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Abstract

High capacitance Co-Co304 nanocomposite thin films have been synthesized on nickel
foam (NF) using cyclic voltammetry (CV), combination of cyclic voltammetry and
potentiostatic (CV PS —1.4V and CV PS +1V) and combination of cyclic voltammetry and
pulse reverse potential (CV PRP) modes of electrodeposition. X-ray diffraction (XRD)
studies reveal the presence of Co and Co30O4 phases for the four electrodeposition modes.
The scanning electron microscope (SEM) revealed an interesting morphology correlating
the electrochemical and capacitance behavior while the energy-dispersive X-ray
spectroscopy (EDX) spectra confirmed the varying quantities of Co and O in the Co-C0304
nanocomposite thin films. The presence of Co-O bonds were also confirmed by the
attenuated total reflection — Fourier transform infrared (ATR — FTIR) spectra obtained on

these films. The capacitance values of Co-Co304 composite thin films obtained by CV, CV



PS -1.4V, CV PS +1V and CV PRP, respectively, were found to be 1661, 1400, 1866,
2580 F/g at an applied current load of 1 A/g while the capacitance retentions after 500
cycles under a high current load of 20 A/g for the same were 85.8, 77.8, 87.1, and 90.5 %,
respectively. The high capacitance and their retention of the electrodeposited Co-Co304

nanocomposite thin films shows potentials as high-performance supercapacitor electrode.

1| INTRODUCTION

Advanced technological devices including portable electronics such as mobile
phones, tablets, laptops, smart watches as well as low emission technologies including
hybrid vehicles constantly demand for light weight energy storage systems for easy
portability and handling with long service life. Supercapacitors demonstrate high potential
as efficient energy storage systems owing to their most essential features such as light
weight, high energy density, high power density, fast charge-discharge rates, easy and safe
operation, and long cycle stability !>. Among an array of supercapacitor electrode materials
such as activated carbon, conducting polymers and transition metal oxides (TMOs) * 3,
TMOs are widely preferred due to their high electronegativity and variable oxidation states
of metal ions facilitating redox reactions, charge storage, low cost, environmental
friendliness and excellent electrochemical performance > % ©. TMOs have higher specific
capacitance (100-2000 F/g), higher energy density than carbon materials, and better
chemical stability than conductive polymers . Noble TMOs such as RuO», exhibit high
theoretical capacitance and rapid faraday redox reaction proving as optimal
pseudocapacitive electrode material, however, are very expensive and environmentally
unfriendly, limiting industrial scale productions. Base TMOs, on the other hand, including.
C0304, MnO», Fe;03, SnO3, and ZnO are easy to fabricate and exhibit high theoretical
specific capacitance showing potentials as substitutes for RuO> > 7> %, Among these base
TMOs, Co304 has a very high theoretical specific capacitance of 3560 F/g and is relatively

low in cost owing to easy fabrication methods *!!. Also, nanostructured Co3O4 coatings

have been found to be useful in other types of applications such electrocatalysts for

hydrogen evolution reaction'> and photocatalysts for discoloration of organic dye

contaminants in wastewater and antibacterial treatment 3.




Despite the high theoretical capacitance of Co304, this TMO suffers limited
practical utility due to low experimental capacitance values of this material compared to
the theoretical value '*. Studies have shown that the morphology, structure and dimensions
of Co304 features are easily tunable by controlling the preparative parameters of the
fabrication method employed 7 !> 6. This is a very important factor in supercapacitive
performance as the specific capacitance of the cobalt oxide strongly depends on
morphology, surface area, and size distribution contributing to enhancement in the specific
surface area, facilitating the electrolyte ion transport in the material 2. Co3Os4 with
morphological features in nanoscale dimensions can essentially lead to tunable specific

surface area in enhancing the experimental specific capacitance values.

Generally, nanostructured Co3O4 materials have been prepared by techniques such
spray pyrolysis, precipitation, sol-gel, and hydrothermal synthesis. These techniques
require the use of binders and conductive materials which increase the electrode resistance
affecting their supercapacitance performance !’ '¥. Recently, electrodeposition has become
a useful technique for growing Co-O nanostructures with desired composition and
morphology directly onto the substrates without necessitating the use of binders. In
electrodeposition, several factors such as electrolyte composition, temperature, type of
electrodeposition mode, duration of the electrode deposition process, etc., can be adjusted
to obtain the desired morphology and texture such as nanoporous structure, nanocolumnar
structure, nanoflower-like structure °2!. Studies have also reported variation in surface
morphology and respective supercapacitive behavior of Co3O4 based electrodes by
performing electrodeposition in different modes, namely, cyclic voltammetry (CV),

potentiostatic (PS), galvanostatic (GS), pulse (current or potential) !% 22

. Optimal
electrodeposition modes together with the appropriate cobalt salt precursor for the
preparation of Co304 based electrodes offering high capacitance closest to the theoretical

value as well as low electric resistance, however, needs further investigation.

