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Nanostructured multilayer manganese dioxide/nickel/copper sulfide (MnO
2
/Ni/CuS) composite films were successfully deposited

onto supporting polyethylene terephthalate (PET) substrate through the sequential deposition of CuS, Ni, and MnO
2
thin films

by chemical bath deposition, electrodeposition, and horizontal submersion deposition techniques, respectively. Deposition of each
thin-film layer was optimized by varying deposition parameters and conditions associated with specific deposition technique. Both
CuS andNi thin films were optimized for their electrical conductivity whereasMnO

2
thin filmwas optimized for its microstructure

and charge capacity.The electrochemical properties of nanostructuredmultilayerMnO
2
/Ni/CuS composite films were evaluated by

cyclic voltammetry as electrode materials of an electrochemical capacitor prototype in a dual-planar device configuration. Cyclic
voltammogram in mild Na

2
SO
4
aqueous electrolyte exhibited a featureless and almost rectangular shape which was indicative of

the ideal capacitive behavior and high cycling reversibility of the electrochemical capacitor prototype. Nanostructured multilayer
MnO

2
/Ni/CuS composite films on supporting polyethylene terephthalate (PET) substrate could potentially be utilized as electrode

materials for the fabrication of high performance electrochemical capacitors.

1. Introduction

Generally, the fabrication of thin-film electrochemical capac-
itor entails the deposition of an electroactive thin film onto
an electrically conductive supporting substrate which serves
collectively as both the current collector and the supporting
substrate. A gel electrolyte layer which serves as the ion-
ically conductive medium is subsequently added between
the electrodes of electrochemical capacitor. Nanostructured
manganese dioxide thin films have been comprehensively
studied in recent years in order to determine the relations
among their morphological, structural, and compositional
characteristics for enhancing performance of electrochem-
ical capacitors [1]. Methods commonly used for deposit-
ing nanostructured manganese dioxide thin films include
anodic oxidation, electrodeposition, electroless deposition,
successive ionic layer adsorption and reaction (SILAR),

chemical bath deposition, electron beam evaporation, chem-
ical vapor deposition, reactive sputtering, molecular beam
epitaxy, pulsed layer deposition, and atomic layer deposition
[2]. However, chemical deposition methods which involve
growth from solution are more favorable as they are cost-
effective, and thin films of complex chemical compositions
can be formed at low deposition temperature. Such low depo-
sition temperature is highly desirable in order to avoid effects
such as interdiffusion, contamination, and dopant redistri-
bution. Besides, the morphology of thin films deposited can
be easily controlled via optimizing preparative parameters.
Unlike physical deposition methods, chemical deposition
methods do not require high quality target or substrates nor
do they require vacuum at any stage of deposition process
[3].The self-assembly horizontal submersion process and the
electrophoretic deposition method have been demonstrated
to be versatile and cost-effective deposition techniques for the
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deposition and optimization of nanoparticulate manganese
dioxide thin films for the fabrication of electrochemical
capacitors [4–6].

Nickel film is one of the main components in super-
capacitors which serves as the electrical conductive cur-
rent collector. Techniques used for preparing nickel film
include thermal evaporation, spray pyrolysis, chemical vapor
deposition, sol-gel, sputtering, chemical solution deposition,
electroless deposition, and electrodeposition [7, 8]. However,
electrodeposition is the most preferred technique because it
is simple, economical, and faster, allows easier control on
the thickness and uniformity of deposited films [9, 10], and
is operable at normal room temperature. For the electrode-
position process, the chemical and physical properties of
deposited films are influenced by the deposition conditions
such as current density, deposition potential, bath composi-
tion, and electrolyte pH [4]. By varying the electrochemical
deposition conditions, it is possible to control and optimize
the particle size, surface morphology, crystallographic ori-
entation, and mass, mechanical, electrical, magnetic, and
magnetotransport properties of electrodeposited films [11,
12].

