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A nickel-based tubule electrode array was fabricated by using electroless deposition with
a polycarbonate membrane serving as a template. Hypophosphite was the reducing agent
in the Ni deposition, and electrodes made of a Ni-P alloy were formed. The tubule has an
internal diameter of ca. 180 nm, a wall thickness of ca. 20 nm, and a length of ca. 2 µm. The
electrode array provided an exposed area ca. 8.8 times as large as that of a planar electrode,
suggesting a potential application of the array in sensor devices. Cyclic voltammetric
measurements in KOH showed that the electrochemical response from the Ni(OH)2/NiOOH
redox reaction for the electrode arrays was more than 40 times larger than that for an planar
electrode. The nanoscale structure of the tubule was concluded to be responsible for this
magnification of the redox response. Heat treatment combined with overcharge oxidation of
the electrode arrays was found to significantly improve the charge storage capacity resulting
from the redox reaction. The present work has provided important concepts capable of
improving the performance of a nickel hydroxide electrode for nickel metal hydride batteries.

Introduction

Nanomaterials have properties (e.g., optical, elec-
tronic, magnetic, etc.) differing from those of a macro-
scopic sample of the same material.1 Porous media
containing nanoscale pores have been used as substrates
for preparing nanomaterials.2-7 Using nanoporous mem-
branes as templates for preparing nanoscopic metal
fibrils was demonstrated decades ago.8 The application
of this method for the fabrication of a variety of micro-
and nanomaterials has been conducted by numerous
research groups recently.2,3,9-12 Because the membranes
employed have cylindrical pores of uniform diameter, a
nanosize cylinder or fibril of the desired material is
obtained in each pore. The thus-derived cylinder or fibril
can be solid or hollow, depending on the technique
employed in synthesis.

This template synthesis method has been applied to
materials such as conductive polymers,2,3 semiconduc-

tors,12 metals,13-15 and carbon.16 Depending on the
usage, the prepared nanostructures can be constructed
with a variety of architectures.4 In the present work,
an electrode with an exposed area much larger than that
of a planar electrode is intended to be prepared. The
magnitude of the current signal or charge stored result-
ing from the electrode reactions can thus be magnified
due to the extended electrode area. Such an electrode
can be used as substrate for solution/gas sensors or
battery electrodes. In accord with this demand, an
ensemble of metallic micro- or nanostructures that
protrude from the electrode surface like the bristles of
a brush are synthesized with the template method.

Metal can be deposited within the pores of the
template membranes by either electrochemical or chemi-
cal (i.e., electroless) reduction of an appropriate metal
ion.9,16 Electrochemical deposition is accomplished by
coating one face of the membrane with a metal film and
using this metal film as a cathode for electroplating.
Only solid cylinders can be prepared from this deposi-
tion.17 As for electroless deposition of metal within the
pores of the template membrane, a catalyst must be
applied to the pore wall,18 and hollow tubules are
obtained with brief deposition times. Longer deposition
times would cause filling-up of these tubules to form
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solid fibrils. Hollow tubule structures that have larger
exposed areas are expected in the present work.

It has been well-known that the electroless Ni-P
coating has a highly even plating capability, as well as
high bonding strength and electrical conductivity.19

These properties present the potential applications of
this coating in sensor devices and nickel metal hydride
batteries. Thus, electrodes with hollow Ni-P bristles
protruding from a planar surface are fabricated using
commercially available polymer membranes as the
template. The resulting electrodes are subjected to
electrochemical analysis, in an attempt to appraise the
applicability of the electrodes in magnifying the signal
of surface reactions as well as the capacity of charge
storage.

