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ABSTRACT

The objective of the investigation was to study the potential and efficacy of Cobalt oxide as a cost-effective
ecofriendly substitute against the currently used high-cost supercapacitors. During the study, Cobalt oxide
was successfully studied for its ecofriendly approach and cost-effective potential as a supercapacitor.
Electrodeposited Cobalt oxide electrode, deposited on stainless steel substrates at room temperature using
Cobalt acetate as the precursor solution by galvanostatic route was studied for its efficacy as a supercapacitor.
The as-deposited electrodes were annealed at 400 °C, 500 °C and 600 °C and were analytically compared.
The structural analysis was done by X-ray diffraction technique, morphological analysis by SEM and
wettability studies were carried by contact angle measurement at different annealed temperatures. The
electrochemical analysis to investigate supercapacitive behavior of the as-deposited Cobalt oxide thin film
electrode was performed in aqueous 1M Na,SO, at three different annealed temperatures. The electrochemical
properties of the deposited thin film electrode were done through cyclic voltammetry and galvanostatic
charge-discharge analysis. The thin film electrode showed maximum specific capacitance of 295 Fg™ at
5mVs! scan rate in 1M aqueous Na,SO, with Specific energy 3.642Wh/kg, Specific Power 3 kW /kg and
56.70 % Coulomb efficiency when annealed at 500 °C temperature.

Key words : Cobalt oxide, Electrodeposition, Thin films, Cyclic voltammetry, Supercapacitor, Charge—discharge.

Introduction

Batteries are a serious threat to the environment
since batteries contain environmentally harmful
chemicals like lead, cadmium, zinc, lithium and
mercury that cannot be recycled. To overcome this
problem these must be replaced with sustainable
and renewable energy sources like alternative en-
ergy storage or conversion devices like
supercapacitors and solar cells. For the reason that,

supercapacitors are more in demand among smart
electronics for their ability to possess high energy or
power density in comparison to batteries or fuel
cells. The supercapacitor is recognized for its high
power and a relative longer life cycle, approximately
over 100 times as compared to the battery life.
Further the prime concern for the production of
solar panel is the cost of manufacturing
supercapacitors. Existing photovoltaic ranges de-
pend on supercapacitors for the storage of energy
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which is harvested from the sun. Since the growth
rate of supercapacitors is increasing yet their cost is
high because of the use of activated carbon. Cobalt
oxide thin film was tried for its efficacy as a cheap
and effective and ecofriendly alternative. It was suc-
cessfully studied that use of Cobalt oxide is not only
ecofriendly approach but it assures reduction in the
cost of manufacturing supercapacitors by lowering
the cost of the electrodes. Once such supercapacitors
are available at a cheaper rate, they will become
common and shall be integrated into more and more
devices. This new approach overlays the way for
development of durable, high-voltage
supercapacitors with its promising use in applica-
tions (Pierre et al., 2013).

Today the world is in urgent need of eco-friendly
energy storage device with long life, high reliability
and energy efficiency with high charge-recharge
capacity. One of such energy sources with good stor-
age mechanism, fulfilling the major requirement
conditions is the Electrochemical capacitors. They
are also termed as supercapacitors which have high
power density, high charge-discharge cycle life and
high energy efficiency. In recent years, they have
attracted increased interest in power source applica-
tions such as hybrid electric vehicles, telecommuni-
cations, particularly associated with cellular phones
for a reduction of the size of the batteries and pace-
makers (Kotz et al., 2000). Depending on the type of
electrochemical reactions involved in the charge
storage mechanism as well as the active materials
used, ECs are of three types: electric double-layer
capacitors (EDLCs), pseudo-capacitors, and hybrid
electrochemical capacitors (Yuan et al., 2011). In
EDLCs, the charge storage takes place through the
process of reversible ion absorption at the electrode/
electrolyte interfaces, (Conway, 1999; Jayalakshmi et
al., 2008). In pseudocapacitors, the fast and revers-
ible faradic redox reactions occur at the surface of
the electroactive materials that are responsible for
charge storage. Basically, the term pseudo is related
to false and/or almost as pseudocapacitor elec-
trodes behave like a capacitor in its electrochemical
signature, i.e., demonstrating a linear dependence of
the charge stored by the width of the potential win-
dow, however, where charge storage originates
from different reaction mechanisms. In hybrid elec-
trochemical capacitors usually combination of two
materials, one battery-type faradic electrode (as en-
ergy source) and another capacitive electrode (as
power source), in the same cell is considered
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(Conway, 1999).

