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Abstract

This study has investigated the effect of the incorporation of graphene foam (GF) into the matrix of a ternary transition-
metals hydroxide containing nickel, cobalt, and manganese for optimal electrochemical performances as electrodes for
supercapacitors applications. An adopted simple, low-cost co-precipitation synthesis method involved the loading a mass
of the ternary metal hydroxides (NiCoMn-TH) onto various GF mass loading so as to find ints effect on the electrochemical
properties of the hydroxides. Microstructural and chemical composition of the various composite materials were investigated
by employing scanning/transmission electron microscopy (SEM/TEM), x-ray diffraction (XRD), Raman spectroscopy, and
N, physisorption analysis among others. Electrochemical performances of the NiCoMn-TH/200 mg GF composite material
evaluated in a three-electrode system using 1 M KOH solution revealed a maximum specific capacity around 178.6 mAh
g~ ! compared to 76.2 mAh g™ recorded for the NiCoMn-TH pristine material at a specific current of 1 A g~!. The best mass
loading of GF nanomaterial (200 mg GF), was then utilised as a positive electrode material for the design of a novel hybrid
device. An assembled hybrid NiCoMn-TH/200 mg GF//CSDAC device utilizing the NiCoMn-TH/200 mg GF and activated
carbon derived from the cocoa shell (CSDAC) as a positive and negative electrode, respectively, demonstrated a sustaining
specific capacity of 23.4 mAh g™ at a specific current of 0.5 A g~'. The device also yielded sustaining a specific energy and
power of about 22.32 Wh kg~! and 439.7 W kg™, respectively. After a cycling test of over 15,000 cycles, the device could
prove a coulombic efficiency of ~99.9% and a capacity retention of around 80% within a potential range of 0.0-1.6 V at a
specific current of 3 A g~!. These results have demonstrated the prodigious electrochemical potentials of the as-synthesized
material and its capability to be utilized as an electrode for supercapacitor applications.
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Introduction

The rapid increase of energy utilization worldwide has led
to concerns such as energy shortages as well as severe envi-
ronmental effects. These effects include the degradation of
the ozone layer, climate change and global warming [1].
It is essential to explore efficient strategies to successfully
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diverge from fossil fuel to greener, cost-effective, and envi-
ronmentally friendly energy sources and ensure adequate
provision against the ever-increasing energy demand [2].
Renewable sources of energy (Solar, wind, etc.) represent
true opportunities for the improvement of energy efficiency.
These technologies are becoming very attractive for elec-
tricity generation. However, their durability does not seem
to satisfy the demands of technical applications [3]. Nowa-
days, promising alternatives are being studied. These include
chemical, electrochemical, mechanical, thermal, and physi-
cal energy generation and storage [3]. Supercapacitors and
Batteries are energy storage devices standing at the core of
these technologies. Batteries have high specific energy; this
specification renders them very useful when requiring keep-
ing devices charged throughout the day. When high specific
power is needed, electrochemical capacitors are the best fit
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[4]. Both batteries and supercapacitors operate via electro-
chemical processes. However, these processes have different
mechanisms that determine their relative specific power and
energy [5].

Unlike batteries, supercapacitor devices are capable
of giving off high specific power [4]. These devices have
attracted attention as they could be used essentially in elec-
tric automobiles, backup memories, aircraft emergency
doors, portable electronic devices, and micro-devices [3].
With their highly reversible energy storage paths, these
devices also demonstrated excellent efficiency for long-
standing applications [4]. One of the measures to reach
advanced performances of the mentioned applications is to
improve the supercapacitor’s specific energy while keep-
ing its high specific power. To do so, researchers strive to
develop new materials while evolving the electrochemical
knowledge of the interfaces at the nanoscale [3].

