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a b s t r a c t

The electrophoretic deposition of polystyrene sphere monolayer as a template for anodic electrodeposi-
tion of interconnected nickel oxide nanoflakes is explored. Result indicates that a nickel oxide film with
nanoflakes and open macropores has superior capacitive behavior. A nickel oxide film with intercon-
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nected nanoflakes is of great importance for electrochemical capacitors due to the high-specific surface
area, fast redox reactions, and shortened diffusion path in solid phase. The open macropores may facil-
itate the electrolyte penetration and ion migration, therefore increasing the utilization of nickel oxide
due to the increased surface area for electrochemical reactions. The specific capacitance of a nickel oxide
film with open macropores at a scan rate of 10 mV s−1 reaches as high as 351 F g−1, which is 2.5 times

re ni
pen macropores
olystyrene sphere

higher than that of the ba

. Introduction

The nickel oxide materials have received much research atten-
ion due to their potential applications in electrochromic films,
ptical materials, fuel cell electrodes, photocatalysts, electro-
hemical capacitors, and batteries, etc. Most of these useful
unctions depend mainly on their chemical composition, config-
ration, and structure. The nanostructured nickel oxides have
urned out to exhibit better physical and chemical proper-
ies than those of their bulk counterparts. There are numerous
eports in literature on the synthesis of nanostructured nickel
xides, such as chemical precipitation [1–6], thermal decompo-
ition/oxidation [7–10], hydrothermal process [11–13], surfactant
emplate [14–17], polymer template [18–21], sol–gel method
22–24], and electrodeposition [25–31].

Most of the synthesized nickel oxide materials for electrochem-
cal capacitors are nanopowders. The nickel oxide nanowhiskers
r small nanowires fabricated by template are also some of the
lternative structures for electrochemical capacitors [30,32]. The
ickel oxide nanopowder is often difficult to well disperse in the
lurry due to the strong agglomeration of nanopowder. Therefore,
t becomes an important challenge for finding innovative ways to

abricate the well-dispersed nickel oxide films at low cost and in a
imple manner. To reduce the above-mentioned difficulties, elec-
rochemical deposition, which deposits the active material directly
nto the substrate without polymer binder at room temperature,
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ckel oxide film (140 F g−1).
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is used for fabricating the nanostructured nickel oxide films for
electrochemical capacitors.

The nanostructured materials are important for electrochemi-
cal energy-storage devices because they have high-specific surface
area for facilitating the electrochemical redox reactions. Generally,
the ion diffusion resistance within the crystal structure of active
material dominates the high-rate charging and discharging of an
electrode. Diffusion resistance in the solid phase can be mitigated
by shortening the diffusion path. Therefore, the nanosized mate-
rials can reduce the diffusion resistance effectively. Our previous
result has shown that the capacitive behavior of nickel oxide film
is considerably affected by the pore size of film [33]. The larger the
pore size, the higher the specific capacitance of film. The pore size
of nickel oxide film can be increased with decreasing the depositing
current density and potential [33]. However, the lower depositing
current density (potential) may significantly increase the deposit-
ing time, which is unfavorable to the fabrication process. Therefore,
in this work, monolayer polystyrene (PS) sphere has been directly
fabricated on the stainless steel (SS) substrate by electrophoretic
deposition (EPD) as a template for anodic electrodeposition of the
nickel oxide film. After removal of the PS template, a nickel oxide
film with open macropores can be obtained. The deposited films
with and without open macropores have been analyzed in their
capacitive behavior.
2. Experimental

The monolayer PS sphere template was assembled by the EPD
strategy. The monodispersed PS spheres (with negatively charged
surface) of about 200 nm in diameter were suspended in water

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ms_wu@url.com.tw
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Fig. 1. A schematic of proposed manufacturing

2.5 wt.%, Alfa Aesar). EPD of the monolayer PS template was carried
ut by applying a voltage difference of 60 V (Keithley, 2400 source
eter) between working (positive electrode, SS, 2 cm × 2 cm) and

ounter (negative electrode, platinum, 2 cm × 2 cm) electrodes for
0 s. EPD bath was prepared by suspending IPA (50 ml) and PS
uspension (16 mg, 2.5 wt.%). Prior to deposition, SS foil was cut
nto pieces of 2 cm × 2 cm, which were then soaked in acetone and
ltrasonically vibrated for 10 min to wash away any contaminants
rom their surface. De-ionized water was then used to rinse the tai-
ored SS foil in ultrasonic vibration for another 15 min. One side of
he SS substrate was exposed opposite a counter electrode, while
he other side had been covered with a sheet of polymer insula-
or (polyethylene terephthalate, Alliance Material S221-H, Taiwan).
he distance between working and counter electrodes was kept
t 1 cm. After EPD, polymer insulator was removed from the SS
ubstrate, and the PS-coated SS electrode was dried at room tem-
erature for 24 h in air.