In view of optimizing the mode of electrodeposition in achieving highest and stable
specific capacitance, we have deposited Co-Co304 nanocomposite thin films electrodes on
nickel foam substrates using CV, CV PS -1.4V, CV PS +1V and CV combined with pulsed

reverse potential (CV PRP) modes from an electrolyte composed of CoCl> and



Co(CH3COO); salts solution. The structural, morphological and compositional analyses
present a correlation with the electrochemical behavior namely the CV, EIS and charge-
discharge cycles. CV PRP mode that led to the deposition of Co-Co304 nanocomposite thin
film is found to present a very high capacitance of 2580 F/g with stable cycling

performance.

2 | MATERIALS AND METHODS

In the electrochemical deposition process, the use of a negative potential reduces the Co?"

1ons into a metallic Co as a film. Similarly. the use of a positive potential deposits a layer

of Co304. In our experiment, a maximum negative potential of -1.4V was used to deposit

metallic Co film and a +1.0V was used to deposit Co304. Cobalt-cobalt oxide (Co-CoOx)

nanocomposite thin films were electrodeposited on nickel foam (NF) substrates by
different modes, namely, (1) Cyclic voltammetry (CV), (2) CV followed by potentiostatic
(PS) at +1.0 V (CV PS +1.0 V), (3) CV followed by PS at—1.4 V (CV PS —1.4V) and (4)
CV followed by pulse reverse potential (CV PRP) cycled between -1.4V and +1.0V. The
thin films deposited via these four modes have been identified as Type 1 (CV), Type 2 (CV
PS +1.0V), Type 3 (CV PS -1.4V) and Type 4 (CV PRP). CV mode was conducted in a
potential range of —1.4 to +1.0 V vs Ag/AgCl at a scan rate of 20 mVs! for 2 cycles. For
the CVPS +1V mode, CV was initially conducted in a potential range of —1.4 to +1.0 V vs
Ag/AgCl at a scan rate of 20 mVs™ for 2 cycles, and was followed by potentiostatic
deposition at +1 V for 30 s. A similar condition was used for the CV PS —1.4V mode,
however with a negative constant potential of —1.4 V. For the CV PRP mode, CV was
initially performed in a potential range of —1.4 to +1.0 V vs Ag/AgCl at a scan rate of 20
mVs™! for 2 cycles, followed by pulse reverse potential (PRP) of 60 cycles of width of 1 s
for a total duration of 60 s. The minimum and the maximum of pulse heights were chosen
tobe—1.4 Vand +1 V, respectively. The electrolyte solutions used for the electrodeposition
consist of 0.1 M cobalt acetate (Co(CH3CO2)2-4 H20, 6 ml), 0.1 M cobalt chloride (CoCl»
24 ml) and 0.2 M sodium perchlorate (NaClO4.H20, 30 ml). The pH of the electrolyte was
6.5. Prior to the electrodeposition process, the NF substrate was etched in 3 M HCI for 15

minutes and rinsed ultrasonically with ethanol and deionised water for 15 minutes each.



The deposition process was conducted in a standard three-electrode glass cell with a
platinum wire, NF substrate and Ag/AgCl as the counter, working and reference electrodes,
respectively. After electrodeposition, the as-prepared Co-CoOx nanocomposite thin film
electrodes were rinsed in deionized water and dried in air on a hot plate at 200° C for 45
minutes before performing characterization and electrochemical analyses. The
experimental details of the four electrodeposition modes have been summarized in Table
1. A separate set of samples were also prepared by depositing the thin films on Ti substrate

for the purpose of physical characterization by XRD.