Interactions taking place within the supercapacitor’s
active materials define their properties. The electrolyte,
the positive, and the negative electrodes combination
determine their functionalities, thermal as well as elec-
trical features [6]. Metal oxides, metal chalcogenides,
metal hydroxides, carbon-based materials, and polymers
are commonly used materials for making electrodes for
supercapacitors. These distinct materials display different
electrochemical properties as they have inherent constitu-
ents’ properties [7]. For instance, transition metal hydrox-
ides and oxides have the reputation of being battery-type
(supercapacitors) materials because of their high specific
capacity yield [3]. Their rich redox reactions result from
a combination of various transitions metal ions [8—10].
However, most metal hydroxides are limited by their low
conductivities and cyclic stabilities. Many scientists have
investigated composite nanomaterials made from metal
oxides, hydroxides, and carbon nanomaterials [11-15].
Having a high theoretical specific capacity and being
highly conductive, cobalt oxide materials have attracted
significant interest in electrode materials production.
Nevertheless, their high cost and environmental pollution
risk restrict their use for supercapacitor applications. To
address this issue, scientists partly substitute the cobalt
atoms with other elements while preserving their nano-
structure. This technique appears to be very useful and
promising [16]. Graphene foam sheets’ high conductivity
trigger a fast transfer of electrons to and from the sites of
active material intercalation as it allows the nanoparticles
and sheets to be physically closely linked [17]. The gra-
phene’s mechanical strength enables most of the expansion
and contraction (associated with electrode mechanical loss
and performance decrease) of the anchored nanoparticles
to be absorbed during the material’s intercalation and
deintercalation [18]. There have been many reports on the
use of non-metallic, bimetallic oxides/hydroxide or even
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ternary oxides. To our awareness, there are very few pub-
lications on ternary metal hydroxides carbon composites.
Merging ternary metal hydroxides and carbon nanoscale
materials represent an opportunity to reach advanced
supercapacitors’ designs [6].

This investigation’s objective was to develop a compos-
ite material promoting synergy between the ternary hydrox-
ide and the highly conductive graphene foam. Manganese,
Nickel, and Cobalt elements were precipitated onto the
graphene foam to obtain a Mn — Ni — Co ternary hydrox-
ide/GF composite (NiCoMn-TH/GF). The optimisation
consisted of varying the mass of GF in the composite. The
NiCoMn-TH/GF composite electrode with the highest elec-
trochemical performances was then assembled with an acti-
vated carbon derived from cocoa pod waste (CSDAC) in
a two-electrode configuration. The assembled asymmetric
NiCoMn-TH/200 mg GF//CSDAC hybrid device demon-
strated a specific capacity of 23.4 mAh g~! at a specific cur-
rent of 0.5 A g~! with sustaining specific power and energy
of 439.7 W kg~! and 22.3 Wh kg~!, respectively. The device
revealed an excellent coulombic efficiency of 99.9% and a
capacity retention of ~80% over a cycling test of over 15,000
cycles within at an operating potential of 1.6 V at a specific
current of 3 A g~ using 1 M KOH electrolyte. The various
characterisation methods adopted in this investigation have
demonstrated motivating and promising trends in imple-
menting the NiCoMnTH/GF as suitable electrode materials
for energy storage device applications.

Experiments details
Materials synthesis
Synthesis of NiCoMn-TH via co-precipitation method

The pristine nickel-cobalt-manganese ternary hydroxide
(NiCoMn-TH) was synthesized via the co-precipitation of
equimolar quantity (3 mmol) of nickel nitrate hexahydrate
(Ni(NO3),-6H,0; 548,109 mg), Cobalt nitrate hexahydrate
(Co(NOy),-6H,0; 548,829 mg) and manganese nitrate tet-
rahydrate (Mn(NO;),-4H,0; 536,85 mg). Initially, the three
chemical solutions were dripped into a beaker filled with
100 ml of deionized (DI) water and then stirred for about
30 min at 40 °C. Whilst stirring, 14 ml of 1 M NaOH was
added dropwise to preserve a pH of 10 needed for polariza-
tion. Thereafter, the mixture was allowed to further stir for
2 h at the same temperature (40 °C). The resulting greyish
precipitate was left to cool down naturally. The recovered
sample was centrifuged, washed with DI water and ethanol
until neutral. The final product was dried in an oven at 60 °C
for 24 h.
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Graphene foam (GF) synthesis