The nickel oxide was electrodeposited directly on the PS-coated
S substrate by applying an anodic potential of 1.1 V versus a sat-
rated Ag/AgCl electrode. The plating solution consisted of 0.13 M
odium acetate, 0.13 M nickel sulfate, and 0.1 M sodium sulfate at
oom temperature [34]. The anodic deposition of nickel oxide was
arried out in a three-compartment cell. A saturated Ag/AgCl elec-
rode was used as the reference electrode and a platinum foil with
imension 2 cm × 2 cm was the counter electrode. All chemicals
ere analytical grade and were used without further purification.

he plating solution was stirred by a Teflon stir bar on a mag-
etic hot plate during the deposition. After deposition, the film was
insed several times in de-ionized water and then immersed in a
oluene solution for 10 min to remove the PS template. The film was
nnealed at 300 ◦C for 1 h in air. The amount of deposited films was
easured by a microbalance (Mettler, XS105DU) with an accuracy

f 0.01 mg and was held almost the same (about 0.5 mg) for each
lm by adjusting the deposition time.

The capacitive behavior of films was determined by cyclic
oltammetry in a three-electrode cell with 1 M KOH electrolyte.
he potential was cycled at various scan rates using a potentio-
tat (CH Instruments, CHI 608) in a range of 0–0.45 V. Galvanostatic
harge and discharge were performed by a potentiostat (Princeton
pplied Research, EG&G 362) in a range of 0–0.45 V at 10 A g−1. All
ata acquisitions in EG&G 362 were carried out through an inter-
ace card (Labjack, U12) with LabVIEW software. AC impedance
easurements were performed by means of a potentiostat (CH
nstruments, CHI 608) coupled to a frequency response analyzer
nder the open-circuit condition. An AC perturbation amplitude
f 10 mV versus the open-circuit potential was applied in a fre-
uency range from 50 kHz down to 0.1 Hz. The surface morphology
ss for nickel oxide film with open macropores.

of film was examined with a field-emission electron microscope
(FE-SEM, Jeol JEOL-6330) with an accelerating voltage of 3 keV. The
zeta potential of PS suspension was measured by a zeta potential
analyzer (Brookhaven, 90Plus).

3. Results and discussion

Fig. 1 shows a schematic of the proposed procedure for fabri-
cating a porous nickel oxide film with open macropores. EPD of
the PS template is achieved via transport of negatively charged
PSs toward a positive electrode (SS substrate) and via deposition
of PSs with charge neutralization under an applied electric field.
In this work, the formation of PS monolayer on the SS substrate
can be achieved by tuning the deposition time. The nickel oxy-
hydroxy film is deposited anodically on the PS-coated SS substrate
in a plating bath of 0.13 M sodium acetate, 0.13 M nickel sulfate,
and 0.1 M sodium sulfate. The film formation relies on the oxida-
tion of dissolved Ni2+ to Ni3+, which further reacts with the available
hydroxide ions from a slightly alkaline electrolyte to form insoluble
nickel oxy-hydroxy deposits on the substrate [35]. After deposi-
tion, the PS template is dissolved by toluene solution, leading to
the formation of open macropores in the nickel oxy-hydroxy film.

Fig. 2 shows the SEM images of deposited nickel oxide film with
open macropores after annealing at 300 ◦C for 1 h. The film is porous
and of nanoscaled, the intercrossing network is made up of flaky
nickel oxide of thickness ca. 12–16 nm. Interestingly, this film has
open macropores about 200 nm in diameter. An average pore size of
the flaky film is roughly estimated to be about 40–80 nm observed
from SEM image. A porous film with open macropores is believed to
be beneficial to the electrolyte penetration, leading to an increase
in surface area for electrochemical reactions. The nanoflakes play
an important role in enhancing the capacitive behavior of nickel
oxide because they have high-specific surface area for redox reac-
tions and shortened diffusion path in solid phase. On the other
hand, the pore size of nickel oxide film also plays an important
role in electrolyte penetration and migration. A bigger pore is eas-
ily accessible by the electrolyte, while a smaller pore is unfavorable
to the electrolyte penetration. Therefore, a nickel oxide film with
intercrossing nanoflakes and open macropores is in favor of its
electrochemical behavior.

The crystal structure of nickel oxide film, which can be deter-
mined by a glance angle X-ray diffractometer (XRD), is affect by the

annealing temperature and depositing parameter, consequently
influences the capacitive behavior of film. Our previous result has
shown that a suitable annealing temperature is about 300 ◦C in
terms of the specific capacitance [33]. The annealing temperature
is set at 300 ◦C in this work. The XRD result, which is not shown
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ig. 2. SEM images of a nickel oxide film with open macropores: (a) low magnifica-
ion and (b) high magnification.

ere, reveals that the diffraction patterns of nickel oxide films with
nd without open macropores resemble cubic NiO closely.

