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Abstract

Hausmannite /sulphur reduced graphene oxide (MO/RGO-S) and cobalt-nickel layered
double hydroxide (CN) composite was synthesized through a two-step electrodeposition
approach. This process began with galvanostatic electrodeposition of Hausmannite /sulphur
reduced graphene oxide (MO/RGO-S) on a nickel foam (NF), followed by cyclic
voltammetry (CV) electrodeposition of cobalt-nickel layered double hydroxide (CN). The
inclusion of RGO-S increases the electrical conductivity of the active material (AM) and its
wettability while Mn30O4 (MO) enhances the pseudocapacitive active sites which help to
increase the specific capacity of CN. The materials’ electrochemical evaluations were
carried out via three- and two-electrode configurations using 2 M KOH electrolyte. An
enhanced composite material (MO/RGO-S-50@CN) produced a phenomenal specific
capacity of 582.1 mA h g in a three-electrode configuration at 0.5 A g'!'. The device
(MO/RGO-S-50@CN//CCBW) consisting of MO/RGO-S-50@CN and activated carbon
from cooked chicken bone waste (CCBW) as positive and negative electrodes respectively
delivered specific energy of 56.0 Wh kg! with a specific power of 515.0 W kg™! at a specific
current of 0.5 A g!. The device produced capacity retention of 85.1% and coulombic

efficiency of 99.7 % at 10 000 galvanostatic charge-discharges (GCD) cycles at 6 A g



Because of these excellent results, the fabricated materials demonstrated great potential for

application as high specific energy supercapacitor
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capacitor.

1.0 Introduction

There are rising concerns over problems caused by the continued use of fossil fuels as an
energy source. This is because of the pressure exerted on the environment and the depletion
of fossil fuels. The intermittent nature of renewable sources of energy and the insufficient
energy they produce is hampering the transformation from non-renewable to safer renewable
energy sources !. From this background, it is essential to channel resources in researching
on improving storage devices for renewable energy. Supercapacitors have been proven to
have a very important contribution to renewable energy storage. This is because they possess
some more favourable properties compared to batteries and fuel cells such as larger specific
power, more rapid charge-discharge, longer cyclic life and they are more environmentally
benign 23. Supercapacitors are classified into pseudocapacitors (PS), electric double-layer
capacitors (EDLC) and battery-type capacitors*. Battery-type capacitors and
pseudocapacitors have become very popular in energy- storage, because of their reversible
and rapid redox reactions at the electrolyte-electrode interface leading to very high

theoretical specific capacities 3.

Transitional metal hydroxides (TMOH) which include Co(OH)2 and Ni(OH)2 are commonly
utilised as battery-type materials owing to their low costs and abundant natural reserves &7,

However, these TMOH possess experimental capacities which are much less than their



theoretical capacities. This is due to very low intrinsic electrical conductivities (=107 to 10
8 S.cm™) and limited diffusion pathways ®. Hybrid hydroxides can alleviate this problem due
to the synergistic effect of multiple components of materials consisting of more than one

TMOHs such as layered double hydroxides (LDHs).

LDHs are inorganic, brucite-like materials with interlaminar anion between TMOH layers.

The structure of LDH is [MZ*, M3*(0H),]**(A"") x.mH,0, where M*>" and M?*" are

trivalent and divalent metals respectively, x =M*"/(M?>*+M?3") is the proportion of the
divalent metal M3" and also the layer charge density, A™ is the interlaminar organic or
inorganic anion to balance the charges. This unique structure leads to high anion exchange
capacity and tunable chemical composition which makes them suitable for use in
supercapacitors °~'2. LDHs which possess a 2D structure, are better alternatives to TMOHs
as they exhibit larger theoretical specific surface area and possess many redox-active sites
which enhance ion exchange and intercalation, promote redox reactions, flexible ion

interchangeability and increase the number of structural defects 3.

