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Abstract

A nano-structured CoAl double hydroxide with an average particle size of 60—70 nm was prepared by a chemical co-precipitation. It
was used as a positive electrode for the asymmetric hybrid supercapacitor in combination with an active carbon negative electrode in KOH
electrolyte solution. The electrochemical capacitance performance of this kind of hybrid supercapacitor was investigated by means of cyclic
voltammetry, electrochemical impedance spectroscopy and galvanostatic charge—discharge tests. A specific capacitancewsfivd F g
specific energy density of 15.5 whkgwas obtained for the hybrid supercapacitor within the voltage range of 0.9-1.5V. The supercapacitor
also exhibits a good cycling performance and keep 90% of initial capacity over 1000 cycles.
© 2005 Published by Elsevier B.V.
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1. Introduction is to utilize a reversible faradic reaction of redox reaction of
metal oxides, conductivity polymer, and intercalated com-
In recent years, the growing interest in supercapacitors pounds. It is possible to obtain the high working voltage of
has been stimulated by their potential application as electri- the supercapacitors by choosing a proper electrode material.
cal storage devices operating in parallel with the battery in Both increase of the working voltage and high energy den-
an electric vehicle to transiently provide high povwgs2]. sity of the faradic reaction electrode result in a significant
Electrochemical supercapacitors fill the gap between bat-increase of the overall energy density of the capacitors. Very
teries and conventional capacitors in terms of their specific recently, such type hybrid supercapacitor based on NigOH)
energy and specific pow—6]. Supercapacitors have been and active carbon has been commercialized. However, it has
used as small-scale energy storage devices in stationary elecdrawback of undesirable power density due to the low con-
tronics, such as memory back-up devices and solar batterieguctivity of Ni(OH), [12]. On the other hand, CoOOH has
with semi-permanents charge—discharge cycle life. Recently,high conductivity that has successfully coated on the sur-
most researches have focused on the hybrid supercapaciface of Ni(OH) to improve the conductivity of Ni(OH)in
tor because of high energy dens[11]. The new type nickel-rare-metal battery. However, Co(GQH3 not very sta-
hybrid electrochemical supercapacitors (HESSs) are differentble in alkaline medium. Recently, an Al doped CoAl double
from the electrochemical double layer capacitors (EDLCs), hydroxide was reported to provide a potential in using as new
one electrode stores charge through a reversible nonfaradaielectrode materials for supercapacitbs].
reaction of ions on the surface of an activated carbon or the In the present work, we for the first time introduce
hole of a nano-pore carbon material, and another electrodeCoAl double hydroxide as a positive electrode to fabri-
cate a hybrid supercapacitor in combination with an acti-
* Corresponding author. Tel.: +86 21 55664177; fax: +86 21 55664177, Vated carbon using 6moltl KOH electrolyte solution.
E-mail address: yyxia@fudan.edu.cn (Y.-Y. Xia). The electrochemical capacitance performance of the hybrid
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supercapacitor was investigated by cyclic voltammetry (CV),

electrochemical impedance spectroscopy (EIS) and galvano-

static charge/discharge test.

2. Experimental

Activated carbon was used as received without fur-
ther treatment. Cobalt aluminum double hydroxide was
prepared by following process. A mixed solution con-
taining 0.2moll-! Co(NQ3)2-6H0 and 0.1mol £t
AI(NO3)-7H,0 (the mole ratio of Co/Al was 2:1) were
co-precipitated in 2molt! NaOH solution containing
2mol L~1 NaCOs at 40°C, and the suspension was stirred
at 70°C for 48 h. Then the precipitate was separated by cen-
trifugation and carefully washed with distilled water. Finally,
the precipitate was dried at 8Q for 12h. The prepared
compound was characterized by X-ray diffraction (XRD,
Bucker D8), scanning electronic microscope (SEM, Philip
XL30) and Transmission electron microscopy (TEM, Jeol
JEM-2010).

The electrode of CoAl double hydroxide was prepared
according to the following steps. The mixture containing
80 wt.% CoAl double hydroxide and 15 wt.% acetylene black
(AB) and 5wt.% polytetrafluoroethylene (PTFE) was well
mixed, and then was pressed onto nickel grid (220 Pa)
that serves as a current collector (surface is 4)cifhe AC
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Fig. 1. X-ray diffraction pattern of the CoAl double hydroxide.