The electrochemical properties of nickel oxide films are evalu-
ted by means of cyclic voltammogram (CV). Fig. 3 shows the CVs
f nickel oxide films with and without open macropores at a scan
ate of 25 mV s−1. If the upper limit potential is lower than 0.3 V,

he CVs show a roughly rectangular mirror image with respect to
he zero-current line, which represents an electrical double-layer
apacitive behavior of films. If the upper limit potential is higher
han 0.3 V, the CVs correspond to a redox capacitor. Through redox

ig. 3. Cyclic voltammograms of the nickel oxide films with and without open
acropores at a scan rate of 25 mV s−1.
Fig. 4. A schematic of proposed strategy for enhancing the capacitive behavior of a
nickel oxide film.

reactions, much more capacitance can be stored in the bulk of nickel
oxide than in the electrical double layer. Clearly, the oxidation and
reduction peaks are observed at 0.37 V (oxidation) and 0.3 V (reduc-
tion), respectively. The redox couple of nickel oxide films in alkaline
solution can be expressed as follows [36–38]

NiO + OH− ↔ NiOOH + e− (1)

Obviously, the peak current of a nickel oxide film with open
macropores is much higher than that of film without macropores.
The higher the response current density, the larger the specific
capacitance of film. This reflects that a porous film with bigger
pores (macropores) may facilitate the electrolyte penetration, lead-
ing to a decrease in the electrolyte diffusion (migration) resistance.
Fig. 4 shows a schematic of the proposed strategy for enhancing the
capacitive behavior of a nickel oxide film. A nickel oxide film having
open macropores can shorten the ion migration and diffusion paths,
leading to an increase in the effective surface area for electrochem-
ical reaction. While a nickel oxide film without open macropores,
the migration and diffusion resistances of ions are pronounced,
especially in the region near the SS substrate.

The capacitance response of an electrode during high-rate
charging and discharging (or high-rate CV scan) is an important

factor for achieving practical application in the electrochemical
capacitor because of the high power demand from portable elec-
tronic power tools and electric vehicles. An electrode, due to the
Faradaic reaction and diffusion resistances, has a lower capacitance
when the scan rate is high. Fig. 5 shows the measured specific capac-
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ig. 5. Specific capacitance variations of the nickel oxide films with and without
pen macropores associated with the CV scan rate.

tances of the nickel oxide films with and without open macropores
t various scan rates. The specific capacitance (C) of films is calcu-
ated by dividing half the integrated area of the CV curve by the
can rate to obtain the charge (Q) and by subsequently dividing Q
y the width of the potential window (�V) [39]

= Q

�V
= 1

v �V

∫ 0.45

0

i dV (2)

here i is the current density (A g−1), �V is the potential window
V), V is the applied potential (V), and v is the scan rate (V s−1).

As can be seen from Fig. 5, both films have higher specific capac-
tance at low scan rate than those at high scan rate. A nickel oxide
lm with open macropores has a specific capacitance of 351 F g−1

t a low scan rate of 10 mV s−1, and the value reduces to 243 F g−1

70% capacitance of 10 mV s−1) at a high scan rate of 200 mV s−1. On
he other hand, a nickel oxide film with open macropores exhibits
igher capacitance compared with a film without macropores even
t higher scan rates, possibly because this film has a large elec-
roactive area on the surface layer of the nickel oxide nanoflakes
or high-rate charging and discharging. A small decrease in spe-
ific capacitance with increasing scan rate also indicates the high
ower characteristics of a nickel oxide film with open macrop-
res. The calculated specific capacitance of a nickel oxide film with
pen macropores at a scan rate of 10 mV s−1 reaches 351 F g−1,
hich is 2.5 times higher than that of film without macropores

140 F g−1).
High capacity retention at high scan rate also reflects that the

aradaic reaction occurring on the active sites of nickel oxide
urface is fast enough to maintain the current response during
igh-rate scanning. Possibly, the configuration of interconnected
anoflakes provides much more paths for electron conduction, and
he flake-like structure shortens the ion diffusion paths within
he bulk of solid nickel oxide. In addition, the macroporous struc-
ure benefits electrolyte penetration and provides larger surface
rea for charge-transfer reactions. Therefore, the capacitive behav-
or of a nickel oxide film with open macropores is significantly
mproved.