The GF was synthesised via a chemical vapour deposition
technique (CVD). The procedure started by placing a poly-
crystalline Ni foam (3D scaffold template) template at the
centre of the quartz tube. The Ni foam was then annealed for
an hour at 1000 °C at a ramping rate of 2 °C min~! with a
combination of argon (Ar: 300 Sccm) and hydrogen (H,: 200
Sccm). Methane gas (CH,) was used as a source of carbon.
The methane was flown through the tube reaction vessel
during the last 10 min of the annealing process at the same
1000 °C at 10 sccm. This resulted in deposits of graphene
on the nickel foam sheet, and the sample was quickly cooled
by moving the tube at a cooler furnace section. To extract
the GF, the sample was submerged in a 3 M HCl solution
heated to 80 °C for 84 h to ensure a complete etching of the
supporting nickel structure. Once the nickel was completely
etched out, the recovered GF was cleaned multiple times
with deionized water till the acid was drained and dried in
an electric oven at 60 °C. Figure 1 shows a plot of Raman
and XRD analysis, respectively, for the obtained GF. The
Raman spectrum in Fig. la indicates the GF is formed by
a few layers of graphene sheets, with two main peaks cor-
responding to G and 2D modes of typical graphene material.
The observed symmetric shape/higher intensity of the 2D
peak in relation to the G peak is evident of few layers and
high crystalline graphene. Figure 1b shows the XRD pattern
of the GF, indicating diffraction peaks at around 26=31 and
64.5°, which correspond to the 002 and 004 reflections of
hexagonal graphite, respectively. The XRD pattern displays
no peaks that could be attributed to Ni, indicating the suc-
cessful etching of Ni from the GF [26].

NiCoMn-TH/GF synthesis
via a Co-precipitation-hydrothermal method

The NiCoMn-TH/GF was produced via a co-precipitation-
hydrothermal method. A schematic description of the syn-
thesis of NiCoMn-TH/GF is shown in Scheme 1.

Initially, GF in a quantity of 100 mg was immersed in
100 ml of deionised water using an ultra-sonicator for 72 h
at room temperature. Then 3 mmol of each cobalt nitrate
hexahydrate (Co(NO;),-6H,0; 548.829 mg), nickel nitrate
hexahydrate (Ni(NO;),*6H,0; 548.109 mg), and manganese
nitrate tetrahydrate (Mn(NO;),-4H,0; 536.85 mg) were
added to the GF dispersed in water and stirred at 200 rpm
at a temperature of 40 °C. Droplets of 1 M NaOH (14 ml)
were added to the mixture to preserve a pH of 10 required
for polarisation after 30 min of magnetic stirring. The rea-
gents were then kept at 40 °C for 2 h upon magnetic stir-
ring. Thereafter, the product was moved into a stainless-
steel Teflon-lined sealed autoclave and heated at 150 °C
for 4 h. Lastly, the NiCoMn-TH/100 mg GF composite was
exposed to air to cool to room temperature, rinsed with
deionised water, and dried overnight at 60 °C. The synthesis
of NiCoMn-TH/150 mg GF, NiCoMn-TH/200 mg GF, and
NiCoMn-TH/250 mg GF composites were preceded in the
same manner by varying the amount of graphene foam to
150 mg, 200 mg, and 250 mg, respectively.