Deposition of copper sulfide thin films onto nonconduc-
tive polymeric materials has come into the limelight due to
its wide range of applications in photothermal conversion,
photovoltaic devices, selective solar-radiation filters, and
electroconductive coatings for the deposition of metals [13,
14]. The depositions of CuS thin films on various polymeric
surfaces reported include polyimide [15], polyethersulfone
[16], polyethylene terephthalate (PET) [17], andABS [18].The
deposition of CuS thin films onto PET substrate by the chem-
ical bath deposition method is particularly advantageous due
to its low temperature requirement, relatively simple setup,
and low cost [17].

In this paper, we have reported the successful deposi-
tion of nanostructuredmultilayer manganese dioxide/nickel/
copper sulfide (MnO

2
/Ni/CuS) composite films on sup-

porting polyethylene terephthalate (PET) substrate through
the sequential deposition of CuS, Ni, and MnO

2
thin

films by chemical bath deposition, electrodeposition, and
self-assembly horizontal submersion deposition techniques,
respectively. Factors that affect the initial deposition of
CuS on the PET supporting substrate and subsequent elec-
trodeposition of nickel thin films on CuS/PET substrate as
well as the final deposition of nanoparticulate MnO

2
thin

films on the Ni/CuS/PET substrate via the novel horizontal
submersion deposition technique were investigated.The CuS
and nickel thin films were optimized for enhanced electrical
conductivity whereas the nanoparticulate MnO

2
thin film

was optimized for enhanced charge capacity. The potential
utility of multilayer MnO

2
/nickel/CuS composite film on

PET substrate as electrode materials for the fabrication of
high-performance electrochemical capacitor was evaluated.

2. Experiment

2.1. Chemical Deposition of Copper Sulfide (CuS) Film on PET
Substrate. The deposition of CuS film on PET substrate was

conducted based on the method reported by Yamamoto et
al. [19]. PET film with the dimensions of 1 cm × 3 cm was
immersed in a 1% methanol solution of polyethyleneimine
(PEI) for 48 hours and then air-dried. The PEI treated
PET was then immersed in a solution mixture of 0.1M
copper sulfate (CuSO

4
⋅5H
2
O) and 0.1M sodium thiosulphate

(Na
2
S
2
O
3
) which was heated at 70–80∘C and stirred for

two hours to form CuS on PET film. Deposited CuS/PET
composite films were heat treated at temperatures between 50
and 200∘C in air for an hour using a tube furnace to optimize
their electrical conductivity.

2.2. Electrodeposition of Nickel Film onto CuS/PET Substrate.
The electrodeposition of nickel films on CuS/PET substrate
was conducted in the Watts electrolyte based on the method
reported by Badarulzaman et al. [20] using a standard
2-electrode cell configuration. The working and counter
electrodes were being kept at a fixed distance of 1.0 cm
and connected to a DC power supply (Model GPR-6030D).
The applied potential was varied between 2.0 and 3.0 volts
at a fixed deposition duration of 20 minutes, whereas the
deposition duration was varied between 5 and 25 minutes at
a fixed applied potential of 2.5 volts. Deposited Ni/CuS/PET
composite films were heat treated at temperatures between 50
and 200∘C in air for an hour using a tube furnace to optimize
their electrical conductivity.

2.3. Deposition of MnO
2
Thin Film on Ni/CuS/PET Substrate.

Stable MnO
2
colloidal suspension was prepared by the

method reported by Perez-Benito et al. [21]. MnO
2
thin

film was deposited onto the Ni/CuS/PET substrate from the
MnO
2
colloidal suspension using the self-assembly horizon-

tal submersion deposition technique [22]. The self-assembly
horizontal submersion deposition technique entailed the
initial ultrasonication of the MnO

2
colloidal suspension for

five minutes in order to enhance dispersion of nanoparticles.
About 30mL of MnO

2
colloidal suspension was then used to

fully submerge the Ni/CuS/PET supporting substrate which
was being placed horizontally inside a Petri dish. After
being submerged for 10 minutes, the excess MnO

2
colloidal

suspension was removed by siphoning.
The resulting MnO

2
/Ni/CuS/PET composite film was

then air-dried overnight at room temperature and then heat
treated at 200∘C in air for an hour using a tube furnace to
optimize its charge capacity. In this study, the heat treatment
temperature was limited to 200∘C or lower to prevent the
degradation or disintegration of the polyethylene terephtha-
late (PET), which served as the supporting substrate.