The most extensively used active material for
supercapacitor electrode are various carbon, transi-
tion metal oxides/hydroxides and conducting poly-
mer (Morita, 2008). TMO’s are most preferred
among the various electrode materials worked upon
since recent years only because of their good chemi-
cal stability, capricious valence etc. (Zheng, 1995).
Co,0, has been widely investigated and can be con-
sidered as a replacement for RuO,, due to its low
cost, low environmental hazardous impact, its num-
ber of stable oxidation states and subsequent high
theoretical specic capacitance (Yuan et al., 2012).
Cobalt oxide has been is a most tempting electrode
material for supercapacitor electrode due to its high
theoretical SC (3560 Fig. 1) with good reversibility
(Farhadi et al., 2013). Cobalt oxide has excellent elec-
trochemical performance (Lokhande et al., 2011).
The specific capacitance of as-deposited Cobalt ox-
ide thin film electrode is found to be greater than the
reported values (Kandalkar et al., 2010; Jagadale et
al., 2013), and the specific energy so obtained was
found to be greater than that reported (Jagadale et
al., 2014).

In the present research work Cobalt oxide thin
films were deposited from aqueous solution of Co-
balt acetate as the precursor solution using
galvanostatic electrodeposition method. These as-
deposited thin films were characterized by X-ray
diffraction technique for their structural analysis
and by SEM, AFM and EDAX technique for their
morphological analysis respectively. The electro-
chemical properties of the Cobalt oxide thin film
were studied in aqueous 1M Na,SO, electrolyte us-
ing cyclic voltammetry and galvanostatic charge-
discharge techniques.

Materials and Methods

Preparation of Cobalt oxide thin film electrode

Cobalt oxide thin films were deposited on stainless
steel substrates using aqueous 0.1 M Cobalt acetate
precursor solution by galvanostatic route of elec-
trodeposition method (Bockris, 1963; Pandey, 1996;
Chopra, 1969). The galvanostatic deposition of the
thin film electrode was carried out at optimized cur-
rent of 5SmAcm for 20 mins at room temperature in
a three-electrode system with cobalt oxide as a
working electrode, a platinum electrode as a counter
electrode and saturated calomel electrode (SCE) as
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the reference electrode. The galvanostatic deposition
resulted in accumulation of cobalt material on the
stainless substrates in the form of very sticky, uni-
form, well-adherent and homogeneous thin films,
(Cho et al., 2006). These deposited good quality films
were then annealed at three different temperatures
400 °C, 500 °C and 600 °C respectively to produce
the necessary Cobalt oxide material deposition. The
structural investigation was done following the
protocolfor BENCHTOP POWDER X-RAY DIF-
FRACTION (XRD) INSTRUMENT, for Qualitative
and quantitative phase analysis of poly-crystalline mate-
rials by RIGAKU MINIFLEX), with CuK4 radiation
between 20° and 80°. The chemical structure of
Co0,0, was confirmed by the Raman spectrum
(Hololab series-5000 Raman spectroscopy). The
mass of the as-deposited electrode material was
measured using high precision analytic balance
(CONTECH, with 0.01 mg sensitivity). The electro-
chemical supercapacitor investigation of Cobalt ox-
ide thin film electrode was done in CH Instruments
Electrochemical Workstation (CH608E). All electro-
chemical studies were carried out in a conventional
three-electrode system with 1M Na,SO, electrolyte.
The CV, CP, EIS and cycle stability characteristics of
the deposited electrode were used to analyze the
supercapacitive properties of Co,O, electrode, (pro-
tocol for BENCHTOP POWDER X-RAY DIFFRAC-
TION (XRD) INSTRUMENT, for Qualitative and
quantitative phase analysis of poly-crystalline materials
by RIGAKU MINIFLEX).

