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a b s t r a c t

We have prepared NiO particles on Ni sheet and Ni foam substrates by chemical bath deposition and
the following heat-treatment, and assembled a hybrid capacitor (HC) cell with the NiO-loaded Ni sheet
or Ni foam positive electrode and activated carbon negative electrode. The deposited NiO particles had
ccepted 4 December 2009
vailable online 8 January 2010

flower-like porous morphology which was composed of aggregated nanosheets. The maximum operating
voltage of both HC cells was 1.5 V, which was much higher than theoretical decomposition voltage of
water (1.23 V). The HC cell with NiO/Ni foam (HCfoam) had higher discharge capacitance and high-rate
dischargeability and lower IR drop than the HC cell with NiO/Ni sheet (HCsheet) because of the increase
in the utilization of NiO active material. Both energy and power densities per mass of active materials,
were much higher than those for the HCsheet. Both HCfoam and HCsheet showed excellent cycle stability for
2000 cycles.

© 2009 Elsevier B.V. All rights reserved.
. Introduction

Aqueous electrolytes have advantages such as high ionic con-
uctivity, nonflammability, low environmental load, low cost etc.
ompared to nonaqueous electrolytes [1]. However, the maximum
perating voltages of electric double layer capacitors (EDLCs) with
queous electrolyte solutions are much lower than those with non-
queous electrolyte solutions which operate at voltages over 2.5 V
ecause the former is limited to 1.23 V, the theoretical decomposi-
ion voltage of water, leading to low energy density. A key to higher
nergy density is to raise the maximum operating voltage and
apacitance. Recently, aqueous hybrid capacitors (HCs) which are
omposed of an activated carbon (AC) electrode and an oxide elec-
rode with pseudocapacitance have been developed, and energy
ensity was improved significantly because of the increased max-

mum operating voltage and capacitance compared to the EDLCs
2–11]. Ni hydroxide and oxide [5,6], CoAl double hydroxides [7],

anganese oxides [8–11] etc. as a positive electrode material and
inc as a negative electrode material [12] have realized maximum

perating voltages of 1.4–2.0 V, because their operating poten-
ial range is outside of that of the AC electrode. In addition, they
ave higher oxygen or hydrogen overpotential than AC, leading to
igher energy density. Recently, we have assembled an HC with

∗ Corresponding author. Tel.: +81 72 254 9283; fax: +81 72 254 9283.
E-mail address: inoue-h@chem.osakafu-u.ac.jp (H. Inoue).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.018
a sintered Ni(OH)2 positive electrode used for commercial Ni/MH
batteries and succeeded in the increase in operating voltage [6]. In
the charge–discharge curves of the HC, the potential of the AC neg-
ative electrode cycled in a wide potential range, while that of the
sintered Ni(OH)2 positive electrode scarcely moved during charg-
ing and discharging. So it seems difficult to increase the cell voltage
more and more. To increase the operating voltage, the potential of
the positive electrode should cycle in wider potential ranges. We
have assembled an HC cell with nickel oxide positive electrode pre-
pared by the heat-treatment of the sintered Ni(OH)2, and succeeded
in the increase in operating voltage and capacitance, leading to the
higher energy and power densities [13]. The sintered Ni(OH)2 elec-
trode is available for commercial Ni/MH batteries because of high
packing density of Ni(OH)2 particles. But, the higher the packing
density, the smaller the interface area between the particles and
electrolyte solution, leading to lower capacitances per weight of
active material and lower rate capabilities. So the sintered Ni(OH)2
electrode with too much high packing density of active material
seems to be undesirable for the capacitor use.

Chemical bath deposition (CBD) is a simple preparation method
having advantages of low cost, room temperature technique, large
surface area of deposits and so on, and several researchers have

reported the preparation of some hydroxides by this method
[14–19]. In this study, we assembled HCs with NiO particles pre-
pared on different Ni substrates by the CBD method and the
following heat-treatment, as a positive active material, and inves-
tigated their charge–discharge properties.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:inoue-h@chem.osakafu-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2009.12.018
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3. Results and discussion

Fig. 1 shows XRD patterns for deposits prepared on a Ni foam
by CBD (Ni(OH)2(CBD)/Ni foam) before and after heat-treatment
240 H. Inoue et al. / Journal of Pow

. Experimental

2 mL of ammonia water (25%) was slowly put in a beaker with
mL of 1 M nickel sulfate aqueous solution at 30 ◦C. Then 10 mL
f 0.15 M potassium persulfate aqueous solution was added into
he beaker, followed by stirring for 3 min. The resultant solution is
amed a CBD bath hereafter.

