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Abstract

Cyclic voltammetry (CV) electrodeposition synthesis was performed twice to synthesize
manganese chromite (MnCr204-¢) on NF, where —1.4 < ¢ < —1.0 is the lower voltage (V vs
Ag/AgCl) set in the CV during electrodeposition, the higher potential being 0.5 V. This was
followed by another electrodeposition of cobalt nickel layered double hydroxide (CoNi-LDH)
on MnCr204-¢. The unique layered structure of CoNi-LDH produce electrodes with excellent
electrochemical performance. MnCr20s-1.2 V@CoNi-LDH (¢ = —1.2 (V vs Ag/AgCl))
yielded the best electrochemical performance in three-electrode set-up in 2 M KOH with the
highest specific capacity of 1529.3 C g! at a specific current of 1 A g!. This electrode was
incorporated into the hybrid device with activated carbon (AC) from Amarula Husk as the
negative electrode (AMH). The device (MnCr204 -1.2 V@CoNi-LDH//AMH) produced a
superb specific energy of 80.2 Wh kg ! corresponding to a specific power of 1117.7 W kg! at
1 A g!. The device also showed the capacity retention and Coulombic efficiency of the device
were 72.9 and 99.7%, respectively after 15 000 GCD cycles at 9 A g'!. Due to the phenomenal
performance, the produced materials are suitable candidates for high energy supercapacitor

applications.
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1.0 Introduction

Supercapacitors have the potential to play a role in facilitating the shift from fossil fuels
reliance to cleaner renewable energy sources [1]. This is due to their attractive features such as
high specific power, long cycle and life rapid charge-discharge [2—4]. Nevertheless, the specific
energy of supercapacitors is still much inferior to that of lithium ion batteries (LIBs). It is
essential therefore to source for and investigate affordable and environmentally friendly
electrode materials and optimise their synthesis with an intention to improve their specific
energy while not compromising their specific power.

Bimetallic metal oxide (BMO) and hydroxide (BMOH) have charge storage mechanisms which
are dominated by Faradaic redox reactions produces [5—7]. BMO also avail multiple redox
reactions resulting in improved diffusion phenomena which lead to great electrochemical
properties [8]. This gives them superior specific capacity and specific energy when compared
to carbon based material whose energy storage mechanism is electrostatic without chemical
reactions [9—11].

Besides, natural abundance and environmental friendliness, bimetallic metal oxides (BMO)
such as CoFe204, CuFeS2, and NiCo204 have generated a lot of interest recently among
researchers for supercapacitor electrodes applications because of various valence of cations
and the low activation energy for electron transport among the cations of dual metal
compounds. The electrical conductivities of BMO are significantly higher than those for single
metal oxides [12,13]. BMO also benefits from possessing more electroactive sites compared to
monometallic oxides due to the presence of a pair of distinct metals, this goes a long way in
improving the electrical conductivity, and electrochemical stability [14-16]. Manganese
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chromite (MnCr204) has found regular use in photocatalysts, ceramic dyes, alkaline batteries
and water purification due to its structural, magnetic and electrical properties [17]. However,
there are very few reports of MnCr204 used in supercapacitors despite its favourable features
such as high theoretical specific capacity, structural stability and high electrical conductivity

[18,19].

On the other hand, MnCr204 like most BMO, has lower cycle life compared to carbon based
materials [20]. The electrochemical accomplishments of MnCr204 can be greatly enhanced by
crafting a composite with layered materials. Two dimensional layered materials allow abundant
exposed active sites for more rapid ion diffusion during reduction and oxidation processes [21].
Due to its unique and tunable two dimensional layered structure with large interlayer spaces
which results in adjustable chemical composition and high anion exchangeability [22-24],
cobalt nickel layered double hydroxide (CoNi-LDH) is capable of yielding an elevated
theoretical capacitance of 3000 F g'! [25]. CoNi-LDH however suffer from slow electron
transport [26,27]and its electroactive sites are confined. The composite of MnCr204 and CoNi-
LDH will benefit from the synergetic effect with MnCr204 compensating CoNi-LDH’s low
electrical conductivity while CoNi-LDH introduce flexible ion interchangeability [22]. For
instance, El-Deen et al. successfully synthesized a 3D hierarchical Ni-Co LDH wrapped around
porous Co304 nanotubes derived from (zeolite imidazolate framework-67) ZIF-67 as a
template. The composite electrode nickel cobalt layered double hydroxide cobalt oxide
nanocomposite (Ni-Co LDH@Co304 ) attained a phenomenal specific capacitance of 1866 F
gl at2 A g!. This was significantly superior compared to the specific capacitance of 487 and
1161 F g! produced by the individual electrodes Co3O4 and Ni-Co LDH, respectively [28].
Also, Xu et al. used a facile microwave-assisted hydrothermal method to synthesize a
sandwich-like cobalt nickel sulfides@carbon@nickel cobalt double hydroxide

(CoNi2Ss@C@NiCo-LDH). The nanostructured composite electrode generated a great



performance with an excellent specific capacity 0of 4259.7 C g ! at 1 A g !and a huge capacity
retention of 85.8 % at 20 A g™!. These are testimonies for the benefits of a composite made

from CoNi-LDH with a BMO (spinel) material [29].

