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the film contributes more than 80% of the change of res-
onant frequency of the AT cut quartz crystal. Hydrogen
absorption/desorption and oxidation/reduction of the
electrodes can be monitored in situ in the discharge and
charge period during cycling. The oxide formed during
the discharge period can be partially reduced in the
charge period.
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Porous Nickel Oxide/Nickel Films for Electrochemical
Capacitors |
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ABSTRACT

Nano-sized NiO/Ni composite films have been found to perform as superior electrodes in electrochemical capacitor
applications. These films can provide a specific capacitance of 50 to 64 F/g. The specific energy and specific power of
these films were 25 to 40 kJ/kg and 4 to 17 kW/kg, respectively. These specific quantities are dependent on the microstruc-
ture of the films. Superior performance can be obtained from samples having rough surfaces and consisting of larger sec-

ondary particles (ca. 100 to 120 nm in diam).

Introduction

Electrochemical capacitors utilize both electrical dou-
ble-layer and interfacial redox processes to store energy at
an electrode/electrolyte interface. The electrical double-
layer capacitance of a clean metal surface is in the range
of 16 to 30 wF/cm?. To make use of electrical double-layer
capacitance as a mechanism to store energy, one must pro-
duce materials with a high specific surface area. Activated
carbon is one example of a material that has been used for
this purpose.’? Another material which has been
employed in electrochemical capacitors is ruthenium
oxide. Ruthenium oxide not only utilizes electric double-
layer capacitance as a means to store energy but also
exploits pseudocapacitance to enhance this storage capa-
bility.*® The pseudocapacitance, i.e., the faradaic oxida-
tion and reduction of an electrode interface or the deposi-
tion and removal of a two-dimensional coverage of
adatoms on the electrode surface, is potential dependent
and highly reversible.>® By combining these two energy-

* Electrochemical Society Student Member.
*x Electrochemical Society Active Member.

storage processes and by taking advantage of the systems
high conductivity, ruthenium-based electrochemical
capacitors can offer energy densities about ten times larg-
er and power density 100 times larger than activated car-
bon-based systems.’

For the past decade, much of the research devoted to
electrochemical capacitors has been directed at modifying
existing material systems in order to enhance their energy
and power density. In carbon-based systems, the high
internal resistance of the electrode causes the delivery of
the stored energy to be relatively slow and therefore poor
in power density. To correct this problem, Mayer et al.’
used a high-surface-area carbon aerogel to enhance the
power density of carbon-based electrochemical capacitors
to 7.8 kW/kg. This represented a tenfold power-density
improvement over previous carbon-based electrochemical
capacitors. Kohler and co-workers® also improved the
energy density of carbon-based electrochemical capacitors
by using a stainless steel/activated carbon fiber compos-
ite. Tanahashi et al’ achieved a remarkable specific
capacitance of 113 F/g from an activated carbon-fiber
cloth material (ACFC). Another approach has been to
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replace aqueous electrolytes with organic or solid-state
electrolytes because such electrolytes can withstand high
applied potentials. ™" (Cells with aqueous electrolytes are
typically limited to potentials of 1 to 1.2 V, whereas organ-
ic electrolytes can reach 3 to 4 V) The benefit of replacing
an aqueous with an organic or a solid-state electrolyte lies
mainly in an enhancement in energy density. The energy
stored in a capacitor is equal to 1/2 CV?, where C is the
capacitance and V is the applied potential. By increasing
the working potential, one can increase energy density.
However, in solid-state electrolytes one may lose contact
with the active materials on the electrode surface, thereby
causing a decrease in specific capacitance. Sarangapani
et al.”® characterized the RuO, ionomer composite using
both aqueous and solid-state electrolytes. They found
about a 40% loss in capacitance in solid-state electrolytes
compared to aqueous electrolytes for capacitors employ-
ing the same configuration. Also, high internal resistance
of nonaqueous systems limits the power density achiev-
able in these systems.