Several methods have been utilised to synthesise LDHs, these include, electrodeposition,
microwave-assisted synthesis, co-precipitation and solvothermal synthesis 413,
Electrodeposition is a more favourable method for the synthesis of LDHs. This is due to
attributes such as low cost and efficient utilisation of active materials, morphology control,
absence of binders, and strong adhesive forces between AM and the current collector

(substrate). These properties endow electrodeposited LDHs with a larger specific capacity,

higher rate capability and cyclic stability '¢!7.



LDHs, however, suffer from low electrical conductivity, low cyclic performance,
aggregation, poor electrochemical stability and poor rate capability due to slow reaction
kinetics at high specific currents when performing charge-discharge processes '®1°. This can
be alleviated by producing a highly conductive and more stable heterostructure system with
spinels configuration 2°. Spinels, which possess chemical structure MM'204, with M and M’
as divalent and trivalent metals respectively benefit from having high electrochemical
activity due to reversible adsorption characteristics, multivalent charge transport, elevated
chemical stability and increased redox reactions, these attributes increase the theoretical
specific capacity. This is as a result of the improvement of electron transport efficiency and
ion diffusion ratio 2?2, The composite will benefit from the synergistic effect of different

properties mentioned above and hence deliver a very high specific capacity.

Mn304 (Hausmannite) is one of the spinels structure that has been researched intensively as
an electrode due to several favourable attributes which include large theoretical capacitance
(1370 F g") 23, wide range of active oxidation states, environmental safety, stable potential
window in aqueous electrolyte and an outstanding Jahn-Teller effect >*2°. However, it
suffers from low electrical conductivity which reduces its performance. This can be
improved by making a composite with functionalized carbon materials. Sulphur reduced
graphene oxide (RGO-S) is one of the most favourable among the functionalized carbon
materials because of the high electrical conductivity, enhanced redox-active sites, stability

and excellent wettability with electrolyte ions 2°.

The objectives of this study are to utilise a binder-free method to synthesize a composite
electrode with three different types of materials, to perform structural and electrochemical
characterisation of the composite and to incorporate it into the electrode for supercapacitor
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device. Only a few studies have reported the combination of cobalt-nickel layered double
hydroxide and Hausmannite spinel for supercapacitor applications. In this study, we are
reporting for the first time the combination of cobalt-nickel layered double hydroxide,
hausmannite spinel and carbon material through a binder-free and conductive additive-free
synthesis route for supercapacitor applications. Also, the method is simple, safe and cost-
effective as it is carried out at room temperature and atmospheric pressure and only very

little material is lost during synthesis.

We are hereby reporting a two-step electrodeposition synthesis method to synthesise
MO/RGO-S-X@CN heterostructure as a positive supercapacitor electrode where X denotes
various masses in mg of RGO-S in the composite. MO/RGO-S-50@CN electrode produced
the highest electrochemical attributes with an excellent specific capacity of 582.1 mAh g!
at a specific current of 0.5 A g'!in a three-electrode set up ahead of other composites.
Furthermore, this electrode presented capacity retention of 86.5% and a coulombic
efficiency of 99.9% after 5000 GCD cycles at 6 A g!. An asymmetric device was
constructed by employing MO/RGO-S-50@CN as a positive electrode with CCBW as the
negative electrode. This device MO/RGO-S-50@CN//CCBW produced specific energy of
56.0 Wh kg! at a specific current of 0.5 A g! with a specific power of 515.0 W kg'!. The
device also produced a coulombic efficiency of 99.7 % after 10 000 GCD cycles at 6 A g!.
This study presents a novel approach of combining multiple electrode materials with
different energy storage mechanisms by utilising just one simple binder-free method to
produce excellent performance electrodes which are suitable contenders for high specific

energy and power supercapacitor devices.