Furthermore, the electrical performance and mechanical stability of this material is greatly
influenced by the synthesis route [30]. Directly growing electroactive materials onto the surface
of a porous substrates such nickel foam is remarkably effective in not only reducing the
particles aggregation but also improving the rapid electron transport between the current
collector and the active materials, this significantly increases utilisation of electroactive
particles [31]. Electrodeposition, which is a cost effective, efficient, facile and safe is one of
the most suitable methods for growing materials onto a current collector. As a binder-free route
it does not introduce resistivity to the electrode material, and this helps to increase the
maximum specific power of the device. Modification of electrodeposition parameters like
concentration, precursor solution, pH, current, voltage, number of CV cycles and
electrodeposition duration (time) has great effects on the performance of supercapacitor
electrode materials [32]. These effects include change in the features of the deposited materials
like thickness, surface morphology and conductivity [33—35]. For instance, Zhang et al. were
able to improve the specific capacitance of MnOz from a general value which is less than 300
Fglatl A g!' to a great value of 469 F g'! at the same specific current by adjusting the
electrodeposition potential to 0.6 V vs Ag/AgCl. The electrode also exhibited stability yielding
a capacitance retention of 83.9 % after 2,500 cycles [36]. Yavuz et al. explored the influence
of cathodic deposition potential on the performance of a cobalt based film [37]. A peak specific
capacitance of 1692 F g'! with a capacitance retention of 81 % was obtained when the film was
deposited at a voltage of -1.7 V vs Ag/AgCl on a graphite electrode. The investigation also
showed that the charge storage mechanism evolved with the deposition voltage with surface

controlled reaction began to manifest at a deposition voltage of -1.3 V vs Ag/AgCl. These



finding shows the important role played by the electrodeposition voltage on the electrochemical

performance and stability of supercapacitor electrodes.

In this report, successive electrodeposition was employed. The process started with the CV
electrodeposition, of MnCr204-¢ on nickel foam, where ¢ is the electrodeposition potential
(V), and the values of ¢ were, -1.0, -1.2 and -1.4 V. The electrode synthesized using -1.2 V (
MnCr204-1.2 V) yielded the best electrochemical results and was therefore used to make the
composite electrode. The composite electrode (MnCr20s-1.2 V@CoNi-LDH) was synthesised

through a further CV electrodeposition of CoNi-LDH on MnCr204-1.2 V.

The MnCr204-1.2V@CoNi-LDH electrode produced excellent electrochemical performance
in 2 M KOH electrolyte in a three-electrode set-up with a great specific capacity of 1529.3 C
gl at 1 A g'!. The electrode also exhibited excellent stability yielding a capacity retention of
73.6 % and a coulombic efficiency of 99.9 % after 5,000 cycles at a specific current of 8 A g
I. The electrode was incorporated into an asymmetric device (MnCr20s-1.2 V@CoNi-
LDH//AMH) with AMH as the negative electrode in 2 M KOH. The device yielded a
remarkable specific energy of 80.2 Wh kg -! and a specific power of 1117.7 W kg at 1 A g!.
The capacity retention and coulombic efficiency of the device at 10,000 GCD cycles at 9 A g
P'were 72.9 and 99.7 %, respectively. The study successfully presents a sustainable way of
fusing different materials using one simple, efficient, cost effective route while yielding very
competitive electrochemical results. This avails the synthesised material as candidate for high

yield supercapacitor devices.



2.0 Experimental section

2.1 Materials

There was no further purification performed on the chemicals used. The following are the
chemicals used in this study: Nickel foam [NF] was acquired from Alantum (Munich,
Germany). Deionised water [DW] was drawn from the DRAWELL water refining device.
Hydrochloric acid [HCI] (purity 32 %) acetone [(CH3)2CO] (purity > 99 %), and ethanol
[CH3CH20H] (purity 99.9 %) were all purchased from (Sigma Aldrich, Steinheim,
Germany). Chromium(IIT) potassium sulphate dodecahydrate [KCr2(SO4).12 H20] (purity >
99 %), manganese acetate hexahydrate [Mn(CH3CO2)2.4 H20] (purity = 99 %), sodium
sulphate [Na2SO4] (purity =99 %), Nickel nitrate hexahydrate [Ni (NO3)206H20]
(purity 99 %), cobalt nitrate hexahydrate [Co(NO3)226H20] (purity = 99 %) were all

obtained from Merck (Johannesburg, South Africa) [38—40].