Table 1. Summary of the different modes of electrodeposition]

Identification | Electrodeposition | Potential range
mode*
Type 1 (Y —1.4V to +1.0V
Type 2 CVPS 1.0V CV followed by PS at +1.0 V
Type 3 CV PS -14V CV followed by PS at—-1.4 V
Type 4 CV PRP CV followed by PRP of 60 cycles
between -1.4V and +1.0V

*CV — Cyclic voltammetry, PS — potentiostatic, PRP — pulse reverse potential

The morphological and elemental analyses of the electrodeposited thin films were
studied by a scanning electron microscope (SEM, JEOL JSM-6480 LV), equipped with
energy-dispersive X-ray spectroscopy (EDX) for elemental analyses. The X-ray diffraction
(XRD) analyses were carried out by Bruker D8 Discover system for crystallographic
analysis. An attenuated total reflection — Fourier transform infrared spectroscopy (ATR-
FTIR, Agilent Technologies Cary 630) was used to confirm and quantify the deposition of

the metal oxide (Co-O). The electrochemical properties, namely, cyclic voltammetry (CV)

and galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy

(EIS) characteristics were evaluated using a three- electrode glass cell and Solartron




SI1287 electrochemical workstation with 1 M KOH aqueous electrolyte. The as-

synthesized Co-Co304 nanocomposite thin films on NF substrate of the various types were

directly emploved as working electrodes, with platinum wire and Hg/HgO as counter and

reference electrodes respectively. The CV and GCD measurements were performed at

different scan rates and specific currents in a potential window of 0 to 0.6 V and -0.1 to 0.5

V respectively. Additionally, the EIS measurement was conducted in a frequency range

from 10 mHz to 100 kHz.

3 | RESULTS AND DISCUSSION

Figure 1 shows the profiles of electrodeposition modes individually for the
preparation of the Co-Co0304 nanocomposite thin films on nickel foam (NF) substrates.
Electrodeposition of four types of thin films were realised using individual modes: (1) Type
1 (CV, Figure 1(a)), (2) Type 2 (combination of CV and PS (+1.0V), Figure 1(b)), (3) Type
3 (combination of CV and PS (-1.4V), Figure (1(c)), and (4) Type 4, (combination of CV
and PRP (between +1.0V and -1.4V), Figure (1(d)). The Type 1 thin film was deposited on
NF by using the CV process alone as shown in Figure (1 (a). During this process, the
potential is swept between —1.4 to +1.0V, and hence it can be assumed that metal (Co) and
metal oxides (Co-O) are deposited on NF simultaneously. A negative potential was used
in order to initiate the deposition of metallic Co on NF to enhance the adhesion of the
nanocomposite thin film layer deposited further by PS and PRP processes. The Type 2 thin
film was deposited utilising CV process followed by PS (+1.0V) by combining Figure 1(a)
and 1(b) processes in order to deposit an additional layer of cobalt oxide after the CV
process. Similarly, the Type 3 thin film was deposited by CV process followed by PS (—
1.4V) to deposit an additional layer of metal (Co). This was achieved by combining the
processes shown in Figure 1(a) and 1(c). The Type 4 thin film, on the other hand, was
deposited utilising CV process followed by PRP with the potential cycled between —1.4V
and +1.0V in order to deposit multilayers of cobalt and cobalt oxide in a sequence where
metal deposition is followed by metal oxide deposition after the CV process. This was

achieved by combining Figure 1(a) and 1(d).
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Figure 1 Individual profiles of electrodeposition modes for the preparation of the Co-

Co304 nanocomposite thin films on NF: (a) cyclic voltammetry (CV, 2 scans), (b)

potentiostatic at +1.0V (PS +1.0V), (c) potentiostatic at —1.4 V (PS —1.4V), (d) pulse

reverse potential (PRP) (inset of (d) shows the current vs. time graph of the first three

cycles)

Figure 2(a) shows the XRD patterns of the Co-Co304 nanocomposite thin films
prepared by the four electrodeposition modes on Ti-substrate. The diffraction peaks at 26
angles of 41.7°and 47.5°are assigned to Co (100) and Co (101) planes of hexagonal crystal
structure of cobalt (JCPDS card No-00-005-0727). The peak at 44.6° is assigned to
C0304(400) plane of cubic crystal structure of cobalt oxide (Co3z04) (JCPDS card No-42-
1467). These peak positions assigned to Co3O4 are also in agreement with those reported
by Zhang et al. on their 3d nanosheet arrays of Co-Co30O4 prepared by a potentiostatic

