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a b s t r a c t

Nanoporous nickel hydroxide Ni(OH)2 coated on nickel foam by using a chemical bath deposition method
shows a high specific capacitance of 2200 F g−1 at a discharging current density of 1 Ag−1. After 500
charge–discharge cycles, the specific capacitance is stabilized at 1470 Fg−1, and there is only a 5% fall in
specific capacitance during the following 1500 cycles. The relationship between the capacitance decay
vailable online 3 April 2010
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and changes in the microstructure and morphology of nanoporous Ni(OH)2 is investigated. The results
show that phase transformation and the growth of particle/crystal size, rather than the formerly proposed
flaking off of Ni(OH)2, are the major factors contributing to the capacitance decay.

© 2010 Published by Elsevier B.V.
upercapacitor
hase change

. Introduction

Nickel hydroxide (Ni(OH)2) has been used for many decades
s an active material for the positive electrode of batteries. These
ickel-based batteries can perform well at relatively low discharge
ates (0.1–1 C). At very high discharge rates (>10 C), however, only
few percent of the storage capacity can be used [1]. At high dis-

harge rates/current densities, the best energy-storage device is
he supercapacitor. Well-developed carbon-based supercapacitors
electric double-layer capacitors) have very high discharge current
ensities, but they suffer from a low energy density or a low specific
apacitance of about 200 F g−1 [2].

In recent years, nanosized Ni(OH)2, which can function well
t high discharge current densities, has been identified as a
ery promising material for supercapacitors [3–10]. Two types of
nergy-storage mechanism play a role in a supercapacitor, namely,
on-faradic charging as in electric double-layer capacitors and
aradaic charging similar to the processes in batteries. Studies
11,12] show that high current density discharge performance is
mproved greatly by using nanostructured Ni(OH)2 because of the
igh specific surface area, fast redox reaction and shortened diffu-
ion path in the solid phase. Cheng et al. [8] reported a specific

apacitance of ∼696 F g−1 for sol–gel-derived Ni(OH)2 xerogels,
.e., a performance that is significantly higher than that of well-
eveloped carbon-based materials. Yuan et al. [13] reported a
pecific capacitance of ∼710 F g−1 for spherical superstructured

∗ Corresponding author. Tel.: +65 65164632; fax: +65 68742081.
E-mail address: msegongh@nus.edu.sg (H. Gong).

378-7753/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2010.03.093
Ni(OH)2. Lang et al. [5] and Yang et al. [14] further reported
a higher specific capacitance (>2000 F g−1) for loosely packed,
nanoflake Ni(OH)2 structures. Although a high specific capacitance
is achieved, nanostructured Ni(OH)2 suffers from significant capac-
itance decay during charge–discharge cycles and thereby prevents
it from industry applications such as electrical vehicles and hybrid
electrical vehicles. Some researchers propose that the capacitance
decay may be due to the flaking off of Ni(OH)2 [14]. There is
no strong evidence to support this view, however, and no other
possible reasons have been advanced, according to the best of
our knowledge. A systematic investigation is needed to alleviate
the ambiguities for a better understanding of this important phe-
nomenon and thus pave the way to industrial applications of high
capacitance Ni(OH)2 supercapacitors.

In this work, a Ni(OH)2 film with interconnected nanoflakes is
deposited directly on a nickel foam substrate, and a high specific
capacitance of up to 2200 F g−1 is achieved. The decay in capaci-
tance during charge–discharge cycles is studied systematically by
means of multi-characterization techniques including XRD, SEM,
TEM, and electrochemical methods. Capacitance decay behaviour
under different current regimes is also examined.