2.2 Preparation of NF substrates

The treatment of NF was performed according to the procedure described in our prior work
[41]. This rigorous chemical treatment served to exclude the inert oxide and hydroxide layers
which form on the surface of NF in a moist environment. In summary, NF was reshaped into
rectangular pieces with (2 cm x 1 cm) dimensions. These pieces were immersed into 3 M HCI
for 20 minutes. The pieces were then dipped in acetone, followed by 99% purity ethanol and
finally DW, all for 20 minutes. This process was followed by drying at 60° C in an oven for 12

hours.

2.3 Preparation of MnCr204-¢p on NF electrode

0.01 M each of [KCr2(SO04).12 H20] and [Mn(CH3COz2)2.4 H20] were added to 500 ml DW

and stirred for 30 minutes. 0.01 M Na>SO4 was then added to prevent aggregation and the



stirring continued for a further 45 minutes. This solution was identified as S1. To perform the
electrodeposition, the Bio-logic workstation was used, with NF, platinum rod, and Ag/AgCl
serving as the working electrode (WE), counter electrode (CE) and reference electrode (RE),
respectively, these were all dipped in S1. Cycling voltammetry (CV) at 2.5 mV s™! was used in
a voltage range of -1.0 to 0.5 V vs Ag/AgCl. The voltage was repeated for voltage ranges -1.2
to 0.5 V vs Ag/AgCl and -1.4 to 0.5 V vs Ag/AgCl. The electrodes were then washed in
deionised water (DW) and dried in an oven at 90° C for 8 hours. To transform the phase of the
electrode materials from LDH to the spinel phase, the electrodes were then annealed in air for
2 hours at 300°C. The electrodes were labelled as MnCr204-1.0 V, MnCr204-1.2 V, and
MnCr204-1.4 'V, according to their lower electrodeposition voltage value, (¢ =
—1.0,1.2 and — 1.4 V. The mass loading of the synthesized electrodes of the loading were 0.9,

1.1 and 1.2 mg respectively [42—44].
2.4 Synthesis of CoNi-LDH, MnCr20:-1.2 V@CoNi-LDH and AMH

The details of the synthesis of CoNi-LDH was explained in our previous work [41]. Briefly
0.01 M of Co (NO3)2¢6H20 and Ni (NO3)2¢6H20 were added into 50 ml of DW. This was
followed by thorough stirring for 30 minutes. This uniform solution was branded as S2. The
materials were then grown directly onto the NF substrate in accordance with the procedure
already described in section 2.3. With the exception that RE, WE and CE were immersed in
the solution S2 instead. The resulting electrode was branded as CoNi-LDH. The same process
was replicated, but now with MnCr204-1.2 V as the WE. The final electrode was labelled as
MnCr204-1.2 V@CoNi-LDH. The schematic illustration in scheme 1 shows the synthesis of
MnCr204-1.2 V@CoNi-LDH. The synthesis of the activated carbon from amarula husk (AMH)

which served as the negative electrode was discussed in detail in our prior study [45].
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Scheme 1: Schematic illustration of the synthesis of MnCr204-1.2 V@CoNi-LDH electrode.

2.5 Material characterisation

To evaluate the scanning electron microscopy (SEM) morphology, elemental composition, and
thickness of the MnCr204-¢p, CoNi-LDH and MnCr204-1.2 V@CoNi-LDH electrodes, the
Zeiss Ultra PLUS FEG-SEM (Ashikima-Shi, Japan) was used. This device also includes the
energy dissipation spectroscopy (EDS) worked with an accelerating voltage of 2.0 kV. To
obtain the transmission electron microscopy (TEM) micrograms, the JEOL JEM 2100-F device
with an accelerating potential of 1.0 kV was used. The structure of the electrodes was evaluated

using an X-ray diffraction (XRD) diffractometer (Brucker 2D PAN analytical BV, Amsterdam,



Netherlands). This instrument makes use of Cu Ko (1.54061A) with a range of 5° < 20 <
90°. Raman spectroscopy analysis was carried out by employing the WITec alpha-300 RAS+
Confocal micro-Raman microscope (Focus Innovations, Ulm Germany) with a 532 nm laser at

a power of 4.5 mW, spectral acquisition of 300s using a 20X objective with a laser power.