2.4. Characterization of CuS/PET,Ni/CuS/PET, andMnO
2
/Ni/

CuS/PET. The surface morphology and elemental composi-
tion of CuS/PET, Ni/CuS/PET, andMnO

2
/Ni/CuS/PET films

were studied using Scanning Electron Microscope (SEM)
(JEOL JSM 6390LA) and Energy Dispersive X-Ray (EDX),
respectively. The mean size of CuS and Ni particles was
determined by measuring the diameters of about 50 Ni
particles randomly as observed in SEM micrographs using
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Figure 1: SEM micrographs of PEI treated PET film with number of copper sulphide (CuS) coatings: (a) 0, (b) 2, (c) 4, and (d) EDX spectra
of CuS/PET film.

the JEOL SmileView software. A total of 3 SEM micrographs
from 3 different samples of composite films were observed.

The sheet resistance of deposited films was measured
based on the method reported by Nair et al. [16]. The surface
resistance (sheet resistance) of deposited films was measured
across a pair of silver electrodes of 10mm in length and
separated at 10mm from each other as painted on the surface
of the films. A hand-held digital multimeter was used for
measuring the surface resistance of these films.

The electrochemical properties of MnO
2

thin film
deposited onto the Ni/CuS/PET substrate were determined
by cyclic voltammetry with a computer interfaced potentio-
stat (PrincetonAppliedResearch PARSTATModel 2263).The
capacitive behavior of electrochemical capacitor prototypes
fabricated from dual-planar MnO

2
/Ni/CuS/PET electrodes

with agar-based gel electrolytes film was evaluated.

3. Results and Discussion

3.1. Chemical Bath Deposition of Copper Sulfide (CuS) on PET
Substrate. Upon submersion in a solution mixture of copper
sulfate (CuSO

4
) and sodium thiosulphate (Na

2
S
2
O
3
) at 70–

80∘C, the color of PEI treated PET films was observed to
change from transparent to brown and finally green after
two hours, due to the deposition of a copper sulfide layer

on the surfaces of PEI treated PET substrates. PEI acted as a
binder/cross linker in order to enhance adherence of the CuS
layer onto the PET supporting substrate.

PET substrates were coated with CuS film of varying
thickness by repeating the chemical bath deposition pro-
cesses with each deposited CuS layer air-dried in between.
Figure 1 shows SEM micrographs of bare PET substrate and
PET substrates deposited with varying number of CuS layers,
as well as the EDX spectrum of CuS film deposited on the
PET substrate. The surface morphology of PET substrate
was observed to be smooth and featureless (Figure 1(a)).
The deposition of thicker CuS film corresponded to the
observed physical color change of PET substrate from light
green to dark green color. PET substrates deposited with
increasing number of CuS coatings showed spherical CuS
particles of increasing mean diameters (Figures 1(b)-1(c))
which could be attributed to the “Ostwald ripening” process
[17]. Further aggregation of CuS particles could have led to
the formation of irregular particle clusters of varying sizes
being deposited on the PET substrates. The mean particle
sizes for deposited CuS films of 2 and 4 coatings were 299 nm
and 684 nm, respectively. As shown in Figure 1(d), the EDX
spectrum revealed the presence of both copper and sulfur
peaks indicating the successful deposition of CuS film onto
the PEI treated PET substrate. Two additional peaks at about
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0.2–0.3 keV and at 0.5 keV were attributed to carbon and
oxygen atoms, respectively, originating from the PEI treated
PET substrate.

3.2. Electrodeposition of Nickel Film on CuS/PET Substrate.
Figure 2 shows the SEM micrographs of electrodeposited
nickel films on CuS/PET substrates under different applied
potentials at a fixed deposition duration of 20 minutes. Two
coatings of CuS were deposited to ensure that CuS/PET
of adequately high conductivity was obtained prior to
subsequent electrodeposition of nickel films. Nickel films
deposited at different applied potentials showed substantially
different color. Nickel film deposited at potential of 2.0 V
was observed to be dull gray in color whereas nickel films
deposited at 2.5 and 3.0V showed bright metallic gray color.
Such difference in color could be attributed to the variation of
nickel film thickness deposited on the CuS/PET substrates.