2.0 Experimental section

2.1 Materials

Only analytic quality chemicals were used in this research and no further processing of the
chemicals was involved. These are the chemicals and materials used: Nickel foam [NF]
purchased from Alantum (Munich, Germany). Ethanol [CH; CH,OH], Acetone [(CH3)2 CO],
and hydrochloric acid [HCI] were bought from (Sigma Aldrich, Steinheim, Germany).
Nickel nitrate hexahydrate [Ni (NO3)226H20], Cobalt nitrate hexahydrate [Co(NO3)26H20],
Sodium sulphate [NaxSO4], Manganese acetate hexahydrate [Mn(CH3COO)2+4H20],
Sulphur, and Sodium sulphide [Na2S] were supplied from Merck (Johannesburg, South

Africa). Deionised water (DW) was obtained using a DRAWELL purification machine.

2.2 Preparation of NF substrates

NF (1 cm X 2 cm) pieces were thoroughly treated by immersing in 4 M HCI, acetone,
followed by absolute ethanol and finally deionised water, each for 20 minutes. The treated
pieces were left to dry in an oven at 60° C for 12 hours. This procedure was done because

nickel metal is susceptible to forming inert oxide or hydroxide layer in a humid environment.

Synthesis of CN on NF

0.01 M of each Co (NO3)226H20 and Ni (NO3)26H20 were immersed in 50 ml of DW and
stirred vigorously for 30 minutes to form the solution. Electrodeposition of CN on NF was
performed via the 3-electrode set-up using the Bio Logic VMP 300 workstation (Knoxville,
USA) controlled by EC-Lab V11.33 (Edmonton, AB, Canada). The working electrode (WE)
was pre-treated NF while platinum wire and Ag/AgCl served as the counter electrode (CE)

and reference electrode (RE) respectively. Cyclic voltammetry (CV) was carried out at a
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scan rate of 5 mV s! for 3 cycles within a potential range -1.2 up to 0.5 V to deposit CN.
The sample was then rinsed in DW and left to dry at 60 °C for 12 hours. The procedure was
repeated for 6 and 9 CV cycles. The samples were labelled as CN-3, CN-6 and CN-9 where

the number refers to the number of CV scan cycles.

2.4 Synthesis of MO/RGO-S composite on NF

Sulphur reduced graphene oxide (RGO-S) was produced using the procedure conveyed in
our previous work ?’. 25 mg of RGO-S was then sonicated in DI water for 12 hours.
Electrodeposition of MO/RGO-S on NF was performed via 3-electrode set-up using the Bio-
Logic VMP-300 at room temperature. A solution was prepared by dissolving 0.16 M of Mn
(CH3COO0)2¢4H20 and 0.16 M of Na2SOs4 into 200 ml of DI water containing 25 mg RGO-
S then stirring for 45 minutes. Na2SO4 served as a morphology directing agent and also
helped minimise particle aggregation 28, The RE and CE were as reported in section 2.3. The
Mn304/RGO-S was grown using the galvanostatic electrodeposition method at 5 mA c¢cm™
for 30 minutes. Mn304/RGO-S on NF was then washed in DW and dried up at 80 °C for 5
hours. The deposition process was repeated by changing the mass of RGO-S in the solution.
The samples were labelled MO (i.e., Mn3O4 without RGO-S) and MO/RGO-S-25,
MO/RGO-S-50, and MO/RGO-S-75 according to the mass of RGO-S in the solution and

the mass loading of the material on NF was 0.9, 1.1, 1.0, and 1.2 mg, respectively.

2.5 Synthesis of CN on MO/RGO-S

The electrodeposition process followed the same procedure in section 2.3 but with MO as
the WE instead of NF and 6 CV cycles were used because CN-6 produced superior

electrochemical results. The procedure was also repeated with the samples produced in



section 2.4 as MO/RGO-S-25, MO/RGO-S-50, and MO/RGO-S-75 as the WE. The samples
were labelled MO@CN, MO/RGO-S-25@CN, MO/RGO-S-50@CN, and MO/RGO-S-
75@CN with the total mass loading of the electrode’s materials on NF as 1.0, 1.9, 2.1, 2.0,

and 2.1 mg, respectively.

