with Cu K� radiation
� = 1.5406 Å) operating at 40 kV, 20 mA. The TG/DTA curves were
btained by using an SII TG/DTA analyzer (Model 3200). All
lectrochemical depositions and capacitive measurements were
erformed by use of a potentiostat (AUTOLAB®, Eco Chemie, PGSTAT
0). The capacitive characterization was performed in 1 M KOH
lectrolyte.

. Results and discussion

Table 1 shows the atomic percentages (at.%) of the elements
o, Ni and Al in CoxNiyAlz LTHs (x + y + z = 1), obtained by means of
DX spectroscopy. The electrolyte concentration of Al(NO3)3·9H2O
as kept at 0.1 M in all the experiments. The elemental composi-

ions of synthesized Co0.75Ni0.00Al0.25LTHs, Co0.67Ni0.13Al0.20LTHs,
o0.59Ni0.21Al0.20LTHs, Co0.51Ni0.29Al0.20LTHs and Co0.31Ni0.49
l0.20LTHs were determined by EDX analysis. The compositions are
rranged in increasing order of Ni content in Table 1.

Fig. 1(i) shows the XRD patterns of the CoxNi1−xLTHs. The pat-
erns in Fig. 1(i) comprise four broad peaks appearing at 2� values of
0.6◦ (7.75 Å), 21.4◦ (3.81 Å), 34.5◦ (2.68 Å) and 60.7◦ (1.55 Å) which
orrespond to �-Co(OH)2, �-Ni(OH)2 and �-Al(OH)3. It was difficult
o differentiate between the three phases, since they have simi-
ar structures, and their diffraction peaks are very close. Fig. 1(ii)
hows the TG/DTA curves of the deposited Co0.59Ni0.21Al0.20LTHs in
00 ml min−1 N2 flow. The TG curve shows an initial weight loss of
–6% at around 100 ◦C, which is due to the desorption of physically
dsorbed water, and thereafter, the main weight loss of 19–20%, in
he temperature range of 180–300 ◦C, may be due to the decom-
osition of the Co0.59Ni0.21Al0.20LTH into the respective oxides, as
hown in the inset of Fig. 1(ii). Since the loss of water of hydra-
ion occurs in the similar temperature range, its amount could
ot be estimated. The TG/DTA curves were similar for all of the
eposits.

The SEM images of the deposited CoxNiyAlzLTHs are shown
n Fig. 2. As shown in Fig. 2a, a network of nano-thick
o0.67Ni0.13Al0.20LTHs was observed. The microstructure becomes
enser for the Co0.59Ni0.21Al0.20LTH (Fig. 2b) and Co0.51Ni0.29
l0.20LTHs (Fig. 2c). The densest structure is observed for the com-
osition of Co0.31Ni0.49Al0.20LTHs (Fig. 2d).

Fig. 3(i) shows the CV curves of the CoxNiyAlzLTHs electrodes
n 1 M KOH electrolyte at the scan rate of 10 mV s−1 in the poten-
ial range of −1.0 to +0.5 V. The CoxNiyAlzLTHs electrodes showed
ery strong redox peaks due to the following Faradaic reactions of
o(OH)2 and Ni(OH)2 [23]:

o(OH)2 + OH− ⇔ CoOOH + H2O + e− (1)

oOOH + OH− ⇔ CoO2 + H2O + e− (2)

i(OH)2 + OH− ⇔ NiOOH + H2O + e− (3)

The CV curves showed shifts in the redox peaks as the composi-
ions of the CoxNiyAlzLTHs electrodes were changed. It can be seen
hat the oxidation and reduction peaks for Co0.75Ni0.00Al0.25 LTH
re at 0.14 and 0.29 V, respectively. The oxidation peak is shifted to
he higher potential and the reduction peak in most cases is shifted
o the lower potential and become broad. For the composition of
o0.31Ni0.49Al0.20LTH, the peaks are at 0.46 and 0.3 V for the oxida-
ion and reduction processes, respectively. The redox area is highest
or the Co0.59Ni0.21Al0.20LTHs.

Fig. 3(ii) shows the charge–discharge (CD) curves of the

oxNiyAlzLTHs electrodes in 1 M KOH electrolyte at 1 A g−1 cur-
ent in the potential range between 0 and 0.4 V. The CoxNiyAlzLTHs
lectrodes showed nearly ideal charge–discharge behavior. The
pecific capacitance values obtained from Fig. 3(ii) are shown in
ig. 4(i) where a specific capacitance value of 695 F g−1 was
(a) Co0.75Ni0.00Al0.25LTHs, (b) Co0.67Ni0.13Al0.20LTHs, (c) Co0.59Ni0.21Al0.20LTHs, (d)
Co0.51Ni0.29Al0.20LTHs and (e) Co0.31Ni0.49Al0.20LTHs.

obtained for Co0.75Ni0.00Al0.25LTHs. As the content of nickel is
increased, an increase in the specific capacitance is observed.
The highest specific capacitance of ∼1263 F g−1 is obtained for
Co0.59Ni0.21Al0.20LTHs. Incidentally, this is the highest specific capac-
itance obtained with nearly ideal charge–discharge characteristics
conditions so far. A further increase in the Ni content decreases
the specific capacitance to 1038 F g−1 for Co0.51Ni0.29Al0.220LTHs.
Liu et al. [25] have shown that in the case of CoxNiyAlzLTHs
prepared by precipitation method, a maximum specific capaci-
tance value was 960 F g−1 can be obtained. Here we were able to
obtain a much higher specific capacitance by potentiostatic depo-
sition.

Fig. 4(ii) shows the electrochemical impedance spectra in the
form of Nyquist plots for some CoxNiyAlzLTHs electrodes at 0.4 V,
where Z′ and Z′′ are the real and imaginary parts of the impedance,
respectively. The plots obtained are composed of a semi-circle at
high frequencies, which is related to Faradaic reactions. The slope
close to 45◦ along the imaginary axis (Z′′) at low frequencies is
due to a Warburg impedance (a limiting diffusion process), and
is not useful for charge storage. From the Nyquist plots, observed
electrode resistances were close to 0.2 �. This shows that all the
CoxNiyAlzLTHs electrodes were of a highly conducting nature. The
cyclic stability measurements of Co0.59Ni0.21Al0.20LTHs at 5 A g−1

showed an initial specific capacitance loss of 10% in the first
500 cycles whereas it was 3% in the next 500 cycles which sug-
gests that CoxNiyAlzLTHs electrode tend to stabilize after the first

500 cycles. This capacitance loss initially might be due to some
material loss which can be controlled by using a suitable mem-
brane.
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CoxNiyAlzLTHs is compatible with the size of the hydrated ions
(6–7.6 Å). The highest capacitance, ∼1263 F g−1, was observed for
the Co0.59Ni0.21Al0.20LTHs. The synthesized CoxNiyAlzLTHs are very
promising for supercapacitor application.
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