Experimental Section

Electrode Preparation. Polycarbonate membranes from
Millipore are used as the template in Ni-based electrode
synthesis. These membranes have a pore diameter of ca. 200
nm and a mean thickness of ca. 10 µm. Electroless deposition
is employed in an attempt to coat a Ni thin film over the pore
walls and the faces of the membrane. Electroless metal
deposition involves the use of a chemical reducing agent to
plate a metal from solution onto a surface. Before plating, the
membrane was cleaned by methanol to remove any oil and
salts. A sensitizer (Sn2+) was applied to the membrane surface
by immersing the membrane in a 50:50 methanol/water
solution containing 0.026 M SnCl2 and 0.07 M trifluoroacetic
acid for 30 min. After sensitization the membrane was rinsed
thoroughly with deionized water and then activated by im-
mersion in an aqueous solution of 0.25 g/L PdCl2 and 1.0 g/L
HCl. This caused a redox reaction in which the surface-bound
Sn2+ was oxidized to Sn4+ and Pd2+ was reduced to elemental
Pd with deposition on the surface. The membrane was then
rinsed with water.

After Pd deposition, the membrane was immersed in a Ni-
plating solution at 88 °C for 30 min. The solution contained
H2PO2

-1 as the reducing agent. After plating, the membrane
was thoroughly rinsed with water and air-dried. Dichloro-
methane was used to dissolve the polycarbonate membrane,
and a Ni-P electrode array (NPEA) was thus obtained. The
reverse side of the NPEA can serve as a planar electrode (PE).
The as-deposited electrodes were heat treated at 250-400 °C
under helium flow. This treatment is expected to vary the
crystalline structure of the Ni-P electrode and thus the
electrochemical behavior.

Electrode Characterization. A scanning electron micro-
scope (SEM) was used to study the surface features of the
NPEA. The chemical composition of the electrodes was ana-
lyzed by using the energy-dispersive X-ray spectrum (EDS).
X-ray diffraction (XRD) patterns were obtained by using a
Rigaku X-ray diffractometer that employed a copper target.

Electrochemical measurements were carried out in 0.5 M
KOH to analyze the electrochemical behavior of the Ni-based
electrodes. In the measurements a Pt wire was used as the
counter electrode and a saturated calomel electrode (SCE) was
used as the reference. Epoxy was employed to seal the
electrode with a geometric area of ca. 0.36 cm2 to contact with
the electrolyte solution. Potential-sweep cyclic voltammetric
measurements were conducted between -0.7 and 0.7 V at a
scan rate of 10 mV/s. Galvanostatic charge/discharge within
0-0.6 V was performed at 2 mA to estimate the charge storage
capacity of the electrodes.

Results and Discussion

Physical Characteristics of the Ni-Based Elec-
trodes. Figure 1a shows a SEM image of the NPEA that

was fabricated using the template synthesis described
above. It can be seen that the standing bristle-like
electrodes are hollow. The bristles can be scraped off,
and tubes of ca. 2 µm long can be obtained (Figure 2b).
On the basis of the SEM image, the tubes have an
internal diameter of ca. 180 nm and a wall thickness of
ca. 20 nm. The schematic diagram in Figure 2 sum-
marizes the progression of the NPEA synthesis stage-
wise. Stage 1 shows that the polycarbonate membrane
has cylindrical pores distributed across the membrane
surface. The pore density of the membrane is ca. 3 ×
108 pores/cm2, which is evaluated from the SEM image.
The surface of the membrane was then deposited with
Sn2+ after sensitization and with Pd after activation (see
stage 2). In the process of electroless deposition with
Ni, because of the high deposition rate, the pore
entrance was sealed before the Ni layer could fully cover
the surface of the pore walls. Thus, a limited length of
Ni tubules can be formed along the pore axes (see stage
3). The length of the Ni tubules can be controlled by
regulating the rate of deposition, through the adjust-
ment of the temperature and reagent concentrations.
After dissolution of polycarbonate in the Ni-deposited
membrane with dichloromethane, a piece of bristle-like
NPEA (see stage 4) can be obtained from each side of
the template membrane employed. Assuming that the
bristle-like electrodes are hollow cylinders with uniform(19) Mencer, D. J. Alloys Compd. 2000, 306, 158.