Although RuO,-based electrochemical capacitors
appear to show excellent energy and power densities for
many applications, the high cost of this material has
retarded its commercial acceptance as an electrochemical
capacitor. While carbon-based systems are cheaper, their
inherently high internal resistance limits the function
of this capacitor only to low-current applications.’
Therefore, the research community continues to search for
new materials and new manufacturing methods for the
production of useful electrochemical capacitors. The next
generation of electrochemical capacitors must have high
conductance (i.e., high conductivity of the electrode and
high ionic mobility of the electrolyte in the porous matrix).
They must have high specific surface areas. Their electro-
chemical properties must be characterized as having no
bulk redox or self-discharge reactions in the range of
applied potential. If possible, surface redox reactions
occurring in this range of potential are desired in order to
enhance the charge storage capabilities of the capacitor.

In this paper we report on an inexpensive nano-sized
NiO/Ni composite electrochemical capacitor (in aqueous
KOH solution) which can provide a specific energy of
about 25 to 40 kJ/kg and a specific power around 4 to
17 kW/kg based on the mass of NiO/Ni composite. This
system offers comparable specific capacitance to the
ruthenium oxide and carbon-based systems (30 to 40 F/g),
but suffers none of the drawbacks of these two systems.
We have found that the microstructure of the composite
film controls the specific capacitance of this system.

Experimental

Preparation Methods.—The nickel oxide/nickel compos-
ite was prepared from nickel acetate. Nickel acetate
tetrahydrate (Aldrich, 95%) is dehydrated at 100 * 5°C.
Ten grams of this dried powder was added to 120 ml Milli-
Q water and stirred for two days. The precipitate was sep-
arated by centrifugation and resuspended in 5 to 50 ml of
Milli-Q water. In this way, two different sols with different
volume ratios of the precipitate and water were fabricated
to make thin-film samples. The volume ratio of the dilute
sol was 1:10, however, the concentrated sol was 1:1. The
final solution was opaque having a light green color.
Depending on the amount of added water, this solution
was stable (if kept at 2 = 1°C) for 1 to 4 weeks. Fresh
opaque solutions with different particle concentrations
(described as above) were used to make thin-film samples
on 0.125 mm thick nickel foils (Alfa, 99.8%) by using a
dipping method with a withdrawal speed of 3.7 mm/s. The
film was fired at 300°C for 1 h with a ramp rate of 2°C/min
in air. The amount of active material coated on the foil was
obtained by subtracting the weight of clean nickel foil
from the weight of fired sample, Bulk xerogel samples
were obtained by drying the opaque solution at room tem-
perature. These xerogels were fired using the same firing
protocol as the thin-film samples (described above). These
fired bulk samples were employed to characterize the
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Fig. 1. Schematic representation of the capacitance measurement
system.

chemical species, the crystalline phase, and microstructure
using infrared spectroscopy (IR), x-ray diffractometry
(XRD), and transmission electron microscopy (TEM)
techniques.

Capacitance measurements.—Two thin-film samples
fixed in a parallel position were immersed in 1 M KOH
solution. The space between the two foils was 7 mm. A
100 Q resistor was placed in series with the test cell. An
IBM-PC computer with a Keithley DAS-8 A/D board was
used to sample the potential across the 100 } resistor every
20 ms. A potentiostat was used to supply a constant poten-
tial across the test cell and the resistor while charging. A
mechanical switch was used to cut off the potential and
turn the circuit into a discharge mode (as shown in Fig. 1).
In the discharge mode, the test cell was discharged
through the 100 Q resistor (constant load discharge).
Charge and discharge curves were obtained by converting
the original data (i.e., the potential across resistor vs. time)
into current using Ohm’s law. The discharge and charge
curves were integrated numerically to obtain the total
charge stored or released from the cell. The capacitance
was calculated by dividing the total charge by the applied
potential. The specific capacitance was the capacitance of
the cell divided by the weight of active materials (i.e,
NiO/Ni films). The specific energy of the capacitor was
obtained from equation

p-lov
[1]

Results

Materials characterization.—The fired bulk samples
consisted of a mixed nickel oxide (NiO) and nickel metal
(N1), as illustrated in Fig. 2. From an investigation on the
extent of hydrolysis using infrared spectroscopy, we have
found that the unfired bulk sample consists of nickel
hydroxide and nickel acetate, as shown in Fig. 3. That is,
the nickel acetate was partially hydrolyzed.