23

deposition process “° as well as those reported by Duraisamy et al. on their Co304



nanoparticles synthesized by a pyrolysis technique 2*. Similar peak positions have also been
reported by Bin Qui et al. for Co30s and Co-CoO-C materials prepared by a
potentiodynamic mode of electrodeposition 2°. The peaks marked with asterisks ‘*’
originate from the Ti-substrate and are attributable to Ti (100), Ti (002) and Ti (101) planes
(JCPDS card No-00-005-0682).
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Figure 2. XRD patterns of Type 1, 2, 3, and 4 Co-
C0304 nanocomposite thin films synthesized by
CV, CVPS +1.0V, CVPS —-1.4V and CVPRP

electrodeposition modes on Ti-substrate

All the four types of thin films electrodeposited on NF substrates were analyzed by
FTIR spectrometry for confirming the formation of Co304 following the deposition
processes employed. The FTIR spectra obtained from these thin films within the range of
interest between 500 and 1000 cm™! are presented in Figure 3(a). Two absorption bands
observed in the wavenumber range of 646-658 cm™ and 530-554 cm™ are attributed to the
stretching vibrations of Co-O bond in the tetrahedrally and octahedrally coordinated cobalt,
respectively. The presence of these fingerprint absorption bands confirms the formation of

Co0304 for all the four types of thin films electrodeposited under the four different modes



briefed in Table 1. The wavenumber ranges within which these absorption bands appear
are also in good agreement with reports in the literature '> %2628 While the formation of
C0304 is evident from the IR absorption bands in Figure 3(a), the intensities of these bands
are obviously varying. Therefore, in order to understand the oxide peak intensities and their
possible effect on the supercapacitive behavior of these thin films, we further investigated
the area under these two representative peaks and are presented in Figure 3(b). The area
under the peaks clearly vary for different electrodeposition modes used and least area under
the peak is observed in particular on the Type 3 thin film (CV PS -1.4V). It is possible that
in the Type 3 thin film, due to the negative potential used in the deposition process, metal
layers are deposited resulting in lower intensity of the oxide. Therefore, it can be expected
that the specific capacitance can vary depending on the oxide intensities revealed by the

FTIR peak area analysis.
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Figure 3. (a) FTIR spectra and (b) area under the two IR absorption bands of
Type 1, 2, 3 and 4 Co-C0304 nanocomposite thin films synthesized by Type 1
(CV), Type 2 (CV PS +1.0V), Type 3 (CV PS — 1.4V) and Type 4 (CVPRP)

electrodeposition modes on NF substrate

In addition to the type of oxides and their quantities, it has been reported that the
specific surface area resulting from the final morphology and structure of the obtained thin
films can have a significant impact on the supercapacitive behavior of Co3Os based

electrodes !> 22, Therefore, morphological investigations on the four types of thin films



deposited under different modes on NF were further carried out using SEM imaging and
are depicted in Figure 4 (a-d). The apparent morphology of all types looks similar;
however, a slight variation is certainly visible. In case of Type 1 (CV, Figure 4(a)) and
Type 2 (CVPS +1.0V, Figure 4(d)) thin films, for example, CV process (Type 1)
presumably results in the formation of a baseline morphology resembling a network of
interconnected nanoflakes while the CVPS +1.0V process (Type 2) maintains the initial
baseline produced by the CV process, but with an additional cloudy cluster-like
morphology formed over the CV’s baseline morphology.

Figure 4. SEM micrographs of the as- synthesized Co-Co304nanocomposite thin films
on NF substrate prepared by the four different electrodeposition modes: (a) Type 1
(CV), (b) Type 2 (CVPS +1.0V), (c) Type 3 (CVPS —1.4V) and (d) Type 4 (CV PRP)
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The surface morphology of the Type 3 thin film deposited by CVPS —1.4V process (Figure
4(c)), however, shows large agglomeration of spongy cloud-like features which may be
attributable to overgrowth of the material. This agglomeration may be expected to limit the
electrolyte access to the electroactive sites which in turn may affect the capacitive
performance. The Type 4 thin film deposited by CV PRP process presented in Figure 4(d),
on the other hand, shows well adherent porous interconnected nanoflake morphology
decorated with spongy cloud-like features homogenously dispersed over the porous
interconnected nanoflakes formed on the substrate. The Type 4 thin film’s morphological
features may contribute to enhanced surface area favorable for improved access of
electrolyte to the electroactive sites and hence increase the capacitive ability ' 2°,
Morphological features resembling that of our thin films obtained via the four modes of
electrodeposition process has been previously reported by Jagadale et al. presenting