Figure 1. SEM micrographs of (a) the Ni-P electrode array
(NPEA) and (b) the scraped-off tubes.
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inside diameter, the exposed surface area of NPEA was
estimated by calculation to be ca. 8.8 times as large as
that of a planar surface.

Figure 3 shows the X-ray diffraction patterns of the
NPEA and PE treated at different temperatures. Only
a weak and broad Ni (111) peak can be seen for the as-
deposited NPEA and PE and those treated at 250 °C.
This is in agreement with previous research,20 demon-
strating that microcrystalline and amorphous phases
coexist in the Ni-P alloys that have been treated at
temperatures lower than 300 °C. The solid solubility of
phosphorus in nickel is, as a matter of fact, negligibly

low based on the Ni-P binary phase diagram. The
smaller atomic radius of P compared to that of Ni may
be responsible for the accommodation of P in the Ni
lattice,21 allowing the formation of the metastable Ni-P
film. It has been reported in another study22 that the
crystalline structure of the deposited Ni-P alloy is
related to the P content. The chemical composition of
the NPEA was analyzed using EDS, showing a P
content of ca. 7-9 wt %. With this content, the as-
deposited Ni-P is suggested to consist of a fine disper-
sion of microcrystalline Ni in an amorphous matrix,22

in agreement with the results reflected in the XRD
patterns shown in Figure 3.

Although the XRD data show that the crystalline
structure of the deposited Ni-P alloy was insensitive
to the heat treatment at low temperatures (<250 °C), a
significant increase in Ni grain size and the formation
of an intermetallic compound, Ni3P, were observed when
these electrodes were heat-treated at higher tempera-
tures (>320 °C), as depicted in Figure 3. It is of interest
to observe from the XRD patterns that more ordered
Ni and Ni3P phases are formed in PE than in NPEA
for heat treatment at 320 °C. This result can be
attributed to the nanoscale wall thickness of the NPEA
(20 nm), which would impose difficulties on the forma-
tion of large crystallites due to the high surface-area-
to-volume ratio of nanomaterials.

Electrochemical Behavior of the Ni-Based Elec-
trodes. Potential sweep cyclic voltammetry was em-
ployed to analyze the electrochemical response of the
NPEAs and PEs. Figure 4a shows the second-cycle
voltammograms of the as-deposited PE and NPEA
measured at a sweep rate of 10 mV/s. In the low-
potential regime ranging between -0.7 and 0.1 V both
of the electrodes are stable, and the capacitive currents,
mainly resulting from the double-layer mechanism, are

(20) Tzeng, S. S.; Chang, F. Y. Thin Solid Films 2001, 388, 143.
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Figure 2. Scheme for the synthesis of Ni-P electrode array
(NPEA) using polymer membrane as template.

Figure 3. X-ray diffraction patterns of the Ni-P electrode
arrays (NPEAs) and planar electrodes (PEs) heat-treated at
different temperatures.

Figure 4. Comparison of the second-cycle voltammograms for
different electrodes (0.36 cm2): (a) the as-deposited NPEA and
PE; (b) the NPEAs treated at different temperatures.
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negligibly small compared to the peak currents at high
potentials. The capacitive currents can be employed to
estimate the ratio of the real exposed areas of NPEA
and PE. The ratio of the capacitive currents for these
two electrodes was found to be similar to that of their
calculated exposed areas (i.e., 8.8 for NPEA to PE). This
agreement indicates the similarity of the textural
features of these two electrodes.

In the high potential regime, there are obvious peak
currents due to redox reaction pairs occurring near 0.50
and 0.41 V for the anodic and cathodic sweeps, respec-
tively. The peak currents of PE are much smaller than
those of the NPEA. These peaks in the voltammogram
correspond to oxidation and reduction of the active
material according to the reaction23

For potentials larger than 0.6 V, a steep rise of current
with the potential can be seen for both the electrodes
which corresponds to the occurrence of oxygen evolution
reaction according to24

In practical application of these electrodes to nickel
metal hydride batteries, the electrochemical operation
in alkaline solutions should be optimized in order to
include the majority of the Ni(OH)2/NiOOH reversible
redox reaction while minimizing the effect of oxygen
evolution. Because of the high charge capacity, the
electrode array shows a clear superiority over the planar
electrode in this application.