Electrodeposition of
Mn;0,/RGO-S

Mn,0,/RGO-S

A

Electrodeposition of CoNi-
LDH on Mn;0,/RGO-S

Fig. 1: Schematic illustration of the synthesis of Mn3O4/RGO-S@CN electrode.

2.6 Synthesis of cooked chicken bone waste (CCBW)
The activated carbon from cooked chicken bone waste (CCBW) was synthesized as follows:
The CCBW were cleaned with ethanol then left to dry at 60 °C in the oven for 24 h. 5 g of

the bones were pre-carbonized at 400 °C for 4 h using argon gas (200 sccm in a flow rate of



5 °C/min) to remove volatile particles and impurities. Subsequently, the pre-carbonized
material was mixed with potassium hydroxide (weight ratio of 1:1) as an activating agent in
the agitate motor followed by the addition of a few drops of DW to form a compacted block-
like structure which was dried up at 100 °C for 12 h. Thereafter, the mixture was carbonized
at 700 °C for 2 h in an argon environment (300 sccm at 5 °C/min). The attained sample was
treated with 3 M HCI and washed with DW until neutrality was attained in the pH scale. The

obtained sample was dried up for 24 h in an oven at 60 °C.

2.7 Material characterisation

The electrodeposition of MO/RGO-S as displayed in Fig. 1 began with the reduction of the
acetate anions (CH3COO") to acetic acid (CH3COOH) at the cathode. This introduces
hydroxyl anions (OH") into the sodium sulphate electrolyte. This leads to the deposition of
manganese hydroxide on the nickel foam anode, which is then oxidised to Mn3O4 in the air.
The GO-S nanorods are absorbed within the Mn3O4 matrix. The process is summarised by

equation (1) - (3):

CH,C00~ + H,0 —» CH,COOH + OH" (1)
Mn?* + 20H™ > Mn(0H), )
6Mn(OH), + 0, — 2Mns0, + 6H,0 3)

For the electrodeposition of CN on MO/RGO-S, the process commences with the reduction
of nitrate anions at the cathode. This produces hydroxyl anions for the oxidation of cobalt

cation to form CN as shown in equations (4) and (5) below:

NO3 + H,0 + 2e~ — NO; + 20H~ (4)



Ni2* 4 2C0o%* + 60H™! - NiCo,(0H)4 (5)

X-Ray Diffraction (XRD) was employed to evaluate the samples’ structure, The instrument
incorporates a diffractometer (Brucker 2D PAN analytical BV, Amsterdam, Netherlands),
operating with Cu Ka1 (A =0.154061 nm) at 20 values 5- 90° with intervals of 0.05°. Raman
spectroscopy measurements were carried out by employing a WITec Confocal Raman
microscopy (WITec alpha-300R, Ulm Germany) with a 532 nm laser, spectral acquisition
of 120s using a 50X objective. The morphology of CN and MO/RGO-S@CN were acquired
using a Zeiss Ultra PLUS FEG-SEM (Ashikima Shi, Japan) at 2,000 V incorporating the
oxford energy dissipation spectroscopy (EDS) operated at 20 kV. Transmission electron

microscopy (TEM) was acquired from JEOL JEM 2100-F operating at 200 kV.

2.8 Electrochemical characterisation

Electrochemical characterisations were performed using the Biologic potentiostat. CE and
RE were similar to those reported in section 2.3 respectively, CN and MO/RGO-S-X@CN
served as the WE In three-electrode configuration. The positive three-electrode
measurements of all the samples were performed in 2 M KOH. The CV was executed over
scan rates ranging from 5 - 100 mV s! vs Ag/AgCl, The GCDs were run at a specific current
0of 0.5 10 A g!. Electrochemical impedance spectroscopy (EIS) was performed in an open

circuit potential at frequencies ranging from 10 mHz to 100 kHz.

