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A porous nickel film is prepared by selectively anodic dissolution of copper from an electrodeposited
Ni-Cu alloy film. A porous nanostructured nickel hydroxide film electrode is further fabricated by the
cathodic electrodeposition of Ni(OH), film on the obtained porous nickel film. The specific capacitances
of the as-prepared porous nanostructured Ni(OH), film electrode at current densities of 2, 5 and 10A/g
are 1634, 1563 and 1512 F/g, respectively. The nanoporous Ni substrate significantly improves the elec-
trochemically cyclic stability of the electrodeposited nickel hydroxide film in 1.0 M KOH solution. The
superior pseudocapacitive properties such as large specific capacitance, excellent rate capability and
improved electrochemically cyclic stability of the as-prepared nickel hydroxide electrode suggest its
potential application in electrochemical capacitors.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The electrochemical capacitors (ECs) have recently attracted
increasing attention for use in high-power energy storages [1-5].
The energy stored in the ECs is either capacitive or pseudocapac-
itive in nature. The nonfaradaic double-layer capacitance is based
on charge separation at the electrode/electrolyte interface [1,5].
The faradaic pseudocapacitance results from fast and reversible
redox processes occurring at or near the solid electrode sur-
face [6-10]. Hydrous ruthenium oxide has been reported to have
remarkably high specific capacitance values (658-760 F/g), exhibit-
ing ideal pseudocapacitive behavior [11,12]. However, the high cost
of ruthenium limits its commercial application. Accordingly, the
pseudocapacitive properties of inexpensive transition metal (Ni,
Mn, Co, etc.) oxides or hydroxides have been explored [5,13-15].

Nickel hydroxide/oxide is considered as a promising electrode
material for ECs due to its distinctive electrochemical properties.
Various methods have been investigated to fabricate nickel hydrox-
ide/oxide with superior capacitive performance. Techniques such
as chemical precipitation [16], reactive radio-frequency sputter-
ing [17], electrochemical deposition [6,12], and sol-gel processes
[18] have been proposed. The typical specific capacitances of these
nickel-based materials range from 50 to 350 F/g, depending on the
preparation methods. However, the specific capacitances reported
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are still much lower than the corresponding theoretical values
(2584 F/g for NiO and 2082 F/g for Ni(OH), in a potential win-
dow of 0.5V). This shows the limited electrochemical utilization
of nickel hydroxide/oxide. Improvement on its specific capacitance
is becoming a challenge.

It is well known that the properties of electrode materials
can be significantly influenced by their specific surface area and
morphologies [19-21]. The electrode material with high surface
area and a uniform pore network of nanometer dimension would
be expected to exhibit superior performance [22,23]. Among the
existing synthetic approaches, electrochemical techniques show
unique principles and flexibility in the control of the structures
and morphologies of nanoporous film materials [12,13]. The main
advantage of electrochemical techniques is the relatively facile con-
trol on the morphologies and microstructures of deposited films by
changing deposition variables.

In this work, a porous nickel film is prepared by selectively
anodic dissolution of copper from an electrodeposited Ni-Cu alloy
film. A porous nanostructured nickel hydroxide film electrode is
further fabricated by the cathodic electrodeposition of Ni(OH), film
on the obtained porous nickel film. The pseudocapacitive properties
of the as-prepared porous nanostructured nickel hydroxide film
electrode are evaluated and discussed.

2. Experimental
2.1. Electrode preparation

The Ni-Cu alloy film was prepared by the cathodic electrodeposition in the
solution containing 1M NiSO4, 0.05M CuSO4 and 0.5M H3BO3 [24,25]. The depo-
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sition process was conducted at room temperature in a three-electrode cell with
a platinum counter electrode and a Ag/AgCl reference electrode. A stainless steel
(SS) foil with an exposed area of 2.0 cm? was assembled as the working electrode.
Prior to deposition, the SS foil was polished with 2000# grit waterproof abrasive
paper, and ultrasonically cleaned in acetone and deionized water for 10 min, respec-
tively. The alloy film was deposited at a constant potential of —0.8V, and the total
charges passed were controlled to be 6 C. Selective dissolution of Cu from the alloy
film was conducted in the same solution by applying an anodic potential of 0.5V
until a cutoff current density of 10 wA/cm?. Consequently, a porous nickel film was
obtained. Nickel hydroxide film electrode was further fabricated by the cathodic
electrodeposition of Ni(OH), film on the obtained porous nickel film in a 0.01M
nickel nitrate aqueous solution. The electrodeposition was conducted at a current
density of 1 mA/cm? for 4 min at room temperature (25 °C) in a three-electrode cell
with a platinum counter electrode and a Ag/AgCl reference electrode [26]. Almost
the same amount of nickel hydroxide was also deposited on a bare SS substrate to
fabricate a comparable electrode.