Figure 4b shows the cyclic voltammograms of the
NPEAs treated at different temperatures. It can be seen
that the redox peak currents are suppressed upon heat
treatment. The larger peak currents for the lower-
temperature-treated NPEAs indicates a higher popula-
tion of Ni(OH)2 formed on the electrode surface. The
larger proportion of Ni amorphous phase in the low-
temperature NPEAs may cause the higher degree of Ni
oxidation to form Ni(OH)2 in alkaline solution.25 It is
generally recognized that metals in an amorphous phase
are more reactive than those in their crystalline struc-
ture, because atoms in three-dimensional space without
long-range order are allowed for interaction possibilities
(with other species) not found in crystals.26

It has been reported that overcharging of a nickel
hydroxide electrode, thus leading to oxygen evolution,
would affect the electrochemical behavior of the elec-
trode that undergoes reactions according to R1.24 Multi-
cyclic voltammetry was conducted with the NPEAs, and
the results for the as-deposited and 400 °C-treated
NPEAs are illustrated in Figure 5 as typical examples.
One can observe from Figure 5a that the peak currents
of the as-deposited NPEA increase upon increasing the
cycle number of the potential sweep. It is obvious that

the oxidation of Ni to form Ni(OH)2 can be enhanced
with this cyclic potential sweep process. The currents
nearly stabilized after 100 cycles of the sweep, indicating
that the Ni(OH)2 film was thick enough at this point to
retard further oxidation of Ni. No decrease in the
current intensity was observed with this repeated
cycling, although degradation of Ni(OH)2 with repeated
overcharging to cause reduction of the peak current was
generally observed for ordinary planar electrodes.24 The
potential difference between the anodic and cathodic
peaks was seen to increase with the cycle number,
indicating that the resistance related to electrolyte
migration, as well as to electrical conduction, was
magnified with cycling due to the increasing thickness
of Ni(OH)2 film on the electrode surface.

Figure 5b shows the multi-cyclic voltammograms for
the NPEA treated at 400 °C. The peak currents were
found to increase more rapidly with cycle number than
those for the as-deposited NPEA. After 100 cycles of
scan, the peak currents of the 400 °C NPEA are larger
than those of the as-deposited one, although they are
smaller at low cycle numbers. For scans with low cycle
numbers, the crystallinity of surface Ni determines the
extent of Ni oxidation and thus the current value in
cyclic voltammograms. However, for the scans with
large cycle numbers, the current values are determined
by how easily the Ni(OH)2 film can grow and advance
into the Ni tube walls through oxidation during the
cycling. Therefore, the smaller stabilized currents of the
as-deposited NPEA can be ascribed to the phosphorus
atoms that are dispersed in the electrode, thus hinder-
ing the advancing of the Ni(OH)2 into the Ni walls. With
heat treatment to 400 °C, the phosphorus atoms become
localized in the Ni3P crystalline domain, and the oxida-
tion of Ni to form Ni(OH)2 can proceed with less
hindrance. Similar to the situation for the as-deposited
NPEA, the potential difference between the anodic and
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Ni(OH)2 + OH- T NiOOH + H2O + e- (R1)

4 OH- f O2 + 2 H2O + 4 e- (R2)

Figure 5. Cyclic voltammograms of the as-deposited (a) and
400 °C heat-treated (b) NPEAs (0.36 cm2) obtained at different
cycle numbers.
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cathodic peaks of the 400 °C NPEA is an increasing
function of the cycle number, reflecting the growth of
Ni(OH)2 film to cause insulation for electrical conduction
and electrolyte migration. However, it is of interest that
we observed the formation of two distinct cathodic peaks
upon cycling. This may be attributable to the formation
of nickel hydroxide of different phases (the â-phase
would transfer to γ-phase upon overcharging24), thus
leading to the difference in the reduction potential.