2.6 Electrochemical characterisation

The assessment of the electrochemical performance of the electrodes was performed using the
Bio-Logic workstation potentiostat. In a half cell set-up, the RE and CE operated as stated in
section 2.3 while the WE were MnCr204-¢, CoNi-LDH, and MnCr204-1.2 V@CoNi-LDH.
GCD, CV and electrochemical impedance spectroscopy (EIS) were all performed in 2 M KOH

for both the half and full-cell configuration.

3.0 Results and analysis
3.1 Microstructural characterisation and analysis

Fig. 1 shows the SEM images of MnCr204-¢. In Fig. 1(a) the nanograins are intact leaving less
channels for ion transport in MnCr204-1.0 V. In Fig. 1(b) there is evidence of separation of the
nanograin to avail pathways for ion insertion and diffusion in MnCr204-1.2 V. With the
increase of the electrodeposition voltage to -1.4 V, as seen in Fig. 1(c) for MnCr204-1.4 V the
nanograins gets more separated from each other. The morphology in Fig. 1(b) appears to be
the most appropriate for mobility of ions from the electrolyte, therefore, MnCr20s-1.2 V was

used to make a composite electrode material.



Fig. 1: SEM images of MnCr204-1.0 V, MnCr204-1.2 V and MnCr20s-1.4 V.

Fig. 2 shows the SEM micrograms of the MnCr204-1.2 V, CoNi-LDH and MnCr204-1.2
V@CoNi-LDH electrodes. Fig. 2(a) and (b) illustrates the nanograins of MnCr204-1.2 V at low
and high resolution, respectively. The nanograins array reveal channels which could be
pathways for ion diffusion Fig. 2(c) and (d) shows the nanoflakes of CoNi-LDH at low and
high magnification, respectively. The sheet like structure which is synonymous with layered
material exposes open structures which could act as the electroactive sites which could lead to
improvement of the electrochemical performance. Fig. 2(e) and (f) show the MnCr204-1.2
V@CoNi-LDH nanograins fused into a wide rolled sheet-like structure. This arrangement
combines the pathways from the gaps among the nanograins and the sheet-like arrangement

provides even more pathways for ion transport.
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Fig. 2: (a, b), (c, d) and (e, f) presents low- and high-resolution micrographs of MnCr204-1.2

V, CoNi-LDH and MnCr204-1.2 V@CoNi-LDH, respectively.

Fig. 3(a) — (f) reveals the EDS mapping of MnCr204-1.2V@CoNi-LDH composite signifying
the homogeneous composition of the elements nickel (Ni), oxygen (O), cobalt (Co), chromium
(Cr), and manganese (Mn). Fig. 3(g) indicates the percentage of these elements composition

which are 64.4, 11.4, 7.7, 10.4 and 6.2 %, respectively.
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Fig. 3: (a) - (f) presents the elemental mapping of MnCr204-1.2V@CoNi-LDH composite
sample displaying the distribution of nickel, oxygen, cobalt, chromium, and manganese,

respectively and (g) the percentage composition of the elements within the material.

Fig. 4 (a) shows the Raman spectroscopy of MnCr204-1.2 V, CoNi-LDH and MnCr204-1.2
V@CoNi-LDH. For the MnCr204-1.2 V electrode, the Aig peak at 794 cm™ signify the
presence of CrOs whereas the Fog at 562 cm™! is due to the tetrahedral cations [46]. For CoNi-

LDH, the occurrence of the O-Ni-O and O-Co-O bonds is shown by the Eig peak at 480 cm™!
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while the Co-OH and Ni-OH bonds at 673 and 545 cm! respectively are due to the A1z and Fag

peaks, respectively. The presence of the Eag, F2g and two Aig peaks in the MnCr204-1.2

V@CoNi-LDH composite electrode is evidence for the successful combination of the two

individual materials to make a composite. The trivial peak shift and increase in broadness for

the composite material is due to phonon confinement owing to the change in particle size [47].

Fig. 3(b) shows the XRD of MnCr204-1.2 V, CoNi-LDH and MnCr204-1.2 V@CoNi-LDH.

The peaks at 18.6, 30.3, 35.6, 38.0,42.5 and 57.0° correspond to the (111), (220), (311), (400),

(331) and (440) planes revealing the cubic nature of MnCr204 (JCPDS= 01-075-1614) [18].