Microstructural investigation—The microstructure of
the fired bulk sample was investigated using transmission

o

Fig. 2. X-ray diffraction pattern of NiO/Ni sample fired at 300°C
for 1 hin air.
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Fig. 3. Infrared spectrum of (a) nickel acetate tetrahydrate, (b)
drieg nickel acetate tetrahydrate, and (c) unfired bulk sample. It
shows the strong Ni-(OH) stretching band at 3645 cm™' in (c). The
ks in the 1120 to 2000 cm ' region belong to the stretching and
nding of the atoms in acetate ions.

electron microscopy (JEOL 200CX). This sample had a
grain size of ca. 3 to 8 nm and a pore size of ca. 2 to 3 nm,
as shown in Fig. 4. The surface area was characterized by
nitrogen sorption Brunauer, Emmett, and Teller method
(BET) and found to be 120 m?%/g.

The thin-film samples were shown to have different
types of surface morphologies which were dependent
upon the concentration of the precursor sols used in coat-
ing. As shown in Fig. 5, the sample made from the dilute
sol appears to form a well-packed array of smaller parti-
cles (ca. 10 nm in diam). The roughness of this sample
(rms) is 20 nm. In contrast, the sample prepared from a

Fig. 4. Transmission electron micrograph of NiO/Ni composite
fired at 300°C for 1 h in air.

concentrated sol seems to be loose-packed and consists of
larger particles (ca. 120 nm in diam) and the roughness
(rms) is 77 nm. The sample made from the concentrated
sol had a specific capacitance of ca. 50 F/g, which was
two to three times larger than the value of the sample
made from the dilute sol.

Electrochemical characterization.—Cyclic voltammetry
studies (IBM, EC 225 voltammetric analyzer) were con-
ducted using a pair of electrodes made from a concentrat-
ed suspension and performed in a 1 M KOH solution using
a saturated calomel electrode (SCE) reference electrode.
As shown in Fig. 6, the square-like shape is characteristic
of electrochemical capacitors. This has been observed in
activated carbon and ruthenium oxide systems.>®® The
coulombic efficiencies of these reactions were 0.96 to 0.98,
which indicated that this reaction is highly reversible. The
differential capacitance calculated from the cyclic voltam-
mogram was about 64 F/g. The potential range is narrow
as compared to the potential ranges of the other two mate-
rials system. This narrow potential range may limit the
obtainable capacitance from this NiO/Ni system. However,
the applied potential of a pair of electrodes in bipolar con-
figuration can be as high as 1.8 V without observing
apparent decomposition of water. Due to this high applied
potential, the energy density of the NiO/Ni system can be
higher than the other systems.

An impedance plot (impedance analyzer: HP 4192A) of
this system in 1 M KOH is shown in Fig. 7. This plot is sim-
ilar to the impedance of a power transmission line model
applied to other electrochemical capacitors.® This indicat-
ed that this system (i.e., porous NiO/Ni electrodes in 1 M
KOH solution) had a similar ionic transportation behavior
to the carbon or ruthenium oxide systems.

Capacitance measurement.—The charge and discharge
curves of the samples prepared from a concentrated sus-
pension for different cycles is shown in Fig. 8. These
curves, which are irregular in shape during the first sever-
al cycles, become uniform after 10 cycles. The charge and
discharge curves can be fit by a resistance-capacitance
(RC) model whose discharge and charge curves can be
expressed as I = I, - exp (—t/RC). The curve shape changes
probably are caused by the variation of the oxidation state
of the Ni atoms by the applied potential. Although the
gradual wetting of the internal porosity has been consid-
ered as the reason, the curve shape changes still existed
even if the electrodes were vacuum impregnated with elec-
trolyte or soaked in electrolyte solution overnight. The
specific capacitance vs. the cycle number is shown in
Fig. 9. The high reversibilty of this system can also be
demostrated from the close values of the specific capaci-
tance from the charge modes and the discharge modes.