As shown in the SEM micrographs, all nickel films
deposited at different applied potentials exhibited grainy
and particulate surface morphology with different levels of
compactness (Figure 2). Nickel film deposited at a lower
applied potential of 2.0 V showed uniform but smaller mean
particle aggregate size of 109 nm (Figure 2(a)) as compared
to coarser particle aggregates with mean size of 671 nm
for nickel film deposited at the applied potential of 3.0 V
(Figure 2(c)). Based on Ohm’s law, current is inversely
proportional to applied potential. At lower applied potential,
the higher current would enable more positively charged
nickel divalent ions (Ni2+) from the Watts electrolyte to be
reduced into metallic nickel atoms and deposited on the
surface of cathode. Agboola et al. [23] also stated that the
amount of electrodepositedmaterials on the electrode surface
is proportional to the deposition current applied during the
electrodeposition process. Besides, changes in the surface
morphological characteristic of nickel films could be induced
by significant coevolution of hydrogen gas at the cathode at
high applied deposition potential [24–26].

3.3. Effect of Electrodeposition Duration. The effect of elec-
trodeposition duration on the surface morphology of
deposited nickel film under a fixed applied potential is
shown in Figure 3. Nickel films showed different surface
morphologies with mean nickel particle sizes of 120 nm and
484 nm at the electrodeposition durations of 5 minutes and
25 minutes, respectively. Such difference in mean particle
sizes and associated surface morphology of electrodeposited
nickel films could be attributed to the nucleation and growth
processes occurring during the electrodeposition process
[27, 28]. Initially, nickel nuclei of small mean sizes were
deposited onto the copper sulfide layer. Upon prolonged elec-
trodeposition, nucleation of nickel particles which covered
the entire substrate became more rapid (Figure 3(b)). At
even longer deposition times, coalescence of nickel particles
and particle aggregation resulted in the formation of larger
spherical particle clusters (Figure 3(c)). Longer deposition
duration increased not only the density of nickel particles
but also particle distribution over the surface of CuS/PET
substrate. Nickel films of shiny metallic color were deposited

at deposition durations of 20 and 25 minutes as compared to
nickel films of dull grey color deposited at shorter deposition
durations.

3.4. Effect of Surfactant. The effect of surfactant (sodium
dodecyl sulfate, SDS) addition into the Watts electrolyte on
electrodeposited nickel films is shown in Figure 4. Nickel
film deposited on CuS/PET substrate without surfactant
showed inhomogeneous agglomeration of nickel particles
with a mean particle diameter of 352 nm (Figure 4(a)).
In contrast, nickel films deposited in the presence of SDS
(1.0 g/L) exhibited more uniform and finer nickel particles
with a mean particle diameter of 183 nm (Figure 4(b)). As the
concentration of SDS was increased, the surface morphology
of nickel film deposited on CuS/PET substrate showed higher
homogeneity with more dispersed and uniformly distributed
nickel particles of smallermean sizes.The amphiphilic nature
of SDS surfactant served as a wetting agent by altering the
wettability of the CuS/PET substrate by reducing the surface
tension of the electrolyte [29]. Electrolyte of lower surface
tension would enhance the uniform dispersion of nickel par-
ticles on the substrate during electrodeposition. Farzaneh et
al. [30] reported similar effect of SDS surfactant in electrolyte
on the surface morphology of electrodeposited nickel films
[30]. During electrodeposition of nickel film, evolution of
hydrogen gas could occur as a by-product. Hydrogen gas,
which normally caused pitting on the nickel film, could
escape readily from the electrolyte solution in the presence
of SDS surfactant due to its lower surface tension [31]. The
addition of SDS surfactant (within the concentration range of
1.5 to 3.0 g/L) had therefore effectively minimized the pitting
problem during electrodeposition by substantially reducing
the number of pits formed on nickel film. In this study, the
concentration range of SDS surfactant used was 0.0–3.0 g/L
and an optimum SDS concentration of 2.0 g/L (6.9mM) was
determined for the electrodeposition of nickel films onto the
CuS/PET substrate. As such, the optimumSDS concentration
was well below the critical micelle concentration (CMC) of
SDS surfactant in pure water at 8.2mM [32].