The diffraction peaks occurring at a26 =9.7, 19.4, 33.3, 38.2,47.7, 58.7 and 61.9°, respectively

correspond to the planes (003), (006), (009), (015), (018), (110) and (113) of CoNi-LDH

(JCPDS No.14-0191) [48]. The appearance of these planes in MnCr20s-1.2 V@CoNi-LDH

confirms the successful synthesis of the composite from the LDH and BMO.
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Fig. 4: (a) Raman spectrum and (b) XRD of MnCr204-1.2 V, CoNi-LDH and MnCr204-1.2

V@CoNi-LDH.
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3.2 Electrochemical performance of the as-synthesized samples
3.2.1 Three-electrode evaluations

Fig. 5 (a) displays the GCD of MnCr204-1.2V in various electrolytes at 1 A g'!. 2 M KOH
gives the largest discharge time compared to other neutral and alkaline electrolytes. Fig. 5(b)
shows the CV of MnCr204-1.0 V, MnCr204-1.2V, MnCr204-1.4V and Nickel foam in 2 M
KOH electrolyte at 20 mV s™'. MnCr20s-1.2V shows the greatest current response compared
to the other electrodes. The trace for nickel foam is barely visible leading to the conclusion that
its contribution to the electrochemical performance of the active materials is negligible. Fig.
5(c) shows the GCD of MnCr204-1.0 V, MnCr204-1.2 V and MnCr204-1.4 Vat 1 A g'in2 M
KOH. All the discharge curves are characterised by nonlinear discharges signifying the
accumulation of charges due to Faradaic redox reaction. The MnCr204-1.2 V electrode gives
the most extended discharge time signifying the highest specific capacity. Fig. 5 (d) shows the

specific capacity for these three electrodes. Equation 1 was used to calculate the specific

capacity (Qs) [49].

Qs [C g7'] = LAt (1)
where I is the specific current (A g) and At is the discharge time (s). The specific capacities
are 180.1, 557.3 and 347.3 C g'!. This shows that the electrodeposition voltage of -1.2 V using
the scan rate of 2.5 mV s™! yields the best electrochemical performance for the electrodes. For
this reason, MnCr204-1.2 V was used for the fabrication of the composite electrode for further

evaluations.

14



o
(4}
[=2]
o

—_ —3MKOH o -
(a) 1 M KOH = o MnCr,0,-1.0V (b)
S 0.4 K e < 40{—MnCr,0,12V
S € —MnCr,0,-1.4V
§ D3 g ) . Nickel Foam
- 3
2 0.2 o 0
= =
O 0.1- § -20-
b @20mvVs”
0-0 T - T T T T -40 Ll w L] b L] - T v LE
0 150 300 450 600 750 900 00 01 02 03 04
Time (s) Potential (V vs Ag/AgCl))
<180
= 0.4](c) @1A g1 -MCrO-10V ‘o (d) @1Ag’
S -MnCr,0 12V = 9
< 24 <135
3 0.3 -MnCr,0,-1.4V E
<< ~
8 5 2‘{ £ 90 .
2 ] :;;
2 0.1 o 51 ©
s =
§ :
a 0.0 ; . 8 r r .
0 400 800 1200 @ -1.0 1.2 1.4
Time (s) Voltage( V vs Ag/AgCl)

Fig 5: (a) The GCD of MnCr204-1.2V in various electrolytes at 1 A g''. (b) CV of MnCr204-
1.0 V, MnCr204-1.2V, MnCr204-1.4V and Nickel foam in 2 M KOH electrolyte at 20 mV s™.
(¢) The GCD of MnCr20s-1.0 V, MnCr204-1.2V, MnCr204-1.4V at 1 A g (d) Specific
capacity vs electrodeposition voltage of MnCr204-1.0 V, MnCr204-1.2V and MnCr204-1.4V

in 2 M KOH electrolyte.

Fig. 6 shows the comparison of the electrochemical performance of MnCr204-1.2 V, CoNi-
LDH and MnCr204-1.2 V@CoNi-LDH in a half cell set-up in 2 M KOH. Fig. 6(a) shows the
CV in a voltage range 0 — 0.4 V vs Ag/AgCl. All the electrodes show peaks which emanate
from Faradaic reactions. The composite electrode, MnCr204-1.2 V@CoNi-LDH has the largest
current response in this voltage range. This Faradaic charge storage mechanism is also
confirmed by the GCD in Fig. 6(b) with the plateaux signify the accumulation of charges. The

longest discharge time in the MnCr204-1.2 V@CoNi-LDH can be explained by the abundant
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exposed redox active sites in CoNi-LDH. Fig. 6(c) shows the specific capacity of the electrodes

for a range of specific current of 1 - 10 A g!.