The electrochemical behavior of the resulting compound
was also characterized by cyclic voltammetry and electro-
chemical impedance spectroscopy techniques. The experi-
ments were carried out in a three-electrode glass cell. Plat-
inum foil was used as a counter electrode, and Hg/HgO
as a reference electrode. CV and EIS measurements were
performed using a Solartron Instrument Model 1287 electro-
chemical interface and 1255B frequency response analyzer
controlled by a computer. The frequency limits were typi-
cally set between 1000 KHz and 0.01 Hz. The AC oscillation
was 10 mV. The data were analyzed by Zplot software.

electrode was prepared by the same method as the posi-

tive electrode described above, it consisted of 80 wt.% AC,
15wt.% AB and 5wt.% PTFE. The typical mass load of pos-
itive electrode material (CoAl double hydroxide) is 20 and

50 mg of AC negative electrode. The used electrolyte was 6 M
KOH solution. Cells were usually cycled between the voltage

3. Results and discussion

3.1. Characterization of CoAl double hydroxide

of 0.9 and 1.5V, the charge and discharge rate examined was Fig. 1 shows the X-ray diffraction pattern of CoAl dou-

5mA cni 2, except where otherwise specified.

ble hydroxide, which is consistent with the results reported

(b)

Fig. 2. SEM and TEM of CoAl double hydroxide (a) SEM and (b) TEM.
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in referencg[13]. The reflections of CoAl double hydrox-
ide is very close to that of Al (OH)16(COs-OH)-4H,0, 061
which suggest that this kind of materials has layered struc-

ture. Fig. 2 gives the SEM and TEM images of CoAl a "

double hydroxide. The results iRig. 2 clearly indicate %

that the prepared material has aggregated particle consist- = T

ing of average particle size of 60-70nm. By analyzing z

the contents f Co and Al in the precipitate solution, the =~ Z 31

concentration of residual Al and C@"* is less several = ,
-0.6

ppm, we herein defined the chemical composition of CoAl
double hydroxide as Ga7Alo.33(C0O3)0.165(OH)2-nH20
([Co1_,Al ,(OH)]**-[CO3% ]2:[H20]z, x = 0.33) as the ref- 091

0 500 1000 1500 2000

erence suggestg3].

t/s
3-2['1 fleC;rOCthlcal profiles of CoAl double hydroxide Fig. 4. Charge/discharge curves of (a) AC and (b) CoAl double hydroxide
and AC electrodes at a current density of 5mA cnd.

We firstly applied cyclic voltammetry to detect the elec- dow 0 to—0.9V (versus Hg/HgO), which is the character of
trochemical reaction window and electrochemical reaction double layer capacitance.

reversibility of CoAl double hydroxide in 6 mL1* KOH The results inFig. 3 demonstrated that the CoAl dou-

solution. The results are givenkig. 3. Two redox peaks at ble hydroxide can be charged/discharged between O and
0.1and 0.5V versus Hg/HgO were clearly observed. The two 0.6V versus Hg/HgO, and AC between 0 an6.9V ver-

redox peaks are attributed to two redox reactions as followed sus Hg/HgO. The charge—discharge curves of AC and CoAl

[14]: double hydroxide at a current of 5mA crhare shown in

Co(OH) + OH™ = CoOOH + H0 + e 1) Fig. 4. A perfect linear variation of the voltage was observed
during the charge/discharge process of AC with a capacity of

CoOOH+ OH™ 2 CoOy +H»20 + e (2) 110 Fg! between 0 and-0.9 V. On the hand, CoAl double

) hydroxide shows a slop charge/discharge curve, it delivers
We also found that the magnitude of two redox peaks betweena charge/discharge capacity of 360F gbetween 0.4 and
0 and 0.2V and that between 0.4 and 0.6V is dependent ong g/ By comparing the delivered capacity, the optimal pos-
the Al doped content, which is associated with the content itive/negative mass ratio was settled around 2:5.
of Ca?*/Co® in the CoAl double hydroxide. In the present
work, we did not further discuss it detailed. The results in )
Fig. 3also shows that CoAl double hydroxide can be charged 33 Capacitance performance of AC/CoAl double
upto 0.6 V versus Hg/HgO before the oxygen evolution, indi- /Ydroxide hybrid supercapacitor
cating the capacitance due to the redox of Co ion is fully
utilized. The cyclic voltammetry of AC is also showrHig. 3,
the curve of AC has a rectangular shape within potential win-

Fig. 5shows CV curves of the hybrid supercapacitor with
CoAl double hydroxide positive electrode and AC negative
electrode in 6 M KOH solution at voltage scan rates of 2, 5
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Fig. 3. Cyclic voltammetry curves of AC and CoAl double hydroxide at a Fig. 5. CV curves of the hybrid supercapacitor at different scan rates in the
scan rate of 2mVsL. (a) AC; (b) CoAl double hydroxide. voltage range from 0.3t0 1.5 V.
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Fig. 6. Typical electrochemical impedance spectroscopy of the hybrid supercapacitor at different applied potentials.

and 10mV s in the potential range from 0.3 to 1.5V. As The specific capacitance of the hybrid capacitor at differ-
shown inFig. 5, the currents in the potential range from 0.3to  €nt applied potentials can be evaluated from impedance test
0.9V are small and the curve symmetry is poor. On the con- according to the following equations:

trary, when the potential range was set between 0.9 and 1.5V, 1

the currents increased greatly and redox currents are sym-C,, = — = - m 3)
metrical. The result oFig. 5indicates that the electrochem- m.mxjx2nfxZ

ical capacitance performance of the hybrid capacitor basedwherec,, is the specific capacitance of the hybrid capacitor;
on CoAl double hydroxide and AC show most capacitance fthe frequencyZ” the imaginary part of the impedance test;
within certain potential window (0.9-1.5 V). This was further  ,;; the mass of active materials (include positive electrode and
confirmed by electrochemical impedance spectroscopy test. negative electrode) in the capacitor.