3.5. Effect of Postdeposition Heat Treatment. Both nickel and
copper sulfide films were subjected to postdeposition heat
treatment in order to enhance their surface morphology and
adherence to the PET substrate and CuS film, respectively
[33]. Figure 5 shows the surface morphology of CuS film on
PET substrate and nickel film on CuS/PET substrate after
being heat treated in air at various temperatures.

The surface morphology of copper sulfide film showed
significant changes upon being heated in air at 150∘C (Figures
5(a) and 5(b)). Copper sulfide film without heating showed
comparatively larger particle sizes within the range of 125–
232 nm, whereas film heat treated in air at 150∘C showed uni-
form aggregates of smaller particle sizes within the range of
76–105 nm. In this study, the maximum heating temperature
was limited to 200∘C in order to avoid degradation of the PET
supporting substrate.

The surface morphology of nickel films deposited on
CuS/PET substrate was observed to have altered substantially
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(a) (b)

(c)

Figure 2: SEM micrographs of nickel films electrodeposited on CuS/PET substrates under different applied potentials: (a) 2.0 V, (b) 2.5 V,
and (c) 3.0 V.

(a) (b)

(c)

Figure 3: SEMmicrographs of nickel films electrodeposited on CuS/PET substrate for different durations: (a) 5 minutes, (b) 10 minutes, and
(c) 25 minutes.
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(a) (b)

(c)

Figure 4: SEM micrographs of Ni/CuS/PET substrate with nickel film deposited in the presence of different concentrations (g/L) of SDS
surfactant in the Watts electrolyte: (a) 0, (b) 1.0, and (c) 2.0.

(a) (b)

(c) (d)

Figure 5: SEM micrographs of CuS/PET substrates: (a) without heating and (b) heat treated at 150∘C, and Ni/CuS/PET substrate after heat
treatment at different temperatures: (c) 50∘C and (d) 200∘C.
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Figure 6: Relative surface resistivity of deposited films under different deposition conditions: (a) effect of number of CuS coatings, (b) effect
of applied deposition potential for nickel film, (c) effect of deposition duration for nickel film, and (d) effect of SDS concentration for nickel
film.

upon being heat treated in air at different temperatures of
50∘C and 200∘C (Figures 5(c)-5(d)). Upon heat treatment at
200∘C, nickel particles were of substantially smallermean size
and nanowhiskers or dendrite-like structures were formed on
the surface of nickel particles. Such morphological changes
could be induced by the loss of hydratedwater from the nickel
film [34].

3.6. Effect of Deposition Conditions. Figure 6 shows the effect
of deposition conditions on the relative surface resistivity
of CuS and nickel films. As shown in Figure 6(a), thicker
CuS films of 2 coatings showed substantially lower relative
surface resistivity (81Ω/square) than that of thinner film
of a single coating (708Ω/square). However, no further
notable decrease in the surface resistivity was observed for
thicker CuS films of more than 2 coatings. The reduced
surface resistivity of thicker CuS films could be attributed
to enhanced interconnectivity between larger CuS particles,
as well as higher film homogeneity and density which
collectively resulted in lower resistance to current flow [35].

The effect of applied potential on the relative surface
resistivity of nickel film on CuS/PET substrate is shown in

Figure 6(b). The relative surface resistivity of nickel film
on CuS/PET substrate was substantially lower at higher
applied potential; in addition, nickel film deposited at applied
potentials of 3.0 V and 2.0V exhibited surface resistivity of
6Ω/square and 500Ω/square, respectively. Such variations
in the surface resistivity of nickel films could be attributed
to the relative compactness of nickel particles within these
films. The more compact granular microstructure of nickel
film deposited at the applied potential of 3.0 V had resulted
in higher electrical conductivity (Figure 6(b)). The electrical
conductivity of a given material is influenced by the forma-
tion of continuous network chains of conductive particles and
is dependent on the number of contacts that each particle
makes with its adjacent particles [36].