Synthesis of cocoa pod waste derived activated carbon

The cocoa pod waste was obtained from a farmland disposal
site. To produce the activated carbon, the pods were initially
washed thoroughly using acetone and deionized water to
remove the sand impurities and then dried for 24 h at a tem-
perature of 60 °C. The washed and dried pods were cut into
smaller pieces. Afterward, the raw material in a quantity of
10 g was soaked in a 100 ml 0.056 M sulphuric acid solu-
tion. The mixture was moved to a 100 ml sealed autoclave
unit and heated up in an oven at a temperature of 160 °C for
12 h. The recovered product was allowed to cool down natu-
rally to ambient temperature, washed, and dried for two days
at 80 °C. The dried material was then mixed in a mass of
ratio 1:1 with potassium hydroxide pellet in an agate mortar
before being cautiously positioned inside a horizontal quartz
tube furnace for further carbonization and activation. The
process was carried out at 600 °C for a period of 1 h with a
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Scheme 1 Schematic of the synthesis route of NiCoMn-TH/GF composite

continuous flow of argon at 300 sccm using 5 °C min~! as

the ramping rate. The recovered substance was then treated
with 3 M HCl and deionized water till reaching a neutral pH
point. The finished product was rinsed with deionized water
and dried in a furnace for 24 h at 60 °C.

Samples characterization

SEM images, as well as the EDX spectra of the samples
in this study, were acquired by a Zeiss Ultra Plus 55 field
emission scanning electron microscope (FE-SEM). The
instrument was powered at 1.0 kV and fitted with an energy-
dispersive X-ray spectrometer. TEM analysis was conducted
on a JEOL JEM-2100F microscope with a field-emission
gun at 200 kV. A theta/2theta-geometry XPERT PRO dif-
fractometer (PANalytical BV, Netherlands), using a cobalt
tube at 35 kV and 50 mA XRD was utilised to identify the
synthesized materials phase and crystal structure. The sam-
ples Raman analysis was performed with a WITec confocal
Raman microscope (WITec alpha 300 RAS +, Ulm, Ger-
many) with a laser wavelength of 523 nm, laser power of 4
mW, and spectral acquisition time of 120 s. A NOVA-touch
LX? Quanta chrome was utilised to study the samples’ sur-
face area and pore size distribution (PSD). This analysis was
performed after pre-degassing the samples under vacuum
for 18 h at a temperature of 100 °C. The instrument was
programmed with the BET method for the measurement of
the specific surface area derived from the absorption/adsorp-
tion isotherms with the relative pressure (P/Po) ranging from
0.01 to 0.2. The pore size distribution was evaluated using
the discrete Fourier transform (DFT) method.
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Samples’ electrochemical analysis

To manufacture the electrodes, the active materials were
mixed with polyvinylidene difluoride (PVDF) added as the
binder and conductive carbon acetylene black (CAB) to
compensate for the conductivity lost by adding the binder.
The mixture was composed of 80 wt% of active mate-
rial, 10 wt% of CAB, and 10 wt% of PVDF. N-methyl-
2-pyrrolidone (NMP) solvent droplets were then added
to the mixture, muddled together, and mixed evenly to
make a paste. Afterwards, the mixture was pasted on a
1 x 1 cm? cleaned Ni foam surface used as a current collec-
tor and then place to dry overnight in an electric furnace at
60 °C. The electrodes electrochemical performances were
then analysed using the EC-Lab ® V11.33 software Bio-
Logic VMP300 potentiostat (Knoxville TN 37.930, USA)
in a three-electrode measurement setup. On the setup, the
counter electrode used was glassy carbon, the reference
electrode was Ag/AgCl, and the working electrode was the
synthesised materials. The analysis was carried out with
potassium hydroxide as the electrolyte having a concentra-
tion of 1 M at 25 °C. The active materials’ masses pasted
on the electrodes were in the range of 2.0-2.4 mg cm™2 for
the pristine and all composite materials. The CV meas-
urements of the samples were performed at various scan
rates (mV s™') in a working potential ranging from 0.0 to
0.5 V against the reference electrode. The GCD analysis
was performed at specific currents varying from 1 to 10 A
g~ ! with operating potential ranging from 0.0 to 0.5 V. The
samples EIS was controlled by the open-circuit potential at
frequencies ranging from 10 MHz to 100 kHz. Using the
GCD Curves, the specific capacity (Q,) and the Coulombic
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efficiency of the single electrode materials was determined
using Eqgs. 1 to 8 [18]:

0, =1t/3.6m, (1)

Q, is the specific discharge capacity (mAh g™'); I is the
applied current (A); ¢ is the discharge time (s)); and m is the
active material mass (g)).