Two types of Ni substrates, a Ni sheet and Ni foam, were used
n this study. The nickel sheet (15 mm × 10 mm × 0.2 mm) was
oaked in the CBD bath at 30 ◦C for 90 min, while the nickel foam
30 mm × 10 mm × 1.6 mm) was done at the same temperature for
5 min. Then the Ni sheet or Ni foam with deposits was washed
y ultrapure water and dried in a desiccator at room temperature,
ollowed by heat-treating at 400 ◦C for 1 h. The amount of deposits
n the Ni sheet and Ni foam was evaluated from the difference
etween total mass before and after the CBD.

X-ray diffraction spectra of deposits on the Ni sheet or Ni foam
ere measured by using an X-ray diffractometer equipped with a
u K� source (� = 0.1541 nm, 50 kV, 30 mA). The surface morphol-
gy of the deposits was analyzed using a field-emission scanning
lectron microscope (FE-SEM, Hitachi S-4500) for higher magnifi-
ation and a scanning electron microscope (Keyence VE-9800) for
ower magnification. Elemental analysis of the deposits was carried
ut with a detector for energy dispersive X-ray spectroscopy (EDX)
quipped with the latter microscope.

The sintered Ni(OH)2 electrode (10 mm × 9 mm × 0.7 mm),
hich had been also used in Ref. [6], was used for reference in this

tudy. The sintered Ni(OH)2 electrode was heat-treated at 350 ◦C
or 1 h to be transformed to NiO. The resultant electrode is named
iO(sintered) hereafter. The mass of the active material was mea-

ured after it was carefully scratched out from the substrate.
The preparation of an activated carbon (AC) negative electrode

nd the fabrication of an HC cell were performed according to
ef. [6]. The reference electrode and electrolyte were the Hg/HgO
lectrode and 10 M KOH aqueous solution. Cyclic voltammo-
rams of various positive electrodes were measured at 20 mV s−1.
harge–discharge cycle tests were done by charging up to 1.5 V at
mA and discharging down to 0.8 V at the same current. Discharge
apacitance (Cdis) specified as a gravimetric value is evaluated from
he following Eq. (1):

dis [F g−1] = idist

(V2 − idisR − V1)m
(1)

here idis, t, R and m represent discharge current in ampere, dis-
harge time in second, cell resistance in ohm and total mass of
ctive materials at both electrodes in gram, respectively. V1 and
2 represent potentials at lower and upper limits, which are 0.8 V
nd 1.5 V in the present study, respectively. The R-value was evalu-
ted from a voltage drop (�V) at the beginning of discharging, that
s the IR drop, as follows:

= �V

idis
(2)

o get high-rate dischargeability (HRD) for each HC cell, discharge
apacities at various currents were measured after charging at
mA. Before that, the charge–discharge cycling at 1 mA in the
otential range between 0.8 and 1.5 V was repeated 100 times. The
RD value is evaluated from the following equation:

100Ci
RD [%] =
C1

(3)

here Ci and C1 represent discharge capacitances at i mA and 1 mA,
espectively.

All electrochemical measurements were carried out at 30 ◦C.
Fig. 1. XRD patterns for deposits prepared on a Ni foam by CBD (a) after and (b)
before heat-treatment (HT) at 400 ◦C for 1 h. (©) Ni(OH)2(OH, S, H2O); (�) NiO.
Fig. 2. EDX spectra of deposits prepared on a Ni foam by CBD (a) after and (b) before
heat-treatment at 400 ◦C for 1 h.
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Fig. 3. SEM images for (a) NiO(CBD)/Ni sheet, (b) NiO(

t 400 ◦C for 1 h. Diffraction peaks before the heat-treatment were
ell assigned to Ni(OH)2(OH, S, H2O)(JCPDS: 25-1363) whose XRD
attern was quite similar to �-phase Ni(OH)2 [20], suggesting that

H−, SO4

2− and H2O were intercalated between laminated Ni(OH)2
heets to expand an interlayer spacing. The SO4

2− seems to come
rom persulfate, suggesting that the oxidation of Ni(NH3)6

2+ and/or
i(OH)2 by persulfate occurred, although some oxidation products

ike NiOOH were not clearly detected by XRD.

ig. 4. Cyclic voltammograms of the NiO(CBD)/Ni foam, NiO(CBD)/Ni sheet and NiO(sinte
n 10 M KOH aqueous solution. Sweep rate: 20 mV s−1.
Ni foam and (c) an NiO(CBD) particle on the Ni Sheet.

After the heat-treatment, the peaks assigned to Ni(OH)2(OH, S,
H2O) disappeared and peaks assigned to rock salt NiO appeared
at 2� = 37◦, 43◦ and 63◦ instead [21], clearly indicating that

the Ni(OH)2 was completely converted to NiO during the heat-
treatment. The Ni(OH)2(CBD)/Ni foam after the heat-treatment is
named the NiO(CBD)/Ni foam hereafter.