The charge stored per geometric area in the stabilized
electrodes (after 100 times of cycling) corresponding to
R1 can be calculated from integration of the cyclic
voltammograms with the background subtracted, and
the results are shown in Table 1. The capacity for
NPEAs is much larger than that for PEs, ca. 42 times
larger. The capacity ratio of NPEA to PE is larger than
the exposed area ratio (ca. 8.8), indicating that the
surface of NPEA is more reactive than that of PE in an
alkaline solution environment. This high reactivity
feature can be attributed to the fact that the NPEA
structure contains a high proportion of surface atoms,
which are more reactive than those in the bulk phase.

Figure 6 shows the galvanostatic charge/discharge
curves of the stabilized PEs and NPEAs in KOH. The
results in Figure 6 show that the NPEAs have capacities
much higher than those of the planar electrodes, reflect-
ing again the potential application of these electrode
arrays to nickel metal hydride batteries. Heat treatment
shows significant influence on the charge/discharge
performance of the NPEAs. Both the charge and dis-
charge capacities are seen to increase with the heat
treatment temperature. Obviously, the extent of crystal-
lization in the Ni-P layer affects the degree of Ni
oxidation to Ni(OH)2 and thus the charge storage
capacity.

Summary and Conclusions
Nickel-based microelectrode arrays can be fabricated

by electroless deposition using a polymer membrane as
a template. Hollow tubule structures, instead of solid
fibrils, are formed in the electrode array, and this
feature makes this developed array a potential electrode
for use in sensor or energy storage devices due to its
high exposed surface area compared to that of a planar
electrode.

Cyclic voltammetry in KOH showed that the electro-
chemical response per unit of exposed area for the Ni-
(OH)2/NiOOH redox pair was much stronger from the
electrode array than from the planar electrode, indicat-
ing that the nanoscale tubule structure has caused
important influence on the reactivity of the electrode
surface. On the other hand, the charge storage capacity
due to double-layer mechanism was proportional to the
exposed electrode area. Upon cyclic overcharge oxidation
scanning the charge storage of the electrode array due
to the redox pair was magnified without degradation,
and this operation is beneficial for applying this elec-
trode in nickel metal hydride batteries.

Heat treatment significantly affected the crystalline
structure of the nickel-based electrodes. The electrode
array was less sensitive to heat treatment than the
planar electrode. The electrochemical response due to
the redox pair was suppressed by heat treatment that
results in crystallite formation. However, the overcharge
oxidation scan was more efficient in magnifying the
redox response of the heat-treated electrode array. For
electrodes stabilized with the oxidation scan, the heat-
treated electrode arrays have a higher redox charge
capacity than the as-deposited array.

Athough the chemical composition of the nickel
hydroxide electrodes for nickel metal hydride batteries
is different from that of the electrode array prepared in
the present work, the developed concepts in magnifying
the Ni(OH)2/NiOOH redox response, including electrode
synthesis and some additional operations such as heat
treatment and overcharge oxidation scan, have provided
feasible methods to improve the energy storage in this
application.
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Table 1. Accumulated Charge Stored Per Geometric Area
Due to Ni(OH)2/NiOOH Redox Reaction during the

Anodic and Cathodic Potential Sweeps of the Stabilized
NPEA and PE.

as-deposited 400 °C heat-treated

NPEA PE ratio NPEA PE ratio

anodic peak charge
(mC/cm2)

70 1.7 42 186 4.7 40

cathodic peak charge
(mC/cm2)

81 1.9 42 180 4.2 43

Figure 6. Comparison of galvanostatic charge (a) and dis-
charge (b) curves for the different-temperature-treated NPEAs
and the as-deposited PE obtained at 2 mA with electrode areas
of 0.36 cm2.
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