3.0 Results and analysis
3.1 Microstructural characterisation and analysis

Fig. S1 (a-c) (supplementary information), shows low-resolution SEM images of CN

synthesized by varying the number of CV cycles at 5 mV s™!. The nanoflake morphology is
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maintained even after varying the number of cycles from 3 to 9. Fig S2 (a) and (b) reveal
the SEM images respectively of CCBW at low and high magnifications. The morphology
displays the porous nature of carbon material. Fig. 2 shows SEM micrographs at low and
high magnifications of the produced samples. Fig. 2(a) and (b) display densely packed MO
nanospheres while Fig. 2(c) and (d) presents the morphology of CN nanoflakes of about 300
nm in width vertically grown on NF. Fig. 2(e) and (f) display the morphology of MO/RGO-
S which confirms the presence of RGO-S nanorods of about 250 nm in length within the
samples. Fig 2(g) and (h) illustrate the images of MO/RGO-S@CN, in which the surface is
almost completely covered with nanoflakes from cobalt-nickel layered double hydroxide.
Fig S3 indicates the HRTEM image of the MO/RGO-S-50@CN composite sample. The
structure consists of a shroud of nanoflakes of CN encompassing the nanorod array of RGO-
S. This array facilitates ion penetration and enhances redox reaction through the enlargement

of the contact area between the electrode material and electrolyte.

Fig. 2: (a) and (b) low- and high-resolution micrographs respectively of MO, (c¢) and (d)
low- and high-resolution images respectively of CN, (e) and (f) low- and high-resolution
images respectively of MO/RGO-S, (g) and (h) low- and high-resolution images

respectively of MO/RGO-S-50@CN.
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Fig. S4 (a)-(f) show the EDS mapping of the MO/RGO-S-50@CN displaying oxygen,
manganese, carbon, nickel, sulphur and cobalt respectively within the material. The images
show that the elements are evenly distributed on the sample with Co (5.96 %), Ni (11.03 %),
Mn (25.75 %), O (44.78 %) S (0.49 %) and C (11.98 %). From these images, it is evident
that the elements are evenly spread in the sample. Fig. S4 (g) shows the spectrum which

displays the percentage composition of these elements.

Fig. S5 shows XRD patterns of CN, MO/RGO-S@CN with different RGO-S mass loading
and NF. The diffraction peaks at 20 =9.7, 19.4, 33.3, 38.2, 47.7, 58.7 and 61.9°, corresponds
to the planes (003), (006), (009), (015), (018), (110) and (113) respectively of CN (JCPDS
No.14-0191) ?°. The peaks 26 values of 17.9, 27.6, 28.9, 34.5, 55.4 and 60.3°, corresponds

to the planes (101), (112), (103), (211), (312), and (224) respectively of MO (JCPDS No.24-
0734) 2°. The 20 value at 26.5° corresponds to the (002) plane showing the presence of
graphitic material and evidence of the incorporation of RGO-S. The amorphous nature of
AM is evident in the broad and unclear peaks. These peaks are however overshadowed by

the sharp peaks from nickel foam.

Fig. 3 indicates the Raman spectrum of CN, MO/RGO-S-X@CN where X denotes the
various mass loading of RGO-S. CN shows the Eig at 479 cm™! which reveals the presence
of O-Ni-O and O-Co-O while F2g and Aig at 546 and 673 cm! respectively reveal the
presence of Ni-OH and Co-OH bonds . The peak at 645 cm™! in MO/RGO-S-X@CN relates
to the A1 stretching of the Mn-O bond of the Hausmannite spinel 3!*2. The G and D peaks
at 1595 and 1354 cm! respectively confirm the successful integration of RGO-S in the
composite’s material. The D peak is the k-point phonon of A1z symmetry 33 which can be
attributed to the structural defects, edges, or the presence of functional groups. The G peak
denotes the in-plane stretching of the sp? carbon atom 34. The Raman in Fig. S6 shows the

spectrum of CN samples synthesized by varying the number of CV cycles during the
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electrodeposition at 5 mV s!. The Eig and Fag peaks are present in all the samples while the
Aigis also visible for 3 and 9 cycles scan. The Aig peak is most pronounced in the 6 cycle
scans presenting the appropriate number of CV cycles scan required for effective deposition

of CN samples.