Discussion

Over the past decade, research in the field of electric
double layers has held that oxides behave differently than
metals with respect to charge development at the solid-
liquid interface.'*' The surface charge of the oxides is
determined by the extent of potential determining H" and
OH" ion adsorption. In turn, surface charge is compensat-
ed by the counterions in the solution which form the elec-
tric double layer at the metal oxide/electrolytic solution
interface. This “static” electric double layer is developed
within several seconds as the oxide is immersed in the
electrolytic solution. Accompanying this chemical adsorp-
tion of potential determining ions, a space-charge region
develops on the inside of the oxide if the oxide is a semi-
conductor. The capacitance at the metal oxide/solution
interface combines the double-layer capacitance at the
solution side and the space-charge capacitance at the
oxide side of this interface. In early studies on Li-doped
NiO single crystals," both surface charge governed dou-
ble-layer and space-charge regions were observed in this
p-type semiconductor. The capacitance arising from the
space-charge region was found to be in the range of 1 to
8 wF/cm? depending on the applied potential.
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Microscope NSII1 AFM
Scan size 5.000 pm
\\ // 2
X 1.000 pu/div_ Fig. 5. Surface morphology of
(a) \J/ 1 2 400.000 nn/div NiO/Ni films made from (a)
dilute sol and (b) concentrated
sol observed by AFM.
Microscope NSII1 AFM
Scan size 6.000 pm

(b)

The extent of specific adsorption of potential determin-
ing ions when governed by the applied potential can be
described as the oxidation and reduction of metal ions on
the oxide surface. It has been determined that these sur-
face redox reactions may contribute to the measured
capacitance over a certain potential range. In recent stud-
ies*™*! on the nonstoichiometric NiO thin films applied as
electrochromic devices, it has been shown that the reac-
tion of Ni** to Ni**

NiO + OH™ — NiOOH + e [2]

occurs at the surface layer of the NiO grain. The series
capacitance of this film is also dependent on the applied
potential.***' This suggests that the surface redox reaction
of NiO contributes to the charge-storage capability of

> X 2.000 pm/div
7 Z 400.000 nm/div

electrochemical capacitors, if the proper physicochemical
and microstructural properties are well controlled.

The cyclic voltammogram, impedance spectroscopy, and
charge/discharge curves of this system, as illustrated in
Fig. 6, 7, and 8, have shown that the characteristics of this
system are the same as those existing in electrochemical
capacitors. As calculated from the specific surface area
and the specific capacitance of this system, the capaci-
tance based on the real surface of this NiO/Ni composite is
about 40 to 54 pF/cm®. This value is higher than the capac-
itance from the space-charge region which can be attrib-
uted to the exhaustion of holes near the NiO surface' (i.e.,
1 to 8 pF/cm?). It is believed that the pseudocapacitance
from the surface adsorption of potential determining ions,
the double-layer capacitance in solution, and the capaci-
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Fig. 6. Cyclic vollammograms of NiO/Ni thin-film electrodes
(thickness is around 400 nm) fired at 300°C in 1 M KOH at scan rate
of 20 and 50 mV/s. The reference electrode is a saturated calomel
electrode (+0.2412 vs. the SHE).

tance from the space-charge region contribute to the total
capacity of this NiO/Ni composite system.

Early theoretical calculations concerning the stability of
colloidal suspension has shown that double-layer repul-
sion is responsible for the stability of these system
Derguin, Landau, Verwey, Overbeek (DLVO theory).* In a
simplified one-dimensional case, assuming that ions are
point charges and their distribution can be represented by
Boltzmann distribution, the potential at the middle of two
plates in solution can be derived from the Guoy-Chapman
model. A schemetic drawing of the interaction of the dou-
ble layers on two plates is shown in Fig. 10. The middle
plate potential ¢, can be expressed as a function of the dis-
tance between two plates

e[_ﬂ) = cos(% . egj [3]
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Fig. 7. An impedance plot of NiO/Ni films in 1 M KOH with fre-
quency range 5 Hz to 10 kHz.
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Fig. 8. Charge and discharge curves of NiO/Ni thin-film elec-
trodes in 1 M KOH with different cycles; (a) charge curves and (b)
discharge curves.