The electrochemical impedance measurements (atapplied The specific capacitances of the hybrid capacitor at differ-
potential of 0.6, 0.9, 1.2 and 1.5V, the frequency range is ent applied potentials are shownTable 1 The data shown
10° to 10-% Hz) were carried out and typical plots are shown in Table Lindicates that the hybrid capacitor has electro-
in Fig. 6. The impedance spectrum of the cell at the poten- chemical capacitance performance in the voltage range of
tial of 0.6 V (Fig. 6 (a)) is different from that of cellat 0.9, (.9-15V.

1.2, and 1.5V ig. 6b—d). Three distinct regions are shown  Fig. 7shows the galvanostatic charge—discharge curve of
in Fig. 6b—d. In the low frequency region, the impedance the hybrid supercapacitor between 0.9 and 1.5V at currents
plot of these capacitors increases and tends to become purelyf 5, 15 and 25 mA cm?. As shown irFig. 7, a perfect linear
capacitive (vertical lines characteristic of a limiting diffu-  variation of the voltage was observed during the charging-
sion process). In the intermediate frequency regionis the 45 discharging process, which can prove that this hybrid super-
line that is the characteristic of ion diffusion into the elec- Capacitorhas good electrochemical Capacitance performance_

trode materials. From the point intersecting with the real axis The SDECiﬁC Capacitance”(t) of this hybnd Supercapacitor
in the range of high frequency, the internal resistanes

of this supercapacitor is aboutl However,Fig. 6a does Table 1

not have this phenomenon, the slope of impedance plot doesrhe specific capacitances of the hybrid capacitor at different applied poten-
not increase and tend to 9 the low frequency region. In  tials evaluated from impedance tests

brief, the result ofig. 6also indicates that the electrochemi-  capacitance at 0.6 v (Fg) 13
cal capacitance performance of this hybrid supercapacitor isCapacitance at 0.9V (Fg) 57
within certain potential window (0.9-1.5V), which is con- Capacitance at 1.2V (Fg) 61

sistent with the result of CV test. Capacitance at 1.5V (Fg) 56
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Fig. 7. Charge/discharge curves of the hybrid supercapacitor at different
currents. Fig. 8. Cycle-life of AC/CoAl double hydroxide hybrid supercapacitor.

Table 3

was calculated as follows: The capacitance characters evaluated from charge/discharge tests

C, = E = It 4) Cycle numbers Capacitance at Coulombic

m  AVm 6mA (Fgl) efficiencyn (%)
wherel is the current of the charge—dischargthe time of First cycle 77 90
dischargeV is 0.6 V. Them is the mass load of active mate- Thousandth cycle 69 97

rials (include positive and negative electrode). The specific
power densityR) and energy densityH) of this hybrid super-

capacitor were calculated as follows: itance is shown irFFig. 8 as a function of cycle-number. It
shows a slowly capacity fading at first 100 cycles, and then
P= AEL (5) become constant. The charge/discharge coulombic efficiency
m and capacity retention were calculated by comparing the first
E = pt (6) cycle and 1000th cycle shown kig. 9. The results are sum-
Emax+ Emin marized inTable 3 o _
AE = — 5 (7) The results ofTable 3indicate that the hybrid super-
) . capacitor shows a poor charge/discharge coulombic effi-
where Emax is the potential at the end of charge aFiglin ciency of about 90% at first cycle. This phenomenon is

the potential at the end of dischardehe charge—discharge  consistent with the most conventional capacitor, it is partly
current, ¢ the discharge time and: the mass of active  gye to the decomposition of electrolyte at the surface of
materials. electrode, but coulombic efficiency increase to 97% after

The specific capacitance, energy density and power den-1000th cycle. Furthermore, it shows a good cycle perfor-

sity of the hybrid capacitor estimated from charge—discharge mance. It keeps a capacitance retention of about 90% over
curves are shown immable 2 A specific capacitance of 1000 cycles.

77F gt with a specific energy density of 15.5whky
can be reached. It should be noted that the specific capac-

itance values of this hybrid supercapacitor evaluated from sl |

impedance tests were smaller than that evaluated from

charge/discharge tests. 14} J

The cycle life of the hybrid capacitor was examined at a

current of 15 mA cm? was employed. The specific capac- o 13r 1
= 12f ]

Table 2

The specific capacitance, power density and energy density of the hybrid L1t J

capacitor at current rates of 5, 15 and 25mA@émevaluated from

charge/discharge test 1.0} ]

Capacitance (Fg') Energy density Power density

(whkg™) Wkg™) A 100 200 300 400 500

83 16.7 86 t/s

77 15.5 257

70 14.3 428

Fig. 9. Typical charge/discharge curves at different cycle numbers.
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