R
— MO/RGO-S-75@CN

_/;L

—MO/RGO-S-75@CN

- M
—MO/RGO-S-25@CN

Intensity (a.u)

a8 —MO@CN

fwi i,
g
J\A/\‘ —CN

350 700 1050 1400 1750 2100 2450
Raman shift (cm™1)

Fig. 3: Raman spectrum for different samples: CN, MO@CN, MO/RGO-S-25@CN,

MO/RGO-S-50@CN, MO/RGO-S-75@CN

3.2 Electrochemical performance of the as-synthesized samples
3.2.1 Three-electrode evaluations

Fig S7 shows the CV traces of MO/RGO-S-50@CN at 50 mV s! using different electrolytes.
It’s evident that 2 M KOH displays the highest specific current, hence 2 M KOH was
selected for further electrochemical tests. Fig. S8 (a) exhibits the CV of the CN samples
synthesized at a range of number cycles in 2 M KOH electrolyte. The 6 cycles sample
presents the superior current peak which is supported by the GCD in Fig. S8 (b) where the

6 cycles sample has the longest discharge time. Fig. S8 (c) shows that the 6-cycle sample
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has the highest specific capacity compared to 3 and 9 cycles at 0.5 A g''. The EIS Nyquist
plot in Fig. S8 (d) shows that the 6-cycles sample has the smallest equivalent series
resistance (ESR) and short diffusion length compared to others. The overall electrochemical
comparison shown in Fig. S8 reveals an outstanding performance for sample synthesized for
6 cycles, thus, all further electrodeposition of CN on the composites was performed using 6

cycles sample.

Fig. 4 presents the 3-electrode measurements of all different samples using 2 M KOH. Fig.
4 (a) displays the CV at a 50 mV s! in a voltage range 0 - 0.5 V vs Ag/AgCl. The traces
show reduction peaks demonstrating the presence of Faradaic charge storage structure
within the material. The reduction peaks are within (0.1-0.3) V vs Ag/AgCl, while in the
entire voltage range the oxidation peak is not visible. The lack of prominence in the redox
peaks point to pseudocapacitive charge storage mechanism rather than pure Faradaic
battery-type charge storage. The MO/RGO-S-50@CN showed the best current response
compared to CN, MO@CN, MO/RGO-S-25@CN, and MO/RGO-S-75@CN samples. This
may be credited to the enhanced electrical conductivity due to the optimum content of RGO-
S in the MO matrix. The manifestation of the Faradaic nature of the layered double
hydroxide and spinel is supported by the GCD in Fig. 4 (b) at a specific current of 0.5- A g
!, The slanted plateaux support the redox mechanisms shown in the CVs in Fig. 4(a) and the
lengthiest discharge time is observed in MO/RGO-S-50@CN in coherence with the highest
current peak in the CV trace. Fig. 4 (c) indicates the specific capacity versus specific current

at 0.5 A g'! with the MO/RGO-S-50@CN sample showing the highest specific capacities

for all specific currents reported. The specific capacity (Qs) is calculated using equation 3
(6):

Qs (mAh g™') = 2o X [st (©)