_ b
g, = E x 100, )
g, is the columbic efficiencys; fp, is the discharge time and ¢
is the charge time.

The asymmetric device’s specific capacity (Q,) was also
determined with Eq. 1 using the two-electrode discharge
curves. Using the slope of the discharge pattern, the spe-
cific energy and power based on the specific current were
calculated using the relations:

E,= I/3.6m/ vdt, 3)

Ey is the specific energy (Wh kg™"); V is the operating
potential window (V); I is the discharge current (A); m is
the total mass loading of both electrodes active materials in
grams (g); t is the electrode discharge time (s)) and

P, =3.6xE,/At, @)

P, is the specific power density (kW kg™'); At is the dis-
charge time (s).

The fabricated hybrid device charges were balanced on
the positive and negative electrodes using the equation [19]:

0,=0.. 6))

The positive electrode was made of faradic material,
while the negative electrode was made of the carbon-based
material. Therefore, the stored charges could be written as:

3.6x0,xm=C;xmxAV, (6)

Q is the specific capacity of the positive electrode
(mAh g — 1);C, is the negative electrode specific capacitance
(F g'l); m is the mass of active material (g) and AV is the
potential window (V).

The masses could then be determined, as displayed in
Eqgs. 7 and 8.

3.6xQ, xm, =C,_xm_xAV_, @)
m, C,_xAV_
— =0 ®)
m_ 3.6xQ,,

Results and discussion
Physical characterization of the materials

The SEM images of the as-prepared samples are shown in
Fig. 2. Figure 2a displays an agglomerate flake-like surface
representing the NiCoM-TH pristine. Figure 2b—e displays
the NiCoM-TH/GF composites with mass loading rang-
ing from 100 to 250 mg. All figures display an agglom-
eration of NiCoMn-TH particles on top of the graphene
foam. However, Fig. 2d shows the NiCoMnTH/200 mg GF
composite with particles appearing to garnish and evenly
cover the carbon sheets reducing the self-aggregation of
the NiCoMn-TH particles.

Figure 3 illustrates the TEM results obtained for the dif-
ferent samples studied. Figure 3a displays the NiCoMn-TH
pristine nanoparticles whereby single are particles stacked
together. This phenomenon complements the argument on
agglomerated flake-like structures observed with the SEM
in Fig. 2a. Figure 3b displays the NiCoMn-TH/100 mg GF
where the NiCoMn-TH particles and the GF could be dis-
tinguished from one another with the NiCoMn-TH parti-
cles agglomerating as noticed with the SEM. Figure 3c
representing the NiCoMn-TH/150 mg GF composite illus-
trates more or less the same morphology as Fig. 3b with a
poor distribution of the NiCoMn-TH nanoparticles on the
graphene foam.

Additionally, the graphene foam seems to aggregate
with the sheets restacking on themselves. Figure 3d dis-
plays the NiCoMn-TH/200 mg GF composite TEM image,
where single NiCoMn-TH particles and a graphene layer
could be seen to interact closely. This behaviour confirms
the excellent distribution of the NiCoMn-TH on the gra-
phene foam particles as noticed on the SEM in Fig. 2d.
Figure 3e demonstrates the restacking of the NiCoMn-TH
nanoparticles illustrated with the SEM analysis of the
same material.

The sample EDX analysis results are illustrated in
Fig. 4. Figure 4 proves the presence of Nickel, cobalt,
and manganese components within all the various mate-
rials. These elements are depicted via their respective
spectrums and weight percentage. The weight percent-
age of the material indicates the 1:1:1 ratio of the Nickel,
cobalt, and manganese content within the material with the
metal hydroxides having equal molarity as mentioned in
the material synthesis. Figure 4 also displays the carbon
spectrum in all the composites materials. The percent-
age of carbon is seen to increase as the graphene foam
amount within the composite is increased from 100 to
250 mg with the highest carbon peak spectrum observed
for the NiCoMn-TH/250 mg composite. Figure 5 is a dis-
play of EDX mapping for the materials. The figure shows
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Fig.2 SEM images of a
NiCoMn-TH (pristine), b
NiCoMn-TH/100 mg GF, ¢
NiCoMn-TH/150 mg GF, d
NiCoMn-TH/200 mg GF, and e
NiCoMn-TH/250 mg GF