The specific capacities are 557.3, 1170.3 and 1529.3 C g*! for MnCr204-1.2 V, CoNi-LDH and
MnCr204-1.2 V@CoNi-LDH, respectively. MnCr20s-1.2 V@CoNi-LDH also shows the
highest rate capability at 10 A g'!. The rate capabilities values are 42.3, 54.3 and 59.4 %,
respectively. Fig. 6(d) shows the EIS Nyquist plot of the electrodes with the inset showing the
enlarged high frequency region exposing the equivalent series resistance (ESR) of electrode.
The equivalent series resistance (ESR) values as read from the intercept with x-axis are 1.9,
1.3 and 1.6 Q for MnCr204-1.2 V, CoNi-LDH and MnCr204-1.2 V@CoNi-LDH respectively.
These low ESR values are credited to the intact bonding of the electrode materials and the NF
current collector due to the electrodeposition synthesis which also excludes polymeric binder
which would otherwise introduce some resistivity. The low magnitude of the imaginary
impedance is due to the large value of the specific capacitance of the electrodes [50]. Fig. 6(e)

displays the coulombic efficiency of the electrodes which is obtained using equation 2 [51].

t
N [%] = i 2)

where 7. is the coulombic efficiency, tj, and t. are the discharging and charging times (s). The
quasi-perfect coulombic efficiency values are attributed to the robustness of the

electrodeposition synthesis.
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Fig. 6(e) show the coulombic efficiency of the electrodes as a function of number of cycles,
the large value of the coulombic efficiency (99.5, 99.7 and 99.9 %, respectively) are partially
credited to the mechanical stability of the synthesis method. The largest value of MnCr204-1.2

V@CoNi-LDH shows the stability introduced by the LDH and the BMO.

Due to the superiority shown by MnCr204-1.2 V@CoNi-LDH in the electrochemical
comparison in Fig. (6), it was opted for further analysis for use as a positive electrode in a
device using the same electrolyte (2 M KOH). The electrochemical performance of MnCr204-
1.2 V@CoNi-LDH in 2 M KOH in a half-cell configuration are shown in Fig. 7. Fig. 7(a)
display the CV in a voltage rage from 0 - 0.4 V vs Ag/AgCl. The increase with current due to
the Randles-Sevcik equation, which states that the peak current (ip) is proportional to the
square-root of the scan-rate,v such that i, « Vv [52]. Oxidation peaks become less
pronounced in the voltage range as the scan rate increases. This is because at low scan rate the
electrolyte ions and the electrode’s active species have ample time to interact with each other
increasing the likelihood of redox reactions. As the scan rate increases, the interaction time
decrease so the reactions between the electrode species and the ions are suppressed [53]. In the
GCD in Fig. 7(b), the plateaux further support the notion of Faradaic reactions. The decrease
of charging and discharging time with a rise in specific current is due to the inverse relationship
between current and charge/discharge time for a fixed voltage to charge/discharge to a constant
charge (I=Q/t). The stability of the composite electrode is shown by the variation of the
coulombic efficiency and capacity retention with of cycle number in Fig. 7(c). The high
capacity retention value of 73.6 % is caused by a combination of the two materials coupled
with the mechanical strength of the electrodeposition synthesis enabling the composite

electrode to retain reversibility due to the ability to overcome mechanical stress.
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Fig. 7: (a) CV curves, (b) GCD and (c) Capacity retention and coulombic efficiency as a

function of the number of cycles of MnCr204-1.2 V@CoNi-LDH.

Table 1 contrasts the electrochemical performance of chrome based supercapacitor electrodes.
It is transparent from the table that the electrode synthesised in this work using
electrodeposition and annealing produced comparable stability and superior specific capacity

in three-electrode set-up. This makes it appropriate for participating in supercapacitor devices.
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Table 1: Electrochemical performance of newly reported chromium-based composites in

three-electrode system.

9
=] =
E 2 | . g £
2 s 2 s 2
g | E & 5 5
) @ 2 = < < 3
2 g > = ) ) =
= = 5 < E o lE | 8
S = § S S b | Z b &
= 73 g | ° a 2|l ald|e
Mechanical 66.2 0.5 [50]
98.3 | 5,000
(NG)/CuCr204 mixing
NG/CuCr204/PANI Mechanical 199.4 1 [54]
92 10,000
mixing
CP-CR Polymerization 77 5,000 263.5 1 [55]
La(CoCrFeMnNiAlos)i/s Coprecipitation 88.6 | 2,000 176.4 1 [56]
.503-5 and calcination
Mn!'Cr"04/Mn"™™Mn"">04/ | Annealing 75.2 | 5,000 6624 | 0.5 [57]
C
MgCr204 Sol-gel 84 1,000 20.9 0.25 [58]
MnCr204 Electrodeposition | 78 1,000 910.8 0.1 [18]
MIL-101(Cr) Hydrothermal 86 85 117.7 1 [59]
Cr203 Sol-gel 85 85 254.9 0.5 [60]
Ni2Cri-LDNs Mechanical 80 10,000 608.4 2 [61]
mixing
FGO-Ap/Cr Hydrothermal 96.9 | 5,000 370.8 1 [62]
MnCr204-1.2V Electrodeposition | 73.6 | 5,000 15289 |1 This
@CoNi-LDH and annealing work
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3.2.2 Electrochemical properties of the hybrid supercapacitor device