2. Experimental details
The solution for chemical bath deposition (CBD) was prepared
by mixing 40 mL of 1 M nickel sulfate, 30 mL of 0.25 M potassium
persulfate, 10 mL of aqueous ammonia (22–24% NH3), and 20 mL of
deionized water in a 250 mL Pyrex beaker at room temperature. The
Ni foam substrate was chemically cleaned with acetone, methanol,

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:msegongh@nus.edu.sg
dx.doi.org/10.1016/j.jpowsour.2010.03.093


6 er Sources 195 (2010) 6977–6981

a
g
w
K
t
o
M
B
w
t
1
a
r
o
�
a
3
e

3

p
#
(
i
o

F
i

978 G. Hu et al. / Journal of Pow

nd deionized water. Clean substrates were dried in flowing nitro-
en. Cyclic voltammetry (CV) and charge–discharge measurements
ere carried out in a three-compartment system containing a 1 M
OH electrolyte solution, a saturated calomel electrode (SCE) as

he reference electrode, and a Pt foil counter-electrode. The weight
f the electrode was measured with a Mettler Toledo X205DU
icrobalance (sensitivity: 0.01 mg; repeatability: 0.015 mg).

efore each weighing, the samples were washed in deionized
ater and then dried at 60 ◦C for 2 h. The CV measurements of

he Ni(OH)2–Ni foam electrode were performed using a Solartron
267 potentiostat coupled with Corrware (Scribner Associates) at
scanning rate of 1 mV s−1 between 0 and 0.55 V vs. SCE was at

oom temperature (25 ◦C). X-ray diffraction (XRD) spectra were
btained with a BRUKER AXS instrument (model D8 ADVANCE,
Cu,K� = 0.154060 nm). The morphology of the electrodes was
nalyzed by means of scanning electron microscopy (SEM, FE-XL
0). Transmission electron microscopy (TEM, JEOL2000FX) was
mployed to investigate the microstructure of the Ni(OH)2.

. Results and discussion

The XRD pattern of the Ni(OH)2 powder prepared by CBD is
resented in Fig. 1a. Three peaks belonging to �-Ni(OH) (JCPDF
2
22-0444) (0 0 1) (2� = 11.634◦), (0 0 2) (2� = 23.771◦) and (1 1 0)

2� = 33.666◦) are observed. A TEM image of the Ni(OH)2 sample
s given in Fig. 1b and reveals slices of �-Ni(OH)2 with dimensions
f ∼50–200 nm. The inset of Fig. 1b is a selected area of the electron

ig. 1. (a) XRD spectrum of Ni(OH)2 powder and (b) TEM image of Ni(OH)2 sample;
nset is selected area electron diffraction (SAED) pattern of Ni(OH)2 from electrode.
Fig. 2. Discharge behaviour of Ni(OH)2–Ni foam electrode measured (charging at
3 A g−1 to 0.5 V vs. SCE) in potential range from 0.5 to 0 V vs. SCE at current density
of 1, 3, 5, 10 and 30 A g−1 in 1 M KOH solution.

diffraction (SAED) pattern of a typical slice (with the incident elec-
tron beam perpendicular to the slice). The pattern reveals that the
sample is �-Ni(OH)2, in agreement with XRD analysis. The rings in
the SAED pattern can be indexed as �-Ni(OH)2 (1 1 0)/(1 1 1)/(2 0 0)
and (3 0 0)/(3 0 1) planes. It is interesting to find that there are no
(0 0 1) and (0 0 2) rings in the SAED pattern, suggesting that the slice
plane is (0 0 1). The formation of (0 0 1) slices is probably due to the
low surface formation energy of the (0 0 1) surface of �-Ni(OH)2.

A constant-current discharge experiment was conducted to
obtain the specific capacitance of Ni(OH)2. The electrodes were
charged to 0.5 V at a constant current density of 3 A g−1 before
discharging. The discharge behavior, is shown in Fig. 2, i.e., the
potential vs. specific capacity of the Ni(OH)2 measured at discharg-
ing current densities of 1, 3, 5, 10 and 30 A g−1 in 1 M KOH. The
corresponding specific capacitance of the sample is calculated from

C = I · �t

m · �V
, (1)

where I is the discharging current; �t is the total discharging
time; m is the mass; �V is the total potential drop; C is the
specific capacitance. The as-deposited Ni(OH)2–Ni foam electrode
(0.5 cm × 0.5 cm) contains 0.48 mg Ni(OH)2. The specific capaci-
tance values are calculated to be 2222, 1804, 1516, 1299 and
1103 F g−1, which correspond to the discharge current densities
of 1, 3, 5, 10 and 30 A g−1, respectively. The high specific capaci-
tance achieved suggests that nanoporous Ni(OH)2 in the electrode
is electrochemically accessible and contributes to the capacitance
[15]. The decrease in capacitance with increase in discharge current
suggests an increasing involvement of polarization, a phenomenon
that results in a low utilization of the active materials at higher
charge/discharge currents [16], in agreement with other studies
[5,17].