The capacitive behavior of a porous electrode is affected not
nly by the specific surface area for electrolyte accessibility but
lso by the electrical conductivity for electron transfer. Usually,

he specific surface area of the electrode materials is measured by

eans of BET technique using nitrogen gas to relate the capacitance
f the materials. However, it is difficult to deposit the requisite
uantity of material needed for BET analysis in this work. Instead,
Fig. 6. Nyquist plots of the nickel oxide films with and without open macropores.

we use AC impedance technique to investigate the effect of open
macropores on the capacitive behavior of nickel oxide film. The AC
impedance is a well-developed technique generally used to predict
the behavior of electrochemical capacitor, and to determine the
parameters affecting the performance of an electrode, including
its conductivity, charge-transfer properties, diffusion properties,
etc. Fig. 6 shows the Nyquist plots of nickel oxide films with and
without open macropores. The corresponding equivalent circuit for
impedance analysis is shown in the inset of Fig. 6. At very high fre-
quencies, the intercept at real part (Z′) is a combinational resistance
of electrolyte resistance, intrinsic resistance of substrate, and con-
tact resistance at the active material/current collector interface (Re)
[40]. This value is almost the same for both films (deduced from the
enlarged figure shown in the inset of Fig. 6). A major difference is
the semicircle in the high-frequency range, which corresponds to
the charge-transfer resistance (Rct) caused by the Faradaic reaction
and the double-layer capacitance (Cdl) on the nickel oxide surface.
Charge separation at micropores is represented by the transmission
line Zp which relates to the distributed electronic and ionic conduc-
tivity and double-layer capacitance inside the micropores; Clc is the
limit capacitance [41]. The calculated charge-transfer resistances
for the films with and without open macropores are about 0.5 and
1.2 �, respectively. The charge-transfer resistance of nickel oxide
film having open macropores is much lower than that of the bare
film. The charge-transfer resistance is related to the electroactive
surface area of film materials for the Faradaic reaction to occur.
The larger the electroactive surface area, the lower the charge-
transfer resistance of film. Accordingly, a nickel oxide film having
open macropores exhibits a larger electroactive surface area pos-
sibly due to an increase in the electrolyte accessible area. A nickel
oxide film without open macropores shows a high charge-transfer
resistance, reflecting that the specific capacitance mainly comes
from the EDL capacitance rather than the Faradaic capacitance. This
explains that the CV current response of nickel oxide film without
macropores shows a roughly rectangular mirror image with respect
to the zero-current line as shown in Fig. 3.

Fig. 7 shows the galvanostatic charge/discharge curves of nickel
oxide films with and without open macropores at a current density
of 10 A g−1: limit potentials 0 and 0.45 V versus Ag/AgCl. The charg-
ing time (from 0 to 0.45 V) and discharging time (from 0.45 to 0 V)
are almost the same, implying a high reversibility of the Faradaic

reaction taking place on the nickel oxide surface. The charging time
and discharging time of a film with open macropores in each cycle
are much higher than those of a film without open macropores,
reflecting that the open macropores can facilitate the capacitive
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ig. 7. Galvanostatic charge/discharge curves of the nickel oxide films at a current de

ehavior of a nickel oxide film. The specific capacity (Q) of nickel
xide films during galvanostatic test is calculated according to the
quation

= i�t

w
(3)

here w is the mass of active material and i is the galvanostatic
urrent applied for time �t.

The cycle-life stability of nickel oxide films is carried out by
alvanostatic charging/discharging at 10 A g−1. Fig. 8 shows the
elationship between capacitance retention and cycle number of
oth deposited films. Two curves are almost the same, meaning that
he effect of open macropores on the cycle-life stability of a nickel
xide film is very small. The capacitance retention of both films
ncreases at the beginning of the 750 charging/discharging cycles,

nd then stabilizes for ongoing cycles. The capacitance retentions
f both films after 3000 cycles remain almost unchanged, reflecting
high durability of nickel oxide films for electrochemical capacitor
pplication in alkaline solution.

ig. 8. Capacitance retention of the nickel oxide films with and without open macro-
ores during galvanostatic charge/discharge cycling.

[

[
[

of 10 A g−1: (a) a film without open macropores and (b) a film with open macropores.

4. Conclusion

The porous nickel oxide film with interconnected nanoflakes
and open macropores has been successfully prepared by anodic
electrodeposition of oxy-hydroxide onto PS template adsorbed
on a SS substrate by electrophoresis. The formation of PS sphere
monolayer can be achieved via transport of negatively charged
PSs toward SS substrate and via deposition of PSs with charge
neutralization under an applied electric field. The electrochemical
performance of the nickel oxide film turns out to be significantly
affected by the open macropores. The specific capacitance of nickel
oxide film with open macropores is much higher than that of film
without open macropores in all scan rates. Possibly, a highly porous
film with bigger open pores offers large surface area for fast charge
storage and redox reactions and is capable of delivering high power,
so it can be discharged/recharged at high rates. A nickel oxide film
with open macropores exhibits high capacity and stable capacity
retention during cycling, and therefore is suitable for long-time
applications in KOH solution.
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