To assess the compatibility of MnCr204-1.2 V@CoNi-LDH as a positive electrode in a
supercapacitor device, an asymmetric devices MnCr204-1.2 V@CoNi-LDH//AMH, where
AMH served as the negative electrode was fabricated. The analysis was performed in a 2-
electrode set-up in 2 M KOH electrolyte. To ensure the maximum efficiency of the device, it

is essential to perform a mass balance of the electrodes using equation 3 [63,64].

my _ Cs_ X Vs 3
m_ Qs+

where m, /m__ is the ratio of the masses of the positive to the negative electrode, Cs_ is the
specific capacitance ( F g'), Vs_ is the negative electrode potential (V) and Qg is the specific
capacity (C g!). The mass of the negative and positive electrodes used for the devices on each
electrode were 5.0 and 0.75 mg cm™, respectively equivalent to a mass ratio m,: m__of 20:3.

The total mass of the electrode per unit area was 5.75 mg cm™.

Fig. 8(a) shows the CV curves of the negative and positive electrodes in three-electrodes
configuration. The CV of AMH (negative electrode) in a voltage range of -0.8 - 0 V vs Ag/AgCl
shows a quasi-rectangular trace and peaks which is evidence for non-Faradaic energy storage
mechanism synonymous with EDLC materials. The curve of MnCr204-1.2 V@CoNi-LDH in
a voltage range of 0 - 0.4 V vs Ag/AgCl shows a pair of redox peaks revealing Faradaic redox
reaction based energy storage mechanism. Fig. 8(b) illustrates the CV curves of the device in
a voltage range of 0 - 1.6 V with scan rates of 5 - 100 mV s’. In the potential range of 0 - 0.8
V the capacitive behaviour of AMH is dominant without any peaks. From voltage of 0.8 - 1.6
V, there is a sharp increase in current response due to the accumulation of charge due to the
manifestation of redox reactions from MnCr204-1.2 V@CoNi-LDH. The GCD in Fig. 8(c)
confirms the presence of both Faradaic and EDLC behaviour where the slanted plateaux are

visible from the potential range of 1.6 - 0.8 V and quasi-linear discharge is shown from 0.8 - 0
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V. The symmetry of curves for the specific current range of 0.5 - 10 A g! is due to the
reversibility of the charge storage processes [62]. Fig. 8(d) shows the variation of the specific
capacity with specific current. The highest specific capacity is 257.9 C g! at a specific current
of I A g'!, while the specific capacity at 20 A g is 130.9 C g! corresponding to a rate capability
of 50.7 %. Fig. 8(e) displays the capacity retention and coulombic efficiency as a function of
number of cycles. The capacity retention and coulombic efficiency values are 72.9 and 99.7 %,
respectively after 15,000 GCD cycles at 9 A g'!'. The inherent high stability of AMH and the
synergetic effect of CoNi-LDH and MnCr20s-1.2V contributed to these phenomenal stability
values. The specific energy (Es) and power (Ps) were calculated using equations 4 and 5

[65,66].
_ Is
E¢ [(Whkg™] = 3% [vdt 4)

3600

P [Wkg™'] = X Eg (5)

where I is the specific current (A g), [ Vdt is the area (integral) under the discharge curve
(Vs) and At is the discharge time (s). Eg for the device was 80.2 Wh kg™! corresponding to Pg
of 1117.7 W kg'!. Fig. 8(f) presents the Ragone plot to show the comparison of this hybrid
device with related chromium based supercapacitor devices in the literature according to the
specific power and specific energy [55,58,67-70]. The insert shows a circuit with 4 diodes
connected in parallel lighted by the hybrid device. This plot clearly shows that this work
produced a very competitive device with great energy and power output. The circuit

demonstrates the practical applicability of the energy delivery.
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Fig. 8 (a) CV traces of the negative electrode (AMH), and positive electrodes (MnCr204-1.2
V@CoNi-LDH) at 20 mV s, b) CV curves at different scan rates, (c) GCD curves at various
specific currents, (d) the specific capacity as a function of specific current, (¢) capacity
retention and coulombic efficiency vs cycle number and (f) Ragone plot of MnCr204-1.2
V@CoNi-LDH//AMH hybrid device compared to other related devices in the literature, the