Since a long cycle-life is critical to supercapacitor applications,
a cycle test was carried out to examine the service life of the elec-
trode. The Ni(OH)2–Ni foam electrode was charged and discharged
at a current density of 3 A g−1 in the 0–0.50 V range vs. SCE up to
2000 cycles. The specific capacitance at the beginning and after each
500 cycles at 3 A g−1 is given in Fig. 3; the capacitance was measured
at discharge current densities of 1, 3, 5, 10 and 30 A g−1 (charge to
0.5 V at 3 A g−1, for all cases). Decay of capacitance with performing
cycles is clearly seen in Fig. 3. After 500 charging–discharging cycles

at 3 A g−1, the specific capacitances dropped to 1502, 1435, 1301,
1173 and 1050 F g−1, measured at discharging current densities of
1, 3, 5, 10 and 30 A g−1, respectively. After 2000 cycles, the specific
capacitances became 1387, 1295, 1169, 991 and 725 F g−1, at 1, 3, 5,
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Fig. 3. Relationship between capacitance retention and cycle number of Ni(OH)2–Ni
foam electrode at different specific discharge currents.

Table 1
Relative capacitance decay after 500 cycles (range I: 1–500 cycles) and 2000 cycles
(range II: 500–2000 cycles), measured with different discharging current densities.

Discharging current density (A g−1) Relative capacitance drop (%)

After 500 cycles After 2000 cycles

1 32.4 7.7
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change in the Ni(OH)2 material, rather than a decrease in surface
area, is mainly responsible for the capacitance decay phenomenon
after 500 cycles in range I. For range II, the relative capacitance
drop increases with the discharge current density, i.e., totally dif-
ferent from the trend in range I. The capacitance falls 7.7% at a
3 20.5 9.8
5 14.2 10.1

10 9.7 15.5
30 4.8 31.0

0 and 30 A g−1, respectively. Since the flaking off of Ni(OH)2 from
lectrode has been considered to be the major cause of the fall in
apacitance [13], the weight measurement was carried out before
nd after 2000 cycles. The electrode weight before cycling and after
000 cycles showed no detectable loss using a balance with 0.01 mg
ensitivity, suggesting that weight loss is not the major determinant
f capacitance decay. Therefore, the significant capacitance decay
uring cycling should be attributed to other factors. The following
ill focus mainly on understanding the factors that contribute to

apacitance decay.
A careful inspection of Fig. 3 reveals that the capacitance decay
ehaviour can be divided into two ranges, namely, 1–500 cycles
range I) and 500–2000 cycles (range II), because the gradients of
he lines joining the data are different in these two ranges. Table 1
ists the relative fall in specific capacitance for the two ranges of
ycles at different discharging current densities. For range I, the

ig. 4. Cyclic voltammetry curves at 1 mV s−1 within a potential window of 0–0.55 V
s. SCE in 1 M KOH. A, before cycles; B, after 500 cycles; C, after 1000 cycles; D, after
500 cycles; E, after 2000 cycles.
rces 195 (2010) 6977–6981 6979

relative capacitance drop becomes less with increase in discharge
current density, e.g., a 32.4% capacitance drop occurs at a discharge
current density of 1 A g−1, but there is only a 4.8% drop at 30 A g−1

after 500 cycles. It is well accepted that both the surface and bulk
redox activities play major roles at a low discharge current density,
but the surface activity becomes dominant at a high discharge cur-
rent density. The observation of a 32.4% capacitance decay at 1 A g−1

and only a 4.8% capacitance decay at 30 A g−1 may indicate that a
Fig. 5. SEM images (20,000×) of Ni(OH)–Ni foam electrode: (a) as-deposited; (b)
after 500 cycles; (c) after 2000 cycles.
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ischarge current density of 1 A g−1, but 31.0% at 30 A g−1. Such
phenomenon may suggest that a significant decrease in surface

rea, rather than a change in material, is dominant in range II of
00–2000 cycles.