200 nm

the elemental distribution of the NiCoMn-TH (pristine),
NiCoMn-TH/100 mg GF, NiCoMn-TH/150 mg GF,
NiCoMn-TH/200 mg GF, and NiCoMn-TH/250 mg GF
composites as observed in Fig. 5a—e, respectively. It is
observed that the Ni, Co, and Mn elements are uniformly
distributed throughout the interconnected porous carbon
structure. This suggests that the agglomerated nanopar-
ticles were composed of NiO, CoO and MnO embedded
into the GF matrix.

The Raman spectra for the pristine and all the compos-
ites are displayed in Fig. 6a. Figure 6a illustrates the modes
characterising brucite-type hydroxides such as Ni(OH),
and Co(OH), ranging from 310 to 530 cm™" as previously
reported for NiCoMnO composites [20]. The CoOH and
Co(OH), Raman modes could also be identified for all the
samples at 557 and 641 cm™!, respectively [20]. The vibra-
tion mode noticed at about 625 cm ~! for all the samples is
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in complete agreement with the previous peaks (500, 518,
590) displaying the significant vibrational features of MnO,
[21, 22]. The GF-based composites exhibit typical carbon
materials bands, D, G, and 2D bands at about 1370 cm™,
1640 cm™!, and 2790 cm™!, respectively [20]. It also reveals
that the NiCoMn-TH/200 mg GF is formed with few-layer
graphene sheets with more pronounced G and 2D peaks
characteristic to a graphene material. Additionally, the
NiCoMn-TH/200 mg GF displays a pronounced G’ defect
peak, which could be accredited to the strong interaction of
the NiCoMn-TH nanoparticles with the GF material.

The powder X-ray spectroscopy data of the pristine as
well as all the composite materials are displayed in Fig. 6b.
The samples XRD spectra display characteristic diffraction
patterns of the Ni(OH),, Co(OH),, and Mn(OH),. These pat-
terns are logged in the inorganic crystal structure database
(ICSD) having ICSD card numbers of 28,101, 88,940, and



Materials for Renewable and Sustainable Energy (2021) 10:7

Page7of16 7

Fig.3 TEM micrographs of

a NiCoMn-TH (pristine), b
NiCoMn-TH/100 mg GF, ¢
NiCoMn-TH/150 mg GF, d
NiCoMn-TH/200 mg GF, and e
NiCoMn-TH/250 mg GF

JCPDS no. 73-1604 standards for Ni(OH),, Co(OH),, and
Mn(OH), materials, respectively. The NiCoMn-TH key dif-
fraction peaks at 26 of 11.1° (003), 22.2° (006), 33.5° (101),
34.1° (012), 38.4° (015), 45.3° (018), 59.5° (110), and 60.8°
(113) were also detected [23]. The GF presence in the com-
posite materials could be depicted with the presence of the
hexagonal graphite diffraction peak (002) at 26 of approxi-
mately 27°. It can be noticed that this spectrum is highly
pronounced for the composite NiCoMn-TH/200 mg GF. The
narrow and strong diffraction peaks indicate a good crystal-
linity of the materials [24].

Figure 7a shows type IV isotherm having an H3 hyster-
esis loop for all the synthesised materials, and with a higher
absorbed volume (cc g~1) for the NiCoMn-TH/200 mg GF sug-
gesting a greater porosity of the material as compared to the
pristine and other composites [25]. The BET specific surface
areas (SSA) recorded for NiCoMn-TH, NiCoMn-TH/100 mg
GF, NiCoMn-TH/150 mg GF, NiCoMn-TH/200 mg GF, and
NiCoMn-TH/250 mg GF were 16.34 m? g~!, 52.02 m* g™/,
49.78 m* g7!, 63.45 m*> g7!, and 32.67 m* g7, respectively.