Results and Discussion

Structural elucidation studies and compositional
analysis

The structural investigation of Cobalt oxide thin film
was done using X-ray Diffraction technique. Fig. 1
(a) illustrates the XRD pattern of galvanostatically
deposited Co,O, thin film at 5mAcm™ current den-
sity and annealed at 400 °C, 500 °C, and 600 °C re-
spectively. The diffraction pattern comprises of
characteristic peaks of Cobalt oxide at 20 values
20.05°, 31.03°, 36.6°, 38.27°, 44.12°, 50.81°, 59.21°,
65.01°, 77.18° with (111), (220), (311), (212), (400),
(422), (511), (440), (533) planes of Cobalt oxide which
are equivalent to simple cubic crystal structure
(JCPDS No. 42-146). The diffraction pattern consists
of sharp peaks with the most prominent peak at 20
= 44.12°with (311) plane of Cobalt oxide crystal lat-

Eco. Env. & Cons. 28 (3) : 2022

tice. The lattice constant at this prominent peak is a
= 6.802A° and interplanar spacing is d = 2.050A°.
Comparatively, with respect to the annealed tem-
peratures the observed peaks are in accordance with
each other but change in diffraction intensities are
observed, indicating no much change in the crystal
structure of the deposited material though annealed
at different temperatures. Except Co,0, phases, no
diffraction peaks corresponding to CoO or Co
phases are seen which thus approves the formation
of pure cubic Co,O, structure (Gwang-Su et al.,
2017). The effect of annealed temperatures is seen on
the diffraction peaks which are sharper and fine
with greater diffraction intensities with nearly same
diffraction angles and are most remarkable at 500
°C, the optimized annealing temperature of elec-
trode than at 400 °C and 600 °C annealing tempera-
tures.

The average crystallite size of Co,0, film was cal-
culated along the prominent peak of 20 = 44.12°
with (311) plane using Scherrer relation;

D =KA/Bcosb (1)

Where, D = crystallite size

K = Scherrer constant (usually 0.89)

A = Wavelength of the X-ray radiation (for Cu Ko
=0.1540 nm)

B = Full width half maximum (FWHM) of diffrac-
tion peak measured at 2¢.

The crystallite size of the most intense prominent
peak (26 = 45.58°) was found to be 5.553 nm (at
400°C and 600 °C annealing temperature). The crys-
tallite size at the most intense prominent peak (20=
38.27°) was found to be 1.614 nm at 500 °C anneal-
ing temperatures.

The Raman spectra of Cobalt oxide thin film elec-
trode prepared at 500 °C is displayed in Fig.1 (b).
The vibrational frequencies of molecules are specific
to their vibration, chemical bonding and symmetry.
Raman spectra provides the finger print of mol-
ecules to identify them as specific molecules of the
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Fig. 1. XRD pattern of galvanostatically deposited CO,O,
thin film (at 5mA cm-2 current density and an-
nealed at 400 °C, 500 °C, and 600°C respectively)
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material which are present in specific wave number
region of the spectra. The Fig. 1 (b) above displays
three peaks at 470 cm?, 510 cm™?and 675 cm?ac-
counted for oscillation of Co-O confirming the for-
mation of Cobalt oxide (Sun et al., 2001). These peaks
confirm the presence of Cobalt oxide in the depos-
ited material.

Surface Wettability study

The galvanostatically electrodeposited Co,O, thin
film was used to undergo surface wettability inves-
tigation by measurement of contact angle. The con-
tact angle of material with water droplets on its sur-
face determines the wettability property of material.
In the surrounding of air, the wetting of solid with
water is dependent on the relation among the inter-
facial tensions (i.e. water/air, water/solid and
solid/air). The ratio between these tensions deter-
mines the contact angle 0 between water droplets on
a given surface. A surface with water contact angle
0° means complete wetting and greater than 180°
means complete non-wetting (Singh et al., 2006). The
hydrophilic nature (6 < 90°) denotes the
supercapacitive property of the electrode material
surface to make close contact with the aqueous elec-
trolyte necessary for charge transfer between the
two. Fig. 2 represents the measured contact angles of
Co,0, electrode which were 87°, 85° and 86° at 400
°C, 500 °C and 600 °C annealing temperatures re-
spectively, which affirms the hydrophilic nature of
the as-deposited Cobalt oxide material. The depos-
ited material shows comparatively smaller contact
angle of 85° at 500 °C than at 400 °C (87°) and 600 °C
(86°) annealing temperature, indicating more hydro-
philic nature of the deposited material at 500 °C, the
optimized annealing temperature. This shows that

Fig. 2. Contact angle of CO,O, thin film annealed at (a)
400°C (b) 500°C (c) 600°C.
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the hydrophilic Co,O, electrode material possesses
high surface energy. It may due to cohesive force
between water droplet and hydroxide of Co,0, elec-
trode material (Dhole et al., 2017). This hydrophilic
property of Co,O, electrode material makes it fea-
sible for supercapacitive energy storage devices.