2.2. Physical characterization

The morphologies of various thin film electrodes were examined by scanning
electron microscopy (SEM, SIRION-100, FEI Co. Ltd.). The surface composition of the
electrodes was analyzed by energy dispersive X-ray (EDX) spectroscopy (GENE IS
4000). The X-ray diffraction (XRD) patterns of the samples were recorded using a
Rigaku D/Max 2550 X-ray diffractometer with Cu Ko radiation at 40 kV and 300 mA.
The mass of nickel hydroxide was measured by a microbalance (Sartorius CP225D)
with an accuracy of 0.01 mg.

2.3. Electrochemical tests

Electrochemical measurements were performed in a typical three-electrode
glass cell with a platinum counter electrode and a Ag/AgCl reference electrode.
Various film electrodes were used as the working electrode. 1.0 M KOH solution
was employed as electrolyte. Cyclic voltammetry (CV) was conducted in a potential
range of 0-0.6V at various scan rates using a potentiostat (CHI 1140A). Galvano-
static charge/discharge tests were performed in a potential window of 0.5V by a
potentiostat (Arbin BT-2000, USA).

3. Results and discussion

The cyclic voltammograms of the SS electrode in the solution
with 1M NiSOg4, 0.05M CuSO4 and 0.5M H3BOj5 are illustrated in
Fig. 1. In the potential region of —0.6 to 0.6 V (Fig. 1A), one reduction
peak (cq) representing the deposition of copper occurs at —0.28V
during the cathodic scan, and in the reverse scan, the correspond-
ing oxidation peak (a;) at ~0.2V results from the stripping of the
deposited copper [24]. [t is noted that the integrated charges under
the anodic peak are almost equal to those under the cathodic peak,
suggesting that the deposited copper can be efficiently stripped.
As shown in Fig. 1B, as the cathodic limit is extended to —1.0V, a
new cathodic peak occurs in the potential region of —-0.70to —1.0V,
which may be ascribed to the deposition of Ni [25]. In the reverse
scan, a new anodic peak (a,) occurs, which overlaps the anodic dis-
solution peak a; of pure Cu. The peak a; can be ascribed to the
stripping of Cu from the Ni-Cu alloy formed during the cathodic
deposition. The Ni oxidation peak is absent in Fig. 1B, resulting
from the passivation of nickel [25]. The above CV results suggest
that copper may be selectively dissolved from the Ni-Cu alloy.

As shown in Fig. 2a, new grains appear to form on previous
ones during the electrodeposition, resulting in the columnar struc-
ture of the as-deposited alloy film [25]. Fig. 2b indicates that the
phase segregation exists in the alloy film, with the active Cu-rich
phases (the red regions) locating in the central parts of the columns
and surrounded by the passive Ni-rich phases (the green regions),
consistent with the previously reported results [24,25]. When the
Ni-Cu alloy film is etched at 0.5V, the Cu cores are selectively dis-
solved, and the Ni shells remain due to passivation. Thus a porous
nickel film formed with hollow tubes (80-250 nm in diameter) is
obtained, as shown in Fig. 3b. The obtained nanohollow tube struc-
ture is significantly different from the interconnected bicontinuous
nanopores that are usually achieved by dealloying from a homo-
geneous binary solid solution alloy [27,28]. Fig. 3¢ exhibits the
morphology of the deposited Ni(OH), film on the porous Ni sub-

A
-12 4
Nﬂ"\
5+
2
£ C,
E
2 41
B
o
@
©
1] 0+
[+}]
E
=
o 4
a1
8
T ' T v 1 v T v
0.4 0.0 0.4 0.8 1.2
Potential (V vs. Ag/AgCI)
B -5
-10
«—
5
2
E 5
Pl
B
=
@
=]
k= 04
g
=
o
5
10 T T

0.4 I 070 I -DI.4 l 0.8 ) -1.2
Potential (V vs. Ag/AgCI)

Fig. 1. Cyclic voltammograms of a SS electrode in the electrodeposition solution at
a potential scan rate of 10 mV/s.

strate. The granular Ni(OH), with a nanosized diameter is perfectly
deposited on the surface of the porous Ni film. The obviously nar-
rowed pore size implies that some of Ni(OH), grains are deposited
into the nanopores. Accordingly, a nanostructured nickel hydrox-
ide film electrode with high porosity is successfully achieved by the
preceding electrochemical procedure.