14



where, Is denotes the specific current (A g!), and At represents the time of discharge (s). All
samples show high specific capacities and rate capability which could be due to the
synergistic effects of multi-components 2°. The rate capabilities at 10 A g! are 84, 51, 71,
62 and 35% for CN, MO@CN, MO/RGO-S-25@CN, MO/RGO-S-50@CN and MO/RGO-
S-75@CN, respectively. The high rate capability is due to the high electrical conductivity
for the samples *¢. However, the lower rate capability of MO/RGO-S-75@CN can be
attributed to the increased contact resistance due to the large mass loading of RGO-S in the
composite 37. Fig. 4 (d) shows the Nyquist plot to analyse the electrical conductivity and
kinetics of charges of all samples. The ESR magnitudes which correspond to the intercept
of the x-axis, as shown in the insert at high frequency in Fig. 3(d) are 1.32, 1.46, 1.58, 1.39
and 2.04 Q for CN, MO@CN, MO/RGO-S-25@CN, MO/RGO-S-50@CN and MO/RGO-
S-75@CN, respectively. These small values indicate the electrolyte’s low ionic resistance,
minimal contact resistance of the AM and current collector with the better conductivity of
the AM. The small contact resistance of NF with the AM is attributed to the strong adhesive
forces of the electrodeposition method. The diameters of the semi-circles which are
depressed by the constant phase element (CPE) are very short for all the samples signifying
low charge transfer resistance. Fig. 4 (e) shows the cyclic stability of up to 5, 000 GCD

cycles at 6 A g”!. The coulombic efficiency () is calculated using equation (7):
n= Z—'Z X 100 % (7)

where tc and tp are the times (s) for charge and discharge respectively. Coulombic efficiency
of CN, MO@CN, MO/RGO-S-25@CN, MO/RGO-S-50@CN, MO/RGO-S-75@CN were
99.8,99.7,99.5, 99.9 and 97.4%, respectively which are almost 100% which was is expected
of supercapacitors. All the samples except the MO/RGO-S-75@CN had an excellent

coulombic efficiency of at least 99.5 %. The decrease of the efficiency of MO/RGO-S-
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75@CN is due to excess content of RGO-S in the sample causing saturation. The excellent
performance presented by other samples shows good redox reversibility which is attributed
to the high chemical stability of MO and excellent structural design of the electrodeposition
synthesis. The increased redox reactivity and high adsorption property of MO enhanced the
phenomenal electrochemical attributes of the composite samples. The composites have a
dominant Faradaic charge storage mechanism due to the presence of CN and MO and it is
more prominent than the EDLC storage mechanism from RGO-S. The synergistic effect of
both storage mechanisms helps to considerably enhance the electrochemical performance of
the composite material as compared to individual electrode materials. The superior
coulombic efficiency of 99.9 % for MO/RGO-S-50@CN is due to the structural stability
owing to the optimum amount of RGO-S in the sample. From Fig. 4 it is evident that the

electrochemical execution of MO/RGO-S-50@CN surpasses all the other samples.
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Fig. 4: (a) The CV traces, (b) The GCD traces, (c) specific capacity vs specific current, (d)
EIS Nyquist plot, (e) Coulombic efficiency of CN, MO@CN, MO/RGO-S-25@CN,

MO/RGO-S-50@CN and MO/RGO-S-75@CN, respectively.

Fig. 5 summarises the electrochemical functioning of the best (optimal) sample MO/RGO-
S-50@CN. Fig. 5 (a) indicates the CV curves in a voltage range of 0 - 0.5 V vs Ag/AgCl

with scan rates range 5 - 100 mV s There are pairs of reduction and oxidation peaks for
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all the scan rates. However, at higher scan rates of 50 and 100 mV s> the oxidation peaks
are merely invisible. This is due to the increase in charge diffusion polarisation in the
electrode material with scan rate which leads to the reduction in the reversibility of the redox

process. The peaks are due to the following electrochemical reactions:

Ni(OH), + OH™ = NiOOH + H,0 + e~ (8)
Co(OH), + OH™ = CoOO0H + H,0 + e~ (9)
CoOO0H + OH™ = Co0, + H,0 + e~ (10)

Fig 5(b) presents the GCD at a specific current range from 0.5 - 10 A g’!, the absence of a
well-pronounced plateau indicates pseudocapacitive behaviour instead of a pure battery type
storage mechanism. Fig 5(c) displays the capacity retention and coulombic efficiency during
5 000 GCD cycles at 6 A g'. The high-capacity retention of 86.5 % and a coulombic
efficiency 0f 99.9 % is due to the strong adhesion between the current collector and electrode
material. This is also attributed to electrodeposition synthesis and the mechanical stability
from the inclusion of RGO-S in the composite material. Therefore, MO/RGO-S-50@CN
was preferred for use as the positive electrode for fabrication of the device due to the superior

electrochemical performance displayed by this sample compared to the other electrodes.
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Fig. 5: (a) CV traces, (b) GCD traces and (d) Capacity retention and coulombic efficiency

for MO/RGO-S-50@CN sample.