where
2= vey,
kT
we vey
kT
,  8wne’’
K' = ——
ekT

where 4, is the electric potential on solid surface, 1/ is the
Debye length or thickness of the diffuse layer, 2d is the
distance between two plates, n is the number of ions per
cm?, v is valence of the ions in electrolyte, and ¢, k, T, are
the dielectric constant of the media, Boltzmann constant
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Fig. 9. Specific capacitance of NiO/Ni thin-film electrodes in 1 M
KOH as function of cycle numbers,
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Fig.10 Schematic representation of the eleciric double-lclrer inter-
action between two plates, in comparison with the potenfial of a sin-
gle double layer.

and absolute temperature, respectively. Equation 3 is
obtained under the assumption of high surface potential
(this assumption is acceptable when the electrolyte con-
centration is high, such as 1 M).The result of Eq. 3 with a
surface potential of 0.6 V is shown in Fig. 11.

Figure 11 shows the variation of middle plate potential
Yz vs. the values of one-half of the plate distance, d. This
figure indicates that as the spacing between two plates
becomes smaller, the potential at the center position
becomes higher. This phenomenon implies that as the two
plates approach each other, fewer ions in solution can
enter the space between two plates to compensate for the
potential on plate surfaces. Since there are fewer counter-
ions between the two plates, repulsion forces arising from
surface charges on the plates will drive them apart. This is
the same mechanism which describes the stability of col-
loidal dispensions. It should be noted that this model does
not include the effect of Stern layer adsorption nor does it
account for the size of solvated ions. These two factors
futher complicate the calculation. A qualitative estimation
of the middle plane potential including considerations of
Stern layer adsorption and size of solvated ions is drawn
schematically in Fig. 11. This simplified model suggests
that, in a porous electrode due to the limiting space, a dif-
fuse layer may not develop inside microporous materials.
Thus, the total charge stored in microporous electrodes of
double-layer capacitors is limited by the capability of
developing a diffuse-layer in micropores. Therefore, in
constructing electrodes for electrochemical capacitors, one
must consider the microstructure of the electrode (i.e.,
pore size distribution) as an important design parameter.
Likewise, for a give microstructure of the electrodes, an
optimal electrolyte concentration exists for diffuse layer
development.

9.
Wd (Volt) \

[ 0.5 1 1.5 2 2.5

d{nm)
Fig. 11. Potential 44 as function of the distance d for i, = 0.6 V,
1 M electrolytic solution, and 298 K as calculated from Eq. 3.
Dashed line: Schematic drawing of the potential yd with considera-
tion of Stern layer and size of solvated ions.

Secondary particle

Space between primary
particles for Stem layer

Priméry particle

Space between secondary
particles for diffuse layer

Fig. 12. Schematic representation of the microstructure of the
NiO/Ni composite film. The space between nano-sized parficles can
accommodate the Stern layer. The space between secondary parti-
cles can fit not only the Stern layer but also the diffuse layer.

To illustrate this phenomenon we refer to the samples
made from dilute and concentrate sols. The surface mor-
phology of these samples as characterized by atomic force
microscopy are quite different (Fig. 5). The samples pre-
pared from dilute sols have smooth surfaces and consist of
tight-packed array of very small particles (around 10 nm
in diam). However, for the samples made from concentrat-
ed sols, the roughness of the surfaces is high and the sur-
faces consist of larger particles (100 to 120 nm in diam).
The high roughness of the samples made from the concen-
trated sol is caused by the agglomeration of the primary
particles in solution which provides larger particles and
forms a rough surface after firing. These rough surfaces
provide enough space for the double layer to develop. This,
in turn, provides higher charge storage capability than the
smooth surface consisting of nano-sized particles. This has
also been demonstrated in the specific capacitance of
these samples. In the case of samples prepared from the
dilute sol, the specific capacitance is only 18 F/g. However,
the specific capacitance of the samples obtained from con-
centrated sols, which had a rough surface composed of
large secondary particles, was 50 F/g. A schematic picture
to explain this phenomenon is shown in Fig. 12.