The XRD patterns of the same films as those in Fig. 3 are pre-
sented in Fig. 4. As shown in Fig. 4a, according to JCPDS files 04-850
and 04-836, all the peaks for the as-deposited alloy film result from
metallic Niand/or Cu. Although both Ni and Cu have a face-centered
cubic (fcc) structure, the peak splitting in the diffraction pattern
of the alloy film occurs in crystal planes (111), (200) and (220).
This suggests the formation of inhomogeneous alloy with segre-
gated Cu-rich and Ni-rich phases [25], consistent with the result
in Fig. 2b. Fig. 4b shows that the diffraction peaks of Cu disappear,
and those of Ni remain after the dealloying. This indicates that the
nanoporous nickel film is obtained through uniform etching of cop-
per from the alloy [24]. It is noted in Fig. 4c that a new peak at
20 =34° can be indexed to the (10 1) plane of a-Ni(OH), according
to JCPDS file 38-715, confirming the formation of a-phase Ni(OH)s.
Whereas the low intensity of the peak shows that the Ni(OH), film
on the surfaces of the nanoporous nickel film is thin.

The cyclic voltammograms of the as-prepared porous nanos-
tructured Ni(OH), film electrode are shown in Fig. 5. The surface
faradaic reactions of Ni(OH), film electrodes proceed according to
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Fig. 2. (a) SEM image of the electrodeposited film and (b) EDX mapping of Ni and
Cu elements in the film.
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Fig. 4. XRD patterns of as-deposited alloy film (a), nanoporous film (b) and nanos-
tructured Ni(OH), film electrode (c).

the following reaction [6]:
Ni(OH); + OH™ <> NiOOH + Hy0+e~ (1)

As shown in Fig. 5a, the two strong redox peaks correspond-
ing to oxidation/reduction of the Ni(OH),/NiOOH couple indicate
the pseudocapacitive characteristic of the Ni(OH), electrode. The
symmetric characteristic of anodic charges and cathodic charges
reveals the excellent reversibility of the electrode. In order to clarify
the contribution of the nanoporous Ni substrate on the pseudoca-
pacitance of the electrode, the CV curves of the bare porous Ni film
and the nanostructured Ni(OH), film electrode at a scan rate of
10mV/s are compared in Fig. 5b. The occurrence of one couple of
weak redox peaks in the CV curve of the bare porous Ni film implies

Fig. 3. SEM images of as-deposited Ni-Cu alloy film (a), nanoporous Ni film (b) and nanostructured Ni(OH), film electrode (c).
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Fig. 5. (a) Cyclic voltammograms of as-prepared porous nanostructured Ni(OH), film electrode at various scan rates and (b) cyclic voltammograms of porous Ni film and the
nanostructured Ni(OH), film electrode at a scan rate of 10 mV/s.
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Fig. 6. (a) Galvanostatic charge-discharge curves of as-prepared porous nanostructured Ni(OH), film electrode at various current densities, (b) Ragone plots of the nanos-
tructured Ni(OH), film electrode and (c) cyclic performance of the nanostructured Ni(OH), film electrode, the Ni(OH), film electrode using bare SS as substrate and the
porous Ni substrate at a constant current density of 10 A/g.
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its certain contribution to the pseudocapacitance [29]. However,
the peak current for the porous Ni substrate is much lower than that
for the Ni(OH), electrode because only small amount of Ni hydrox-
ide/oxide is formed on the nickel surface by passivation. This shows
that the pseudocapacitance mainly results from the Ni(OH); film.