To investigate the change in material property, cyclic voltam-
etry experiments were performed. The CV curves of a Ni(OH)2–Ni

oam electrode at different cycles at a scan rate of 1 mV s−1 in 1 M
OH are given in Fig. 4. In the first CV scan (Fig. 4, curve A), an
xidation current peak is found at ∼420 mV, and two partly over-
apping reduction current peaks at 290 and 378 mV. Such peaks are
elated to Faradaic reactions of Ni(OH)2 described by the following
ell-accepted reaction [18].

i(OH)2 + OH− ↔ NiOOH + H2O + e− (2)

ased on a Bode diagram [19] and the as-deposited �-Ni(OH)2 film,
he anodic peak at 420 mV is attributed to a transformation of �-
i(OH)2 to �-NiOOH. The cathodic peak at 378 mV is attributed

o a phase change from �-NiOOH to �-Ni(OH)2 [20]. The cathodic

eak at 290 mV is due to a reverse process where �-NiOOH and �-
i(OH)2 revert back to �-Ni(OH)2. Curve B in Fig. 4, for the sample
ycled 500 times, presents distinctly different features from curve
, namely, an additional anodic peak at 500 mV and an additional
athodic peak at 397 mV. The presence of additional peaks indicates

Fig. 6. TEM images of Ni(OH)2 film after cycling 2000 times: (a) TEM image and (
rces 195 (2010) 6977–6981

the formation of a new phase during the charge–discharge process.
It is further noticed in Fig. 4 that the change in the features of the
CV curves becomes much less significant after the first 500 cycles,
suggesting that the change in Ni(OH)2 material occurs mainly dur-
ing these cycles. Subsequently, the intensities of the additional
peaks at 500 and 397 mV still increase slightly with cycling and
are accompanied by a decrease in the intensity of the anodic peak
at 420 mV and of the cathodic peak at 290 mV (curves C, D, and
E). The small change in the intensity of these peaks may indicate
a continuous minor conversion of �-Ni(OH)2 and �-NiOOH phases
into new phases. It is known that the anodic peak of �-Ni(OH)2 has
a higher potential with respect to that of �-Ni(OH)2 in the anodic
direction [21]. It is possible that the appearance of the new peaks
indicates the formation of �-Ni(OH)2. To verify the change in the
sample and the formation of new phases, SEM and TEM analyses
were performed.

The surface morphologies of Ni(OH)2–Ni foam electrodes before
and after 500 and 2000 cycles are shown in Fig. 5. The surface
of the as-deposited electrode is highly porous and composed of

small interconnected nanoflakes. Changes in the morphology of
the cycled Ni(OH)2 film can be observed Increases in flake size,
flake thickness and pore size become more and more obvious, espe-
cially after the samples have been cycled for 500–2000 times (see
Fig. 5). These morphology changes indicate that a mass transfer and

a′) SAED and (a′′) HRTEM image of one flake; (b) TEM image, and (b′) SAED.
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recrystallization process occur during the cycling process and lead
o particle growth in the nanoporous Ni(OH)2 film. The increase in
article size leads to decrease in surface area.

The change in film microstructure during cycling was investi-
ated by means of TEM. Fig. 6 shows TEM and SAED results for
wo typical types of flake identified in the as-deposited and 2000
ycled Ni(OH)2 samples. The flake size shown by TEM (Fig. 6b) is
10 times larger than that for SAED (Fig. 6a). The flake size in Fig. 6a

s similar to that of �-Ni(OH)2 flakes in Fig. 1. The larger flake size
n Fig. 6b is similar to those appearing in Fig. 5c. Analysis of the SEM
mages in Fig. 5 shows that the flakes not only become larger but
lso thicker. The TEM images in Fig. 6b also demonstrate that the
akes are much thicker than the flakes in Fig. 6a. The SAED patterns
aken form these two flakes (Fig. 6a′ and b′), reveal the phases of
he materials. The rings in the SAED pattern in (a′) can be indexed
s the (1 1 0)/(1 1 1)/(2 0 0) and (3 0 0)/(3 0 1) planes of �-Ni(OH)2.
his confirms the XRD results that such a type of flake has the same
tructure as that of the as-deposited �-Ni(OH)2. The rings in the
AED pattern in Fig. 6b′ can be indexed as the (1 0 0), (0 1 1), (1 0 2),
1 1 1), (1 0 3), (2 0 1)/(1 1 2) and (0 2 2)/(0 0 4) planes of �-Ni(OH)2,
n agreement with the JCPDF #73-1520.