The relative surface resistivity of nickel films deposited
on CuS/PET substrate was observed to decrease rapidly with
increasing electrodeposition duration (Figure 6(c)). The rel-
ative surface resistivity of nickel films deposited on CuS/PET
substrate at deposition durations of 5 and 25 minutes was
323Ω/square and 21Ω/square, respectively. The observed
variation of relative surface resistivity could be attributed
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to both the thickness and the surface morphology of nickel
films (Figure 3). Thicker nickel films with larger particle
sizes were found to exhibit substantially lower relative surface
resistivity (higher electrical conductivity) as compared to
thinner nickel films with smaller particle size. Larger nickel
particles provided better electrical contacts between adjacent
particles with enhanced electrons movement and hence
lower resistance. Similar effect of nickel particle sizes on the
resistance of electroplated nickel films had been reported
[37].

Figure 6(d) shows the variation of surface resistivity of
nickel films deposited on CuS/PET substrate in the presence
of various SDS concentrations in the Watts electrolyte. The
relative surface resistivity of nickel film was observed to
decrease gradually as the SDS concentration was increased
up to 2.0 g/L. The relative surface resistivity of nickel film
deposited on CuS/PET decreased from 24Ω/square without
SDS to about 4Ω/square in the presence of 2.0 g/L SDS
in the Watts electrolyte. However, no further reduction in
the relative surface resistivity of nickel film was observed
for the concentration of above 2.0 g/L SDS in the Watts
electrolyte. The observed decrease in relative surface resis-
tivity could be attributed to changes in the microstructural
morphology of nickel films deposited from agglomerated and
inhomogeneous surface morphology into a more compact
and uniform surface morphology (Figures 4(b) and 4(c)).
Besides, addition of higher amount of SDS into the Watts
electrolyte could have enabled more effective dispersion of
nickel colloidal particles generated through the reduction
of nickel ions during electrodeposition process which, in
turn, led to the deposition of nickel film that was more
compact. Surfactant affects the electrodeposition process by
modifying the dispersion/aggregation state of the colloidal
particles [38]. Electrostatic interactions between surfactant
molecules and nickel ions could have substantial influence
on the size of colloidal nickel particles generated during
the electrodeposition process. Besides, at optimum SDS
concentration, the contact angle would be reduced and led
to better wettability of the CuS/PET substrate and hence
the deposition of nickel film of more compact and uniform
morphology.

A uniform and compact surface morphology of nickel
film would provide unimpeded pathway for the flow of
electrons between nickel particles, thus resulting in lower
electrical resistance of films. Addition of higher SDS concen-
tration (>2.0 g/L) into the Watts solution had no observable
influence on the surface resistivity of nickel film, which
had remained constant at 4Ω/square. Hence, 2.0 g/L of SDS
was considered as the optimum SDS concentration for the
electrodeposition of nickel films onto CuS/PET substrates.

Figure 7 shows the effect of heat treatment temperatures
on the relative surface resistivity of CuS film and Ni/CuS
composite film deposited on PET supporting substrate after
being heat treated in air at various temperatures for two
hours. Heat treatment temperatures showed distinctive influ-
ence on both surface resistance and surface morphology
of both CuS and Ni/CuS composite films which demon-
strated substantially lower surface resistances after being heat
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Figure 7: Effect of heat treatment temperatures on the relative sur-
face resistivity of CuS film and Ni/CuS composite film deposited on
PET supporting substrate (two coatings of CuS; Ni film deposition
conditions: applied potential 2.5 V; duration of 25 minutes; addition
of 2.0 g/L SDS).

treated at various temperatures. This could be attributed to
substantial densification of both types of films which com-
prised uniform particles of relatively smaller sizes after heat
treatment (Figure 5). The refinement of particle structures
would result in significant number of nickel particles being
incorporated into the particle boundaries, thus yielding the
compact morphology [39]. Compact arrangement of small-
sized particles leads to reduced interparticle spaces between
adjacent nickel particles. Besides, annihilation of nickel grain
boundaries during thermally activated process can lead to
decrease in the resistivity of the nickel film [40]. Similar
effects of annealing temperatures on mean particle sizes and
surface resistance of nickel films have been reported [34].The
lowest surface resistivity for nickel and copper sulfide films
was 4Ω/square and 159Ω/square after being heat treated at
200∘C and 150∘C, respectively.