nanoflake-like mesoporous cobalt oxide film prepared by potentiodynamic, galvanostatic

and potentiostatic modes of electrodeposition '°.
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Figure 5. EDX spectra of NF substrate and
Type 1 (CV), Type 2 (CV PS +1.0V), Type 3
(CV PS -1.4V) and Type 4 (CV PRP) Co-
Co304 nanocomposite thin films on NF

substrate
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During the SEM image analysis, EDX spectra (Figure 5) were also collected on all
the four types of thin films as well as on the NF substrate in complementing the FTIR
spectral analysis for the confirmation of the presence of oxide on these films. All the
elements of interest were traced on the EDX spectra, including O, Co and Ni, where Ni
arises from the NF substrate. The presence of O in all the four thin film types and absence
of O on NF substrate confirms the oxide formation on the electrodeposited thin films
surfaces. The atomic ratio of O to Co (O/Co) for Type 1, Type 2, Type 3 and Type 4 thin
films are found to be 1.9, 2.1, 1.7 and 3.0 respectively, with a close match with the Co304
stoichiometric as supported by the study of Faisal Ali et al.. '°. The Type 4 thin film
deposited by CVPRP process, however, shows reasonably higher O/Co ratio indicating that

this thin film may result in a higher specific capacitance value. Additionally, a comparison

of the EDX point scans of the film (beneath the sponge-like features) and sponge like

material presented in the Figure S1 of the supplementary shows that, the O/Co ratio of 2.4

in the film beneath the sponge-like features is higher compared to O/C ratio of 1.4 on the

sponge-like material. The O/Co ratio of Co304 theoretically is 1.33 (4/3), which is very

close to the value obtained on the EDX point scan of the sponge-like features. Therefore,

it may be assumed that these sponge-like features are mostly Co304 and therefore may

contribute to high specific capacitance.

Figure 6(a) shows the CV curves of the four types of Co-Co304nanocomposite thin
films deposited by Type 1 (CV), Type 2 (CV PS +1V), Type 3 (CV PS -1.4V) and Type 4
(CV PRP) modes of electrodeposition on NF substrates at a scan rate of 5 mV/s. Also, the

CV curves of the various types of Co-Co304 nanocomposite thin films at different scan

rates (100, 50, 20, 10 and 5 mV/s) have been presented in Figure S2 of the supplementary

data. The shapes of the CV curves show that the as-synthesized Co-Co304nanocomposite
thin films deposited by the Type 1, Type 2, Type 3 and Type 4 modes of electrodeposition
are strongly governed by faradaic processes and presents both anodic (oxidation) and

cathodic (reduction) peaks from the Co-Co304 thin film electrodes *.
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Figure 6. (a) Cyclic voltammetry curves at SmV/s, (b) Charge-discharge curves at 1
A/g, (c) Variation of specific capacitance at different specific current graph (d) Cycling
performance for 500 cycles at a specific current of 20 A/g of the Type 1 (CV), Type 2
(CV PS +1V), Type 3 (CV PS -1.4V) and Type 4 (CV PRP) Co-Co304nanocomposite

thin films on NF substrate.

The first redox peak (A1 (0.38V), C1 (0.24V)) and the third redox peaks (A3 (0.52V), C3
(0.51V)) can be correlated to the redox reaction of Co?*/Co*" as depicted in Equation (1)
30 The second pair of redox peaks (A2 (0.45V), C2 (0.33V) is correlated to the redox

reaction of Co>*/Co*" shown in equation 2 3%-3!,

€030, + H,0 + OH™ & 3Co00H + e~ (1)
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CoOOH + OH™ & Co0, + H,0 + e~ )

It can be noted that the CV curve of the Type 4 film presents higher area under the CV
curve as compared to the other modes of electrodeposition. The larger area indicates a
higher accumulation of charge at the CVPRP thin film electrode surface during potential

cycling process, and therefore expected to show higher specific capacitance.