Surface morphological studies

The display in Fig.3.(a), (b) and (c) is the SEM im-
ages of Co,0, electrode annealed at 400 °C, 500 °C
and 600 °C respectively. The SEM images comprise
of microspheres with highly porous network. The
microspheres are aggregated nanoparticles uni-
formly arranged in the form of columns with empty
spaces between giving them a spongy appearance
with canal or ridges like structures throughout the
sample surface resulting in an abundant porous
structure. The images clearly represent increase in
annealed temperatures increases the dense layers of
spongy clusters caused due to agglomeration of
nanoparticles. These clusters of spongy
nanoparticles are inter-linked with each other form-
ing a highly rough and porous surface. Such type of
porous structure resulted due to the film formation
is based on the nucleation and coalescence. Such
surface morphology has attracted increasing interest
due to its large surface area which is the key factor
for efficient electrode in alkaline batteries and
supercapacitor devices (Dubal et al., 2010).

Fig. 3. SEM images of Co,O, electrode annealed at 400
°C, 500 °C, and 600 °C respectively.

The formation ofporous Co,0O, was affirmed
through elemental compositional mapping with
profile spectrum obtained by EDAX analysis at 400
°C, 500 °C and 600 °C annealing temperatures of the
as-deposited Co,O, electrode. The display in Fig.4
(@), (b) and (c) illustrate the element and weight per-
centage contribution of Co and O in the formation of
cobalt oxide respectively. The presence of peaks of
Co and O elements in the profile spectrum confirms
the formation of cobalt oxide namely Co,0,. The
profile chart shows the weight percentage of Co
(53.28 Wt. %) and O (19.34 Wt. %) at 400 °C, Co
(62.65 Wt. %) and O (22.03 Wt. %) at 500 °C and Co
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Fig. 4. EDAX spectrum of Co304 electrode with inset table showing wt% of Co and O elements at different

annealed temperatures.

(61.68 Wt. %) and O (22.46 Wt. %) at 600 °C anneal-
ing temperature of the deposited electrode respec-
tively. The weight percentage contribution of Co
(62.65 Wt. %) and O (22.03 Wt. %) is found to be
higher at the optimized annealing temperature
500°C.

The AFM images of Co,0, electrode annealed at
400 °C, 500 °C and 600 °C respectively, are dis-

<
Fig. 5. 2D AFM and 3D AFM images of Cobalt oxide
thin film annealed at (a) 400 °C (c) 600 °C

played in Fig. 5. Atomic Force Microscopy analysis
was carried on using a Cypher ES (Asylum Re-
search) model mounting probes OTESPA-R3
(Bruker) for high-resolution tapping mode analysis.
At 400°C annealing temperature the Co,O, film
thickness appears to be smooth, uniform and much
adherent as shown in Fig. 5(a). Clusters of agglom-
erated small grains with small empty spaces in be-
tween them are found to be present at regions of
good nucleation process occurrence on the film sur-
face. The surface of the deposited Co,O, thin film is
found to change with annealing temperature. As
annealing temperature is increased the grains co-
agulate reducing the voids and arrange to form a
compact structure. Remarkable enhancement in the
surface roughness is observed with increase in an-
nealing temperature. The surface of the deposited
Co,0, thin film annealed at 500 °C is observed to be
most rough and uneven. The raised roughness en-
hances the supercapacitive property of the film an-
nealed at 500° temperature.