XRD patterns for deposits on a Ni sheet before and after the heat-
treatment were quite similar to those for the Ni(OH)2(CBD)/Ni foam

red) positive electrodes in the potential ranges of (a) −0.3 to 0.7 V and (b) 0.3–0.5 V
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nd NiO(CBD)/Ni foam, respectively, indicating that the structure of
eposits was not influenced by substrate. So the Ni(OH)2(CBD)/Ni
heet is transformed to the NiO(CBD)/Ni sheet after the heat-
reatment.

Fig. 2 shows EDX spectra for deposits prepared by CBD on a
i foam before and after heat-treatment at 400 ◦C for 1 h. Ni, O
nd S elements were detected in the EDX spectrum before the
eat-treatment, indicating the production of Ni(OH)2(OH, S, H2O)
y CBD. The S peak was detected even after the heat-treatment,
uggesting that the S species have not been completely removed.
DX spectra for Ni(OH)2(CBD)/Ni sheet before and after the heat-
reatment were also quite similar to those for the Ni(OH)2(CBD)/Ni
oam, respectively.

SEM images of NiO(CBD)/Ni foam, NiO(CBD)/Ni sheet and an
iO particle on the Ni sheet are shown in Fig. 3. In Fig. 3(a) and (b),

pherical NiO particles were loaded on both Ni substrates, and each
article had flower-like porous morphology which was composed
f aggregated nanosheets, as shown in Fig. 3(c). The unique mor-
hology had been formed during CBD and was maintained during
he heat-treatment. The average size of NiO particles loaded on the
i sheet and Ni foam was ca. 5 �m and ca. 2 �m, respectively. In
ddition, as can be seen from Fig. 3(a) and (b), the NiO particles on
he Ni sheet are more packed than those on the Ni foam. So it can be
xpected that the latter has higher utilization of the positive active
aterial than the former.
Fig. 4 shows cyclic voltammograms (CVs) of the NiO(CBD)/Ni

oam, NiO(CBD)/Ni sheet and NiO(sintered) positive electrodes in
0 M KOH aqueous solution. Fig. 4(a) shows that at each electrode,
couple of redox peaks were observed, and can be assigned to the

ollowing reaction [22]:

iO + OH− = NiOOH + e− (4)

t is known that the electronic conductivity of NiOOH is higher than
iO and Ni(OH)2. So once the NiOOH is formed, it should not be

educed to NiO as long as electrode potential is kept to 0.3 V vs.
g/HgO and more, indicating that high electronic conductivity is
aintained. As shown in Fig. 4(b), there were not distinct redox

eaks in the potential range between 0.3 and 0.5 V at which oxygen
volution begins, suggesting that all CVs show a capacitive behav-
or. So the size of the AC negative electrode in each HC cell was
ontrolled to move the potential at the positive electrode in the
otential range between 0.3 and 0.5 V.
Figs. 5 and 6 show the change in cell voltage and poten-
ials at the positive and negative electrodes in the HC cells
ith NiO(CBD)/Ni sheet (HCsheet) and NiO(CBD)/Ni foam posi-

ive electrodes (HCfoam), respectively. The operating voltage for
oth HC cells was in the range of 0.8–1.5 V. The maximum cell

ig. 5. Change in (a) cell voltage and (b) potentials at the positive and negative electro
rocesses. Charge and discharge currents: 1 mA.
Fig. 6. Change in (a) cell voltage and (b) potentials at the positive and negative elec-
trodes for the HC cell with the NiO(CBD)/Ni foam electrode in charge and discharge
processes. Charge and discharge currents: 1 mA.

voltage was much higher than that of a typical EDLC cell with
two AC electrodes (0.9 V) and the HC cell with the previously
used Ni(OH)2 electrode (1.2 V) [6], and theoretical decomposi-
tion voltage of water (1.23 V). Moreover, in Figs. 4(b) and 5(b)
the potentials at the positive and negative electrodes ran in the
ranges of 0.3–0.5 V, in which NiOOH with higher electronic con-

ductivity than NiO is the major species, and −1.0 to −0.5 V,
respectively. The increase in cell voltage up to 1.5 V is ascribable to
the expansion of potential range to cycle, particularly at the positive
electrode.

des for the HC cell with the NiO(CBD)/Ni sheet electrode in charge and discharge
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The HCfoam has relatively low cell resistance and small amount of
NiO, leading to higher power density. The Ragone plots clearly indi-
cate that the NiO(CBD)/Ni foam is the best positive electrode in the
present study in terms of both energy and power densities.
ig. 7. (a) Discharge capacitance and (b) HRD as a function of discharge current
or HC cells with NiO(CBD)/Ni sheet, NiO(CBD)/Ni foam and NiO(sintered) positive
lectrodes. Charge current: 1 mA.