The higher pore volume recorded for the NiCoMn-TH/200 mg
GF sample is supported by the larger specific surface area in
comparison to the rest of the materials and its superior pore
size distribution (PSD) displayed in Fig. 7b. The materials
surface area features may also be related to the morphological
traits (TEM and SEM) reported earlier whereby a flake-like,
agglomerated morphology was shown with the NiCoMn-TH
material opposite to the non-agglomerated layered sheet-like
particle morphology of the NiCoMn-TH/200 mg GF. An
average pore volume of ~0.05, 0.15, 0.10, 0.15, 0.08 cm’ g_1
was evaluated for the NiCoMn-TH, NiCoMn-TH/100 mg
GF, NiCoMn-TH/150 mg GF, NiCoMn-TH/200 mg GF, and
NiCoMn-TH/250 mg GF, respectively.

Electrochemical analysis
Three-electrode measurements

Figure 8a illustrates the pristine and all composites’ CV
patterns ran at a scan rate of 20 mV s~!. The pristine
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Fig.4 EDX elemental composition of NiCoMn-TH (pristine), NiCoMn TH/100 mg GF, NiCoMn-TH/150 mg GF, NiCoMn-TH/200 mg GF, and

NiCoMn-TH/250 mg

(NiCoMn-TH) appears to have a slightly different shape as
compared to all the composites. The NiCoMn-TH/200 mg
CV seemed to have a more pronounced shape with a higher
current response indicating much better redox reactions
as compared to the other samples. Fascinatingly, the sur-
face of the composite sample can be expected to have a
good electrical conductivity due to the excellent electri-
cal conductivity of GF, compared to that of the pristine
material [26]. It is suggested that the NiCoMn-TH/200 mg
GF composite has an enhanced bounding of electrons
between the redox sites. The graphene foam nanosheets,
which improves the porosity of the material, contributes
to a higher transport of charges [26], improves capacitance
and enhances electrostatic charge storage of the electrode.
Besides, such electrode utilizes the GF’s natural light-
weight, elasticity alongside its mechanical strength [26].
The higher current response observed in Fig. 8a could also
be related to the higher specific capacity for the NiCoMn-
TH/200 mg as compared to the pristine and other compos-
ites. The oxidations and reductions peaks are principally
caused by the electrode materials. The distinguished Fara-
daic reactions peaks illustrated on the CV curves in Fig. 8a
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could be associated with the anodic and cathodic peaks,
respectively occurring during the charge—discharge [6].
These redox reactions are suggested as follow:

Co(OH), + OH"=CoOOH + H,0 +e”, (10)
Ni(OH), + OH"=NiOOH + H,O +e, (10)
Mn(OH), + OH"=MnOOH + H,O +e, (11)
MnOOH + OH =MnO, + H,0 +e¢7,

CoOOH + OH™ =Co0, + H,0 + €7, (13)

Figure 8b illustrates the GCD patterns of the NiCoMn-
TH, NiCoMn-TH/100 mg GF, NiCoMn-TH/150 mg
GF, NiCoMn-TH/200 mg GF, NiCoMn-TH/250 mg GF
materials at different specific currents delimited with a
potential range varying from O to 0.5 V, respectively. The
electrode materials Faradaic properties observed in the
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Fig.5 EDX mapping of a NiCoMn-TH (pristine), b NiCoMn TH/100 mg GF, ¢ NiCoMn-TH/150 mg GF, d NiCoMn-TH/200 mg GF, and e

NiCoMn-TH/250 mg, respectively

CV patterns are confirmed by the non-linear GCD pat-
tern having noticeable plateaus. The patterns also display
higher discharge times for the NiCoMn-TH/200 mg GF in
comparison with the other samples. Figure 8c illustrates
the Nyquist impedance plots for the as-prepared materi-
als. This measurement was assessed at a potential of 0.0 V
and frequencies varying from 10 MHz to 100 kHz. The
low-frequency region displayed a semicircle for the pris-
tine and all the composites. These semicircles occur as
a result of high resistance in electron transfer from the
electrode material to the electrolyte [6]. The NiCoMn-
TH/200 mg GF semicircle curvature could be seen to be

less pronounced as compared to the other electrodes indi-
cating its lower electron transfer resistance.