insert shows 4 diodes in parallel lighted by this hybrid device.
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Fig. 9(a) shows the Nyquist plot of the EIS experimental data from the device together with
the fitting. The insert shows the equivalent circuit used to perform the fitting. The equivalent
series resistance (Rg) in the circuit is linked with to the real impedance intercept of the plot at
high frequency. The source of this resistance is the opposition to the flow of charges at the
electrode/electrolyte intersection and between the electrode and the current collector [71].
(Rg) is in series with the charge transfer resistance (CTR), the constant phase element (CPE),
and the Warburg element (W) represented by circuit elements; Ry, Q and Z,, respectively.
CTR is due to the presence of Faradaic reactions depicted by a small semi-circle in the mid-
frequency region [72]. The semi-circle is suppressed due to the presence of the CPE which
emanate from non-ideal capacitance due to microscopic roughness caused by scratching at the
surface of the electrode [73]. CPE is in series with W. W represents the diffusion through the
electrode material [74]. It is responsible for the divergence of the line away from the imaginary
impedance axis at the low frequency. These elements are in turn in series with a parallel branch
containing the double layer capacitance and the leakage current resistance represented by the
circuit elements Cp; and R;, respectively. Ideal Cp; behaviour causes the plot to be parallel to
the imaginary impedance axes. R; is the opposition to the movement of ions as they try to reach
deep inside fine pores of porous material [75]. Fig. 9(b) indicates the comparison of the Nyquist
plot before and after running stability using 15,000 GCD cycles. Rg decreases slightly from
1.54 to 1.46 Q after stability due to the decrease in the resistance at the electrode/electrolyte
and the electrode/ current collector interfaces. There is a very small increase in the imaginary
impedance at the low frequency region after cycling, the is caused by rise in the diffusion length
on the electrode/electrolyte interface due to the decomposition of water molecules in the

aqueous electrolyte [76].
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Rg can be used to calculate the maximum power from the device to the load. This maximum
power, according to the maximum power transfer theorem is transferred when the resistance of

the load and Rg are equal. It is calculated from equation 6 [77].

2

Pyax [kW kg™'] = amR;

(6)

where V is the cell potential (V), m is the total mass of the electrode material (g) and Ry is the

solution resistance (Q). The Py, for the device is 111 kW kg!.

Fig. 9(c) represents the Bode plot indicating the phase angle variation with frequency. The
maximum phase angle of -72° which isn’t far from the ideal -90° for ideal capacitive behaviour
due to the presence of AMH which is an EDLC material. Fig. 9(d) demonstrates the real and
imaginary capacitances (C' and C'") respectively as a function of frequency (f). C' and C" are

calculated from equation (5) and (6), respectively [78].

’ Z”(a))

C@IF) =~ o (7)
., Z'(w)

C (w)[F]:_WZ)IZ (8)

where Z'' (w), Z' (w) and |Z (w)| are the imaginary impedance, real impedance, and magnitude

of the impedance (Q), respectively, and w = 27f is the angular frequency (rad s™').

(C") relates to the useful energy that can be transferred and (C'") is due to the unrecovered
energy due to irreversible processes. The peak of the C'' is 221 mF occurring at a frequency of
41 mHz corresponding to a relaxation time (7) of 3.9 s while the peak of C'is 277 mF. This
low 7 value signify the ability of the device to be charged quicky. It is obtained from wz = 1

[79].
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Fig. 9: (a) Nyquist plot for the experimental data and the fitting curve of the equivalent circuit

as the inset, (b) Nyquist plot before and after 15, 000 GCD cycles with inset being the

enlargement of the higher frequency region, (c) Bode plot and (d) Real and imaginary

capacitance vs frequency of the device.

4.0 Conclusion

MnCr,0,4 — ¢, was electrodeposited onto NF. This was done by varying ¢, the CV

electrodeposition potentials (V) to, -1.4, -1.2 and -1.0 V to obtain three electrodes which were

then annealed. Of these electrodes, MnCr204-1.2 V electrode produced the best

electrochemical results and was selected for the synthesis of the composite electrode MnCr20s-

26



1.2V @CoNi-LDH. This was achieved by performing a second electrodeposition of CoNi-

LDH on MnCr204-1.2V.

The structural, morphological, and elemental analysis reveals the successively formation of
the composite electrode material. The electrode yielded excellent electrochemical performance
in 2 M KOH in a three-electrode with a specific capacity of 1529.3 C g'lata of 1 A g'!. The
electrode was incorporated into an asymmetric supercapacitor device (MnCr204-1.2V @CoNi-
LDH//AMH) with AMH as the negative electrode. The device also produced exceptional
results with a huge specific capacity 0of 257.9 C g'' at 1 A g'!. The specific energy of the device
was 80.2 W hkg!at 1 A g'! relating to a specific power of 1117 W kg. The device also showed
the capacity retention and Coulombic efficiency of the device were 72.9 and 99.7%,
respectively after 15000 GCD cycles at 9 A g'This phenomenal performance avails the

produced hybrid device as a contender for high energy and power applications.
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