Fig. 7 shows discharge capacitances and HRDs as a func-
ion of discharge current for the HCsheet, HCfoam and the HC
ell with the NiO(sintered) positive electrode (HCsintered). In
ischarge capacitance at 1 mA, the HCsheet and HCfoam were
igher than the HCsintered, suggesting that the utilization of the
iO(CBD)/Ni foam and NiO(CBD)/Ni sheet was higher than that
f the NiO(sintered). Moreover, the HCfoam had higher discharge
apacitance than the HCsheet. However, the discharge capacitances
nd HRDs for the HCsheet and HCfoam significantly decreased with an
ncrease in discharge current, compared to the HCsintered. Fig. 7(b)
learly demonstrates that the HRD decreases in the order of
Csintered > HCfoam > HCsheet.

Fig. 8 shows IR drops at various discharge currents for the HC
ells with three positive electrodes. In all cases, IR drop linearly
ncreased with discharge current. The IR drop increased in order
f HCsintered < HCfoam < HCsheet. The cell resistance of each HC cell
an be evaluated from a slope of each straight line in Fig. 7, and
ere 0.34 � for HCsintered, 1.16 � for HCfoam and 1.43 � for HCsheet.

he NiO(sintered) was prepared by heat-treating a commercial sin-
ered Ni(OH)2 electrode. It is well-known that the sintered Ni(OH)2
lectrode includes Co species as an electronic conducting material,
nd their oxidation products form an electronic conducting net-
ork [23], leading to the increase in electronic conductivity or the
ecrease in IR drop. On the contrary, the NiO particles on the Ni
oam is not so packed compared to those on the Ni sheet (see Fig. 3),

eading to the lower IR drop. From Figs. 7 and 8, we can say that the
maller the IR drop, the higher the HRD.

Ragone plots for the HC cells with three positive electrodes
re shown in Fig. 9(a). From the discharge curves at various dis-
Fig. 8. IR drop as a function of discharge current for the HC cells with NiO(CBD)/Ni
sheet, NiO(CBD)/Ni foam and NiO(sintered) positive electrodes. Charge current:
1 mA.

charge currents, energy and power densities per mass of both active
materials were evaluated according to Ref. [12]. The energy den-
sity increased in order of HCsintered < HCsheet < HCfoam, while the
power density increased in order of HCsheet < HCsintered < HCfoam.
Fig. 9. Ragone plots per mass of active materials (a) and total mass of active mate-
rials and substrates (b) for the HC cells with NiO(CBD)/Ni sheet, NiO(CBD)/Ni foam
and NiO(sintered) positive electrodes.
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ig. 10. Change in discharge capacitance with cycle number for the HC cells with
iO(CBD)/Ni sheet, NiO(CBD)/Ni foam and NiO(sintered) positive electrodes.

Fig. 9(b) also shows Ragone plots for the HC cells with three
ositive electrodes, but the energy and power densities are those
er total mass of active materials and substrates. As can be seen
rom this figure, the energy and power densities for the HCsheet
nd HCfoam were lower than those for the HCsintered. However, it
hould be noticed that we have never optimized them in cases of
he NiO(CBD)/Ni foam and NiO(CBD)/Ni sheet yet. So the energy and
ower densities for the HCsheet and HCfoam will be still improved.

Fig. 10 shows the charge–discharge cycle performance of the HC
ells with three positive electrodes at 2 mA. In all cases, the initial
ischarge capacitance was maintained even at 2000th cycle, indi-
ating that all the HC cells have excellent cycle stability. This seems
o come from high cycle stability of NiO positive active material,
nd in particular, the HCfoam can be an electrochemical capacitor
ith not only high energy and power densities but also high cycle

tability.

. Conclusion

We have prepared NiO particles on two types of Ni substrates
y CBD and the following heat-treatment, and assembled HC cells
ith the NiO particles as the positive active material. The results
btained in the present study are summarized as follows.

1) The NiO particles on the Ni sheet and Ni foam had flower-
like porous morphology which was composed of aggregated
nanosheets.

[

[
[
[

urces 195 (2010) 6239–6244

(2) The maximum operating voltage of both HC cells was 1.5 V,
which was much higher than that of a typical EDLC cell (0.9 V),
the HC cell with the sintered Ni(OH)2 electrode (1.2 V) and the
theoretical decomposition voltage of water (1.23 V).

(3) The HCfoam had higher discharge capacitance and high-rate dis-
chargeability and lower IR drop than the HCsheet because of the
increase in the utilization of NiO active material.

(4) The Ragone plots showed that both energy and power densities
for the HCfoam were much higher than those for the HCsheet and
HCsintered, clearly indicating that the NiO(CBD)/Ni foam was the
best positive electrode in the present study in terms of both
energy and power densities.

(5) Both HCfoam and HCsheet cells showed excellent cycle stability
for 2000 cycles.
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