The GCD curves of the four types of Co-Co304 nanocomposite thin films as well
as the bare NF substrate at a specific current of 1 A/g are presented in Figure 6(b). The
nonlinear nature of the GCD curves shows the pseudocapacitive nature of the Co-Co304
thin film electrodes. Note that all types of Co-Co304 nanocomposite thin films do not
exhibit significant potential drop (Vir) between the charge and discharge curves, implying
good conductivity. It is evident that the Type 4 thin film electrode (CV PRP mode)
possesses longer discharge curves compared to the other three types of thin film electrodes
indicating that the Type 4 electrode may show higher specific capacitance value. The
specific capacitance estimated from the GCD curves are 1661, 1866, 1400 and 2580 F/g
for the Type 1 (CV), Type 2 (CV PS+1.0V), Type 3 (CV PS—1.4V) and Type 4 (CV PRP),

respectively at a current load of 1 A/g using equation 3,

1At

— 3)

T mav

where C is the specific capacitance, / is the specific current, At is the discharge time, m is
the electrode mass, and AV is the potential change during discharge. These specific
capacitance values for Types 1 to 4 are much higher than previously reported values.
Aboelazm et al. reported a specific capacitance value of 1273 F/g at 1 A/g for their
hierarchical Co3O4 nanostructures prepared by magnetic electrodeposition at a constant
voltage of -1.0 V for 20 s on nickel foam 2. Zhang et al. reported a specific capacitance
value of 1520 F/g at 1 A/g on their Co-Co0304 nanosheet arrays deposited on activated
carbon cloth by electrodeposition and a post annealing at 400 °C 2. Specific capacitance
values much lower than these authors have been reported on Co304 electrodes on different
substrate materials prepared by various other fabrication techniques as reported in a review

by Uke et al. . The GCD curves were used for the quantitative analysis while the CV

14



curves were used (Figure 6(a)) for qualitative understanding of the expected specific

capacitance behavior.

Figure 6(c) shows the capacitance variation of the four types of thin film electrodes
at the specific currents of 1, 5, 10 and 20 A/g. The specific capacitance is found to decrease
with the increasing current density possibly due the minimum electrolytic contact with the
electrode material at higher current densities. At higher constant discharge currents, the
OH ions from the electrolyte reach only the outer surface of the electrode; thus, the
electrode material at the inner surface does not get fully involved in the electrochemical
reactions resulting in lower specific capacitance. This phenomenon where low specific
capacitance values are attributed to the poor electrochemical reactivity between the

electrolytes and the electrode materials has been commonly observed by other authors % 1>
29,30

The high capacitance of the Type 4 (CV PRP) thin film electrode could be attributed
to the interconnected nanoflake-like morphology decorated with cloudy structures
providing maximum surface area at electrode/electrolyte interface. Additionally, the higher
O/Co atomic ratio obtained from the EDX compositional analysis may also contribute to
the high charge storage capacity. The dependence of the specific capacitance on the oxide
content in the electrode material was confirmed by the EDX compositional analysis as
shown in Figure 7. It is clear from the graph that higher O/Co atomic ratio indicating higher

oxide content in the electrode thin films show higher specific capacitance.

While electrode materials with high specific capacitance is important, the long-term
cycling stability is another important aspect in practical applications of supercapacitors.
The cycling performance of the four types of thin film electrodes deposited on NF substrate
under four different electrodeposition modes was, therefore, evaluated and is presented in
Figure 6(d). The cyclic performance was evaluated by conducting charge-discharge
measurements at a current load of 20 A/g for 500 cycles. The specific capacitance retention
was found to be 77.8% for Type 1 (CV only), 87.1% for Type 2 (CV +1.0V), and 85.8%
for Type 3 (CV -1.4V) thin films while the Type 4 (CV PRP) shows maximum retention
0f 90.5% after 500 cycles.
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substrate.

The high specific capacitance as well as its maximum retention of Type 4 thin films as
compared to the other types which show relatively lower specific capacitance and retention
demonstrates as ideal combination for practical applications while the ease of developing
these thin film electrodes shows promises to future large-scale manufacturing. The SEM

1mage and the CV curve at 5 mV/s for the Type 4 thin film after 500 GCD cycles have

been presented in Figure S3 of the supplementary data.