Qualitative adherence tests were performed using normal
Scotch sticking tape for both CuS andNi/CuS films deposited
on PET substrates. The sticking tape was initially being
pressed firmly onto the surfaces of CuS and Ni/CuS films
andwas subsequent pulled abruptly. Both films had remained
intact on the PET substrate, indicating good adherence
between bothNi andCuS films and between the CuS film and
PET supporting substrate.

3.7. Characterization of MnO
2
/Ni/CuS/PET Composite Film.

Figure 8 shows the SEMmicrograph of MnO
2
film deposited

on the as-prepared Ni/CuS/PET substrate using the self-
assembly horizontal submersion technique and the capacitive
behavior of nanostructured multilayer MnO

2
/Ni/CuS com-

posite film on PET supporting substrate. The MnO
2
film was

deposited as a dark brown layer on the Ni/CuS/PET substrate
without the aid of any binder. However, the SEMmicrograph
depicted the presence of cracks on the surface morphology of
MnO
2
film which could be attributed to the densification of

MnO
2
film upon heat treatment at 200∘C. TEMmicrographs
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Figure 8: (a) SEMmicrograph ofMnO
2
film deposited onto theNi/CuS/PET substrate; inset shows TEMmicrograph ofMnO

2
nanoparticles;

(b) cyclic voltammetry of supercapacitor prototypes fabricated with multilayer MnO
2
/Ni/CuS composite film on PET supporting substrate.

of MnO
2
indicated the nanoparticulate nature of deposited

MnO
2
film (Figure 8(a)).

Figure 8(b) shows the CV curve of a MnO
2
/Ni/CuS/PET

supercapacitor prototype in 0.2M Na
2
SO
4
aqueous elec-

trolyte within a potential range of −0.9 to +0.9V at a scan rate
of 50mV/s.The supercapacitor prototypewas fabricated from
two identical MnO

2
/Ni/CuS/PET electrodes in a dual-planar

configuration. The almost rectangular CV profile indicated
that the prototype exhibited ideal capacitive behavior. In
addition, no oxidation and reduction (redox) peaks were
observed within the scan potential range, indicating that
the nanostructured multilayer MnO

2
/Ni/CuS/PET compos-

ite electrodes were stable and highly reversible [41]. The
overall charge capacity of the supercapacitor prototype was
determined to be about 16mF/cm2.The sequential multilayer
deposition process for the deposition of nanostructured
multilayer MnO

2
/Ni/CuS composite film could be further

optimized in order to enhance the electrical conductivity of
both the nickel and CuS films as well as the charge capacity
of electroactive nanoparticulate MnO

2
films.

4. Conclusion

Multilayer MnO
2
/Ni/CuS composite films were success-

fully deposited on PET supporting substrate through the
sequential deposition of CuS, Ni, and MnO

2
thin films on

PET supporting substrate using chemical bath deposition,
electrodeposition, and horizontal submersion techniques,
respectively. Deposition of thin-film layer was optimized by
optimizing deposition parameters and conditions associated
with each of the deposition techniques. Both CuS and Ni
thin films were optimized for their electrical conductivity
and the MnO

2
thin film was optimized for its charge

capacity or specific capacitances. The capacitive behaviors of
multilayer MnO

2
/Ni/CuS on PET supporting substrate were

evaluated by cyclic voltammetry as electrode of a dual-planar
electrochemical capacitor prototype. The electrochemical

capacitor exhibits almost rectangular shaped voltammogram
indicating ideal capacitive behavior and excellent reversibility
albeit substantial capacitance fading observed upon long
term cycling. Further optimization of sequential multilayer
deposition process is necessary to enhance the electrical
conductivity of the Ni/CuS layer as well as microstructural
control of electroactive nanoparticulate MnO

2
films.
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