Table 1 shows a comparison of electrochemical performance of LDH electrode materials
synthesized using various methods which were reported beforehand (the units were all
converted to mAh g'! for comparison). The electrode in this work produced the highest
specific capacity of 582.1 mAh g at 0.5 A g! and excellent capacity retention of 86.5 % at
5000 GCD cycles at 6 A g'!'. The synthesized electrode revealed higher performance in a
three-electrode configuration ahead of other related materials appearing in the recently
published studies as displayed in Table 1. From the table, we observe various synthesis
methods for cobalt-nickel based electrodes. We observe slightly higher specific capacities
from electrodes synthesized via the electrodeposition methods compared to other synthesis
methods. The composites of the LDH with other materials leads to better electrochemical
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performance. The electrode materials in this work are superior and this may be as a result of

the presence of a carbon material that is absent in other electrodes reported in the literature.

Table 1: Electrochemical performance of recently reported LDHs in a three-electrode

system.
Material Synthesis method Capacity Capacity retention Reference
(mAh g) (cycles)
Ni-Co LDHs Electrodeposition 287 (1 A g™) 81.8% (3000) 38
Ni-Co LDH Hydrothermal 217 (6 Agh 86% (1000) 39
P@NiCo LDHs Co-precipitation 149 (1 Agh) 55.9% (5000) 40
Ni-Co LDH/CFC Electrodeposition 235 (1 Ag™) 82.9 % (5000) 4
FeNiP@CoNi-LDH Hydrothermal 285 (1 Agh 70.4% (5000) 42
CoNi-LDH67 Co-precipitation 183 (1 Ag™) 77.14 % (5000) #

MO/RGO-S-50@CN Electrodeposition 582.1 (0.5 A g™) 86.5% (5000) This work

3.2.2 Electrochemical properties of the asymmetric supercapacitor

To evaluate the actual performance of the synthesized electrode, an asymmetric device
MO/RGO-S-50@CN//CCBW was made using MO/RGO-S-50@CN as a positive electrode
and CCBW as a negative electrode with 2 M KOH electrolyte. To attain charge balance of
the electrodes, the mass ratio of the negative and positive electrode materials was obtained

using mass balance equation #*:

3

Mo e Y (11)
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here m-and m+ denotes the negative and positive electrode masses (mg), Qs+ is the positive

electrode specific capacity (mAh g!), Cs. is the negative electrode’s specific capacitance (F

g'!) and Vs. is the potential (V) of the negative electrode.

The total mass of AM in the device was 5.0 mg/cm? and the calculated ratio m-/m+ was
10:1. Fig. 6 (a) indicates the CV curves for the negative and positive electrodes at 50 mV s
"in which the CCBW manifests a rectangular-like EDLC behaviour within the potential
windows of -0.9 to 0 V vs Ag/AgCl, while MO/RGO-S-50@CN shows a Faradaic behaviour
in the positive voltage range of 0 to 5 V vs Ag/AgCl. Fig. 6 (b) displays the CV of the device
at 5 - 100 mV s*! scan rate whereby the redox crests are manifested even at a large scan rate
of 100 mV s’ proving great rate performance for the device. Fig. 6 (c) presents the GCD at
specific currents ranging from 0.5 to 10 A g'! with non-linear traces that are coherent with
the Faradaic charge storage mechanism #°. Fig. 6 (d) represents specific capacity vs specific
current with the largest specific capacity of 55.0 mAh g at 0.5 A g''. Fig. 6 (¢) demonstrates
coulombic efficiency and capacity retention variation with cycle number. The device retains
a coulombic efficiency of 9