In addition to the specific capacitance investigations, electrochemical impedance
spectroscopy (EIS) was also carried out to investigate the charge kinetic properties of the
electrode in a frequency range from 10 mHz to 100 kHz.. Figure 8(a) shows Nyquist plots
of the Co-Co030s4 nanocomposite thin films electrodes deposited by the four different
electrodeposition modes. All four types apparently present almost straight lines with
maximum slope for type 4 (CV PRP) with nearly vertical line. The slopes 1.7, 3.3, 1.9 and
5.4 for Type 1, Type 2, Type 3 and Type 4 respectively change systematically and is found

16



complementary with the obtained specific capacitance of the electrodes. The electrode with
capacitive characteristic shows higher slope, for example in case of Type 4 4. Type 4
shows a nearly vertical straight line compared to the others indicating better capacitor
behaviour. Figure 8(b) and (c) shows the Bode plots of the four types of the thin film
electrodes. At very high frequencies, the intercept of the plot with the X-axis represents the
equivalent series resistance (ESR) as shown in Figure 8(b), which is a combination of the
electrolyte resistance, the intrinsic resistance of the active material, and the contact
resistance at the electrode-electrolyte interface °. The ESR values of all four types of thin
films are found to be very low. This lower ESR value could be the result of the increased
surface area of the deposited composite electrode thin film structure with good electrical
conducting properties **. Figure 8(b) shows the impedance of the four electrode types. The
Type 4 (CV PRP) electrode shows a lower impedance compared to the other three electrode
types. The Bode plot in Figure 8(c) describes the relationship between phase angle and
frequency which shows that the four electrodes electrodeposited by Type 1, Type 2, Type
3 and Type 4 respectively processes exhibit a good capacitive performance at phase angles
55.9°,64.9°54.6°and 71.7 °, respectively '*. A phase angle of 90° is typically observed
only in EDLCs using carbon materials whereas deviations from 90° are commonly
observed in pseudocapacitors. The relaxation time (t) in seconds (s) was calculated using

the following equation (4):

T=— 4

where (fo) is frequency at the phase angle of 45°and they were computed to be 0.10, 0.62,
1.10 and 0.60 s for Type 1, Type 2, Type 3 and Type 4, respectively (Figure 8(c)). Shorter
relaxation time indicates that electrode could switch more rapidly from resistive behavior

to capacitive behavior 3.
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Figure. 8. (a) Nyquist plots, (b) Bode
plot of the frequency’s dependence on
the impedance magnitude (|Z]), (c)
Bode plots of the frequency’s
dependence on the phase angle of the
Type 1 (CV), Type 2 (CV PS +1V),
Type 3 (CVPS-1.4V)and Type 4 (CV
PRP) Co-Co0304 nanocomposite thin
films synthesized on NF substrate.
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4 | Conclusion

Co0-Co304 nanocomposite thin films electrode materials have been synthesized on nickel
foam (NF) substrates using four different electrodeposition modes, namely, cyclic
voltammetry (CV), combination of cyclic voltammetry and potentiostatic at —1.4 V (CV
PS —1.4V), combination of cyclic voltammetry and potentiostatic at 1.0 V (CV PS +1.0V)
and combination of cyclic voltammetry and pulse reverse potential (CV PRP). The XRD
patterns have confirmed the presence of Co and Co304 on all the electrodes. The chemical
nature of the electrode thin films has been complemented by the presence of Co304
absorption bands and strong oxygen peak intensities on the FTIR and EDX spectra
respectively. The SEM images have revealed porous microfeatures which changes slightly
for different electrodeposition modes, fulfilling the important criterion of its contributing
to large specific surface area of the electrode surfaces. The Type 4 film synthesized by
combining cyclic voltammetry and pulse reverse potential processes (CV PRP) is found to
have resulted in a maximum specific capacitance of 2580 F/g while the Types 1, 2 and 3
thin films deposited by cyclic voltammetry (CV), combination of cyclic voltammetry and
potentiostatic at —1.4 V (CVPS -1.4V), combination of cyclic voltammetry and
potentiostatic at 1.0 V (CVPS +1.0V) have resulted in specific capacitance values of 1661,
1400, 1866 F/g respectively. Their respective capacitance retention for Type 1, 2, 3 and 4
thin film electrodes have been found to be 85.8, 77.8, 87.1, and 90.5 %, after 500 cycles of
charging/discharging under a high current load of 20 A/g. Comparative analysis shows that
the Type 4 thin film electrode material electrodeposited by CV PRP process has a greater
potential as high-performance supercapacitor material in terms of high specific capacitance
and charging/discharging cycle stability. These results and observations place the Type 4
(CV PRP) electrode as ideal material for practical applications and shows promises to

future large-scale manufacturing due to the ease of fabrication of these thin films.
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