Supercapacitive properties of Cobalt oxide
electrode

Cyclic voltammetry

Electrochemical analyzer was used to conduct Cy-
clic voltammetry (CV) with saturated calomel elec-
trode as the reference electrode, a platinum wire as
counter electrode and stainless steel as working elec-
trode. The specific capacitance was calculated from
Cyclic voltammetry.
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Annealing temperature influenced supercapacitive
behavior of Co,O, electrode

The galvanostatically electrodeposited Cobalt oxide
thin film electrode was annealed at three different
temperatures namely 400 °C, 500 °C and 600 °C, re-
spectively. The specific capacitance increased upto a
particular temperature and then decreased. The
temperature at which the specific capacitance was
maximum, i.e. 500 °C was taken as the optimized
temperature for the electrode. The cyclic
voltammetric curves for Co,O, electrode at different
annealed temperature in 1M aqueous Na,SO, elec-
trolyte are displayed in Fig. 6 (a). It is seen from the
figure that both cathodic and anodic current peaks
decrease with increase in the annealing temperature.
This infers that more Cobalt hydroxide constituent
is converted into Cobalt oxide leading to larger ca-
pacitance of the deposited film. As the annealing
temperature increases, the cathodic and anodic peak
currents continue to decrease until a temperature is
reached at which only non-faradaic (capacitive) cur-
rent exists (Kalu et al., 2001).
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Fig. 6(a). CV for Co,0, electrode at different annealed
temperature in 1M aqueous Na,SO, electrolyte.
(b) Variation of Specific capacitance with Scan rate
in 1M Na,SO, electrolyte at different annealing
temperatures

It is also observed that the annealing temperature
brings about change in the capacitance of the elec-
trode which is estimated from the area under the I-
V curve. The surface density (q/cm?) obtained from
the integration of the area the I-V curve is propor-
tional to the capacitance of the film since,

C(vf-vi)zquﬂf I(v)av e

where C is the total capacitance, I the current
density (A/cm?), u the sweep rate (V/s), V, the ini-
tial and V, the final voltages (V). The integrél on the
right-hand side of above equation is the area under
the CV curve. Thus, the total surface charge, (or to-
tal capacitance) of the deposited material can be es-
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timated by evaluating the area under the capacitive
current-voltage curve portion of a CV (without fara-
daic reaction peaks) (Kalu et al., 2001). The specific
capacitance was observed to be maximum at 500°C
optimized annealing temperature as 294.67 F/g in
1M aqueous Na,SO,. Fig.6. (b) displays variation of
Specific capacitance with Scan rate in 1M Na,SO,
electrolyte at different annealing temperatures. It is
seen that there is decrease in specific capacitance of
the Co,0, electrode with increase in scan rate in 1M
aqueous Na,SO, electrolyte.

Effect of electrolytes and sweep rates.

The CV plot of Co,0, electrode at scan rates from
5mV to 100 mV in potential window from 0.2 V to -
0.7V in aqueous 1M Na,SO, electrolyte are displayed
in Fig.7(a). The rectangular CV plots indicate the
potential capacitive behavior of electrodes. The cur-
rent under curve is slowly increased with scan rate,
which reveals that the voltammetric currents are
directly proportional to the scan rates, suggesting a
signature of an ideal capacitive behavior (More et al.,
2017). Increase in scan rates reduces specific capaci-
tance due to decrease in diffusion time of the electro-
lyte ions from completely accessing the electrode
surface. The decreasing tendency of the capacitance
suggests that some part of the surface of the elec-
trode material can be available at high charging—dis-
charging rates. Hence, the SC value obtained at slow
scan rates is supposed to be closest to that of full
utilization of the electrode material (Yan et al., 2009).
Fig. 7(b) shows Variation of Specific capacitance
with cycle number in 1M Na,SO, at 500 °C annealing
temperature. The specific capacitance of Co,0, elec-
trode is found to decrease with increase in the num-
ber of charge-discharge cycles indicating the utiliza-
tion of the electrode material in the supercapacitive
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Fig. 7(a). CV curve of Co,0, electrode in 1M Na,SO, elec-
trolyte at 500 °C annealing temperature. (b) Varia-
tion of Specific capacitance with scan rate in 1M
Na,SO, electrolyte at 500 °C annealing tempera-
ture.
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operation. This behavior is clearly explained by the
linear curves displayed in the graph of Fig. 7(b).
The detail findings are summarized in Table 1:

Charge-discharge study

The Charge-discharge study was carried out to
evaluate the supercapacitive parameters of Co,0,
electrode like Specific Energy (SE) and Specific
Power (SP). Fig. 8 displays the galvanostatic charge-
discharge curves for the as-deposited Co,O, elec-
trode in 1 M Na,SO, electrolyte. The curves are the
result of two operations, the drop of potential due to
the internal resistance and then the successive slow
and steady decay of potential denoting the capaci-
tive property of the deposited electrode. The
Supercapacitive parameters such as SE, SP and cou-
lombic efficiency % were calculated and the findings
are tabulated in Table 1. The table shows maximum
values of supercapacitive parameters of Co,0, elec-
trode in 1 M Na,SO, electrolyte at 500 °C annealing
temperature. It is observed from Fig. 8 that the dis-
charging time is greater than charging time indicat-
ing good operation efficiency of the as-deposited
electrode. The linear curvesin Fig. 7(b) display the
variation of specific capacitance with cycle number
in 1 M Na,SO, electrolyteat 500 °C annealing tem-
perature. The practical application of supercapacitor
requires good retention of specific capacitance over
long cycles under high scan rate. The electrode
showed cyclic stability 81% in 1M Na,SO, electro-
lyte over its initial specific capacitance after 1000
cycles. This reveals that Co,O, film has superior elec-
trochemical stability and operates as good
supercapacitor material for large number of charge-
discharge cycles. Cyclic stability of 90% over 500
potential cycles for Co,0, nanowires (Wang et al.,
2011).

Electrochemical Impedance Spectroscopy

The Nyquist plots for the as-deposited Co,0, elec-
trode in IMNa,SO, electrolyte is shown in Fig. 9 (a),
(b) and (c) respectively. In the high frequency re-
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gion, the plot is in the form of a small semicircle
which specifies the charge transfer resistance in par-
allel with the double layer capacitance. Further to-
wards the lower frequency region the plot becomes
a straight line which indicates semi-finite diffusion
(Warburg impedance). In all the three plots of the
three electrolytes, the straight lines in the low fre-
quency region indicates that ionic diffusion appears
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Fig. 8. Charge discharge curves of Co,O, electrode at 500
ealing temperature in 1M Na,SO, electrolyte
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Fig. 9. Co,O, electrode in 1M Na,SO, electrolyte

Table 1.
Sr. No Annealing Electrolyte Specific Specific Specific Coulomb
Temperature energy power capacitance efficiency
"C (W/h/kg) (kW kg?) (Fg') (%)
1 400°C Na,SO, 4.900 4.000 222.05 54.30
2 500°C Na,SO, 3.642 3.000 294.67 56.70
3 600°C Na,SO, 4.189 4.000 166.69 50.28
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during charging discharging process. From the plot,
it can be seen that there is no semicircle, which indi-
cate that the corresponding charge transition resis-
tance decreased; lower the charge-transfer resistance
higher specific capacitance of the electrode. The
Co,0, electrode has a minor charge-transfer resis-
tance reflecting a higher specific capacitance be-
cause of the well-dispersed cobalt oxide electrode
(Gujar et al., 2007).

Conclusion

Cobalt oxide (Co,0,) electrode was deposited by a
simple cost-effective electrodeposition method by
galvanostatic mode. The X-ray diffraction analysis
revealed the as-deposited Co,0O, electrode material
to be nanocrystalline in nature with cubic crystal
structure. The SEM investigation revealed the
spongy surface with highly porous morphology
which satisfies the requirement to enhance the
supercapacitive performance of the Co,0, electrode.
The Contact angle of the material deposited was
measured 87°, 85° and 86° at 400 °C, 500 °C and 600
°C attributed Cobalt oxide electrode surface to be
hydrophilic in nature. The electrochemical analysis
manifested maximum supercapacitance of 294.67
Fg', specific energy 3.642 Wh/kg, specific power 3
kW/kg in 1M Na,SO, electrolyte at 500 °C opti-
mized annealing temperature. The retentivity of
Co,0, electrode after 1000 cycles was 81% in Na,SO,
electrolyte. All these electrochemical parameters of
Co,0, electrode deposited by electrodeposition
method via galvanostatic route depicts that, Cobalt
oxide has excellent supercapacitive properties and is
potential material for supercapacitor application.

Thus, Cobalt oxide thin film confirms to be a
cheap and effective and ecofriendly substitute. Fur-
ther it is not only ecofriendly but also assures manu-
facturing cost- reduction. Making it available at a
cheaper rate, it assures to be a common integral of
varied devices. Thus, it directs development of ro-
bust, high-voltage supercapacitors with varied ap-
plications. The studies conclude with the proclama-
tion that, Cobalt oxide proved to be an efficient,
ecofriendly, cost effective, assured technological
advantage with its promising usage in the renew-
able energy innovation contest.
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