Since �-Ni(OH)2 is known to be unstable in the presence of
ater and alkali, in which it transforms to �-Ni(OH)2 [22], it is nec-

ssary to determine whether the transformation from �-Ni(OH)2
o �-Ni(OH)2 is due to the reaction of KOH with �-Ni(OH)2. The
s-deposited �-Ni(OH)2 sample was dipped in 1 M KOH for 6 days.
o phase change was detected, suggesting that the transformation
annot be due to the reaction of �-Ni(OH)2 with KOH. Then the
hase change from �-Ni(OH)2 to �-Ni(OH)2 should occur during
he charge–discharge process.

It has been reported [23,24] that the transformation from
-Ni(OH)2/�-NiOOH redox couple to �-Ni(OH)2/�-NiOOH redox
ouple [23,24] can lead to a capacitance decay because the oxi-
ation state of nickel in �-NiOOH is lower than that of �-NiOOH
�-NiOOH ∼3; �-NiOOH ∼3.5). Therefore, the anodic peak at
00 mV and the cathodic peak at 397 mV shown in Fig. 4 could be
ttributed to the �-Ni(OH)2/�-NiOOH redox couple. This is con-
istent with the different redox potentials of �-Ni(OH)2/�-NiOOH
nd �-Ni(OH)2/�-NiOOH [25], because �-Ni(OH)2 is converted
o �-NiOOH at a higher potential than �-Ni(OH)2 to �-NiOOH
21].

The above results and discussion reveal that the nanoporous
i(OH)2 film undergoes a phase change from �-Ni(OH)2 to �-
i(OH)2 as well as a growth of particle and crystal size. These
hanges are responsible for the capacitance decay during the
harge–discharge process. Analysis of capacitance change, CV
ehaviour, morphology and microstructure of the samples sug-
ests that there is a competition between the phase change and the
rowth of particle and crystal size in the capacitance decay mech-
nism. Although the phase change from �-Ni(OH)2 to �-Ni(OH)2
educes the capacitance of Ni(OH)2, it can improve the utilization
f the active materials at high polarization states by increasing
he reduction potential. The growth of particle and crystal size
nhances the polarization of electrode because the resistance can
e increased due to the surface area decrease of Ni(OH)2. The colour

f the cycled Ni(OH)2–Ni foam electrode becomes darker after cer-
ain number of cycles (∼500). It is known that the coloured state of
i(OH)2 is associated with the existence of �-NiOOH or �-NiOOH

n film [26,27]. As indicated by Eq. (2), NiOOH will be consumed
fter an ideal discharging process. The darker colour after discharge

[
[
[

rces 195 (2010) 6977–6981 6981

indicates, however, that NiOOH is still present in the electrode due
to incomplete film reduction. Therefore, incomplete film reduction
can also contribute to the decay in capacitance.

4. Conclusions

A Ni(OH)2–Ni foam electrode has been fabricated by using a
CBD method to deposit a nanoporous Ni(OH)2 layer on a Ni foam
substrate. A high specific capacitance of 2222, 1804, 1516, 1299
and 1103 F g−1 is obtained at a current density of 1, 3, 5, 10 and
30 A g−1, respectively. After 2000 cycles, the specific capacitance is
1387, 1295, 1169, 991 and 725 F g−1 at a current density of 1, 3, 5, 10
and 30 A g−1, respectively. A phase transformation and the growth
of particle and crystal size are identified after cycling. The results
reveal that the phase transformation is the major contributor to
the capacitance decay at relatively low discharge current densities,
whereas the growth of particle and crystal size is the major contrib-
utor to the capacitance decay at higher discharge current densities.
These findings contradict proposals in the literature that flaking off
of Ni(OH)2 is responsible for capacitance decay. At the same time,
the existence of incomplete film reduction can also contribute to
capacitance decay.
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