Fig. 6a shows the galvanostatic charge-discharge curves of
the as-prepared porous nanostructured Ni(OH), film electrode
at various current densities. All the curves exhibit one cou-
ple of obvious charge and discharge plateaus resulting from the
transition between Ni(OH), and NiOOH, indicating a typical pseu-
docapacitance behavior. This is consistent with the CV results
in Fig. 5. The specific capacitance of an electrode during gal-
vanostatic charge/discharge can be calculated by the following
equation [30]:

EN:
T m-AV

where m is the mass of nickel hydroxide (g), AV is the poten-
tial window (V), and i is the discharge current (A) applied for
time At (s). The specific capacitances of the porous nanostruc-
tured Ni(OH), film electrode at current densities of 2, 5 and 10A/g
are 1634, 1563 and 1512 F/g, respectively. These specific capaci-
tance values are much larger than those typical values previously
reported [6,12,16-18,30]. The theoretical specific capacitance of
Ni(OH), for a 0.5V potential window is 2082F/g in terms of
Eq. (1). The calculated utilization efficiency of the Ni(OH), film
electrode at a current density of 2 A/g is as high as 78%. The spe-
cific capacitance of the nanostructured Ni(OH), film electrode at
10A/g is as much as 93% of that at 2A/g, suggesting its excel-
lent rate capability. The high specific surface of the nanostructured
Ni(OH), film electrode may provide more active sites for the
pseudocapacitive reaction. The nanoporous structure enhances the
accessibility of KOH electrolyte and promotes reactive species
transport within the electrode. The nanosized Ni(OH), grains may
shorten proton diffusion paths within the bulk of solid nickel
hydroxide [5,31].Itis noted that the as-prepared Ni(OH); is « phase
(Fig. 4c), and a-Ni(OH), transforms to y-NiOOH on charging [32]. A
larger specific capacity is expected for a-Ni(OH),/y-NiOOH couple
because the oxidation state of nickel in y-NiOOH is 3.3-3.7 [33],
compared with (-Ni(OH),/B-NiOOH couple. The above several
points can be responsible for the relative high specific capacitance
and excellent rate capability of the nanostructured Ni(OH), film
electrode.

The specific power density and specific energy density can be
obtained by the galvanostatic charge-discharge curves in Fig. 6a
[34,35]. The dependence of specific energy density on specific
power density, which is labeled as the Ragone plot, is illustrated
in Fig. 6b. Although the specific energy density generally decreases
with increase in the specific power density, a low decrease value
is observed. The nanostructured Ni(OH), film electrode presents a
specific energy density of 52.1 Wh/kg at a higher power density of
2500 Wh/kg, showing its potential application in electrochemical
capacitors.

The cyclic properties of the as-prepared porous nanostructured
Ni(OH), film electrode, the Ni(OH), film electrode using bare SS
as substrate and the porous Ni substrate at a current density of
10A/g are exhibited in Fig. 6¢c. The specific capacitance of the
porous nanostructured Ni(OH), film electrode gradually decreases
in initial 200 cycles, and henceforth tends to level off with the
electrochemical cycling. The nanostructured Ni(OH), film elec-
trode delivers a specific capacitance of 897 F/g after 500 cycles,
showing a capacity retention of 59.3%. Although the capacitance
retention is not high, the specific capacitance at the 500th cycle
is much larger than those previously reported [6,16-18,30]. The
nanostructured Ni(OH), film electrode shows much larger spe-
cific capacitance than the Ni(OH), film electrode using bare SS

(2)

as substrate in all the investigated cycles. The capacity reten-
tion (59.3%) for the former is much higher than that for the
latter (29.5%). This suggests that the nanoporous Ni substrate sig-
nificantly improves the electrochemically cyclic stability of the
electrodeposited nickel hydroxide film in 1.0 M KOH solution. It is
noted that the bare porous Ni substrate presents much low specific
capacitance in the electrochemical cycling. This further confirms
that the Ni(OH), film is mainly responsible for the high pseu-
docapacitance of the as-prepared porous nanostructured Ni(OH),
film electrode.

4. Conclusions

The porous nickel film formed with hollow tubes (80-250 nm
in diameter) is obtained through the cathodic electrodeposition
of Ni-Cu alloy film followed by selectively anodic dissolution of
copper from the film. The porous nanostructured nickel hydroxide
film electrode is successfully achieved by the cathodic elec-
trodeposition of Ni(OH), film on the obtained nanoporous nickel
substrate. The as-prepared porous nanostructured Ni(OH), film
electrode presents a large initial capacitance of 1512F/g and a
high initial specific energy density of 52.1 Wh/kg at a relatively
large current density of 10A/g, and it still delivers a specific
capacitance of 897 F/g after 500 cycles. The superior pseudocapac-
itive properties such as large specific capacitance, excellent rate
capability and improved electrochemically cyclic stability of the as-
prepared nickel hydroxide electrode can be attributed to its porous
nanostructured characteristics and o phase structure. The present
promising method may be also extended to fabrication of other
nanostructured transition metal hydroxide/oxide electrodes.
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