Condlusions

New materials which consist of nano-sized NiO/Ni par-
ticles have been found to be good electrochemical capaci-
tors. They can provide a specific capacitance of 50 to 64
F/g, which is in the same range as carbon-based and
ruthenium oxide systems reported in the literature.™!
They also can offer an energy and power density of 26 to
40 kJ/kg and 4 to 17 kW/kg, respectively. These electro-
chemical capacitors can be prepared from cheap raw
materials utilizing simple manufacturing methods. In this
system, charge storage is likely due to a combination of
surface redox reactions and electrical double-layer devel-
opments. The microstructure of this material plays an
important role in optimizing the performance of this sys-
tem. It is believed that loose-packed secondary particles in
the film provide a double-layer structure (i.e., a Stern
layer and complete diffuse layer) which avoids overlap-
ping interactions. Furthermore, the presence of nano-sized
particles and nano-porosity provides a sufficiently large
surface area for surface redox reactions to add to the dou-
ble-layer capacitance of these systems.

Manuscript submitted April 4, 1995; revised manuscript
received Sept. 18, 1995.
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ABSTRACT

The electrodeposition of nickel and nickel-aluminum alloys on glassy carbon was investigated in the 66.7-33.3 mole
percent (m/o) aluminum chloride-1-methyl-3-ethylimidazolium chloride molten salt containing electrogenerated nick-
el(IT) at 40°C. The electrodeposition of nickel on glassy carbon involves three-dimensional progressive nucleation on a
finite number of active sites with hemispherical diffusion-controlled growth of the nuclei. At potentials slightly more
negative than those needed to induce the reduction of nickel(Il) to the metal, aluminum is codeposited with nickel to
produce Ni-Al alloys. Controlled-potential and controlled-current experiments revealed that it is possible to produce
alloy deposits containing up to approximately 40 atomic percent (a/o) aluminum under conditions that circumvent the
bulk deposition of aluminum. The aluminum content of the Ni-Al deposit was found to vary linearly with the deposi-
tion potential but nonlinearly with the current density. The electrodeposited Ni-Al alloys are thermodynamically unsta-
ble with respect to nickel(II), i.e., immersion of the alloy deposit in melt containing nickel(II) under open-circuit condi-
tions leads to a reduction in the aluminum content of the alloy. The mechanism of alloy formation appears to involve
underpotential deposition of aluminum on the developing nickel deposit; however, alloy formation must be kinetically
hindered because the aluminum content is always less than predicted from theoretical considerations. Ni-Al alloys pro-
duced at 0.30 V [vs. AI/AI{III) in pure 66.7-33.3 m/o0 melt] in melt containing nickel(II) and 20% (w/w) benzene as a cosol-
vent contained about 15 a/o nickel and were of high quality with a disordered fcc structure, but alloys produced at more

negative potentials had the visual appearance of a loosely adherent, finely divided, black powder and were heavily con-
taminated with chloride, probably as a result of the occlusion of the molten salt solvent by the dendritic alloy deposit

during deposit growth.
Introduction

The electrodeposition of aluminum or aluminum alloys
from aqueous solutions is complicated by the fact that
hydrogen is evolved before aluminum is deposited. Thus,
aprotic nonaqueous solvents or molten salts must be used
to electroplate these materials. The electrodeposition of a
number of transition metal-aluminum alloys such as Cr-
Al' Mn-Al? Ni-Al? and Ti-Al* has been demonstrated
from inorganic chloroaluminate molten salts, mainly
Lewis acidic or AlCl,-rich AICL,;-NaCl. One unfortunate
drawback to the use of alkali-chloride based chloroalumi-
nates such as this for the electroplating of these alloys is

* Electrochemical Society Student Member.
** Electrochemical Society Active Member.

the substantial vapor pressure of Al,Cl; associated with
the acidic composition region of these melts (>1.3 X 10* Pa
at 154°C). This is inconvenient for most technological
applications.

Organic chloroaluminates, which are obtained when
certain anhydrous organic chloride salts such as 1-(1-
butylypyridinium chloride (BupyCl) or 1-methyl-3-ethyl-
imidazolium chloride (MeEtimCl) are combined with
AICL,, are viable alternatives to the inorganic chloroalumi-
nates mentioned above because they can be employed at or
close to room temperature, and they exhibit negligible
vapor pressure at elevated temperatures. The physical,
chemical, and electrochemical properties of these molten
salts have been reviewed at length.>*
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