From Fig. 8c, it could also be seen that the diffusion
path length which provides information regarding the
electrochemical conductivity of the material appears to be
shorter and nearer to the ideal vertical line for the NiCoMn-
TH/200 mg GF composite. The NiCoMn-TH/200 mg GF
composite electrode as observed in the inset to Fig. 8c,
showed the lowest values for equivalent series resistance,
R, as well as the charge transfer resistance, R . The com-
posite electrode material, which combines the cutting-edge
mechanical and electrical properties of conventional 2D
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Fig.6 a Raman spectra, and b
XRD patterns of as-synthesised
samples, respectively

Fig.7 a N, adsorption—desorp-
tion isotherms, and b pore size
distribution of as-synthesised
samples
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graphene along with the properties of metallic foam, thus
capable of providing high conductivity, excellent strength
and flexibility. The GF’s unique structure in the material
opens up the potential to store huge sums of energy, thus
the enhanced electrochemical performances [26]. Figure 8d
illustrates the plot of the electrical series resistance (ESR),

jllate ¢llodl ay .
des Shevis @) Springer

0 12 3 456 7 8
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08 1,0

which are the Nyquist plot’s x-intercept values. These values
also provide information related to the electrolyte/solution
resistance (R, values). The low NiCoMn-TH/200 mg GF Rs
value and its shorter diffusion path length demonstrate that is
the most electrochemically conductive material as compared
to the other electrode materials.
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Fig.8 a CV patterns at 20 mV s~!, b GCD patterns at 1 A g~!, ¢ EIS Nyquist plot, with the inset showing low-frequency region, d equivalent
series resistance versus graphene foam mass loading, and e specific capacity versus specific current of different samples

Figure 8e displays the evaluated specific capacities of the
as-prepared nanomaterials as a function of their specific cur-
rents. Despite a low decrease of specific capacities as the
current density is increased, all the materials retained most
of their specific capacities (e.g. the specific capacity of the
NiCoMn-TH/200 mg GF at 10 A g~! has a value of 120.1
mAh g™!). The slight drop of the specific capacity is sug-
gested to occur due to shorter interactions time between the
electrolyte and the material when higher current densities
are applied [24].

Driven by the exceptional electrochemical properties
of the NiCoMn-TH/200 mg GF as compared to the pris-
tine and the other composites displayed in Fig. 8, further

electrochemical tests were done on the NiCoMn-TH/200 mg
GF electrode material to have a better understanding of its
behaviour. Figure 9a and b illustrate CV and GCD curves
of the NiCoMn-TH/200 mg GF (composite with improved
electrochemical performances) composite, respectively at
different scan rates and specific currents. Figure 9 displays
non-linear patterns for the CV and GCD as well as oxidation
and reduction peaks at approximately 0.3 V and 0.45 V on
the CV curves. As the scan rate values are increased, Fig. 9a
illustrates that the oxidation—reduction peaks tend to be non-
visible. These peaks at the anodes and cathodes are sug-
gested to originate from the reversible redox Faradaic reac-
tion of an assorted composition made of Ni**, Ni**, Co’*,
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Co**, Mn*, and Mn*" emphasising the materials Faradaic
behaviour [27, 28]. Figure 9b also displays prominent pla-
teaus on the GCD complementing the Faradaic behaviour
displayed with the peaks observed on the CV [28]. These
oxidation and reduction peaks are noticed to be more pro-
nounced at lower specific currents [6].

Two-electrode measurement

Encouraged by the improved electrochemical properties of
the synthesised NiCoMn-TH/200 mg GF composite as illus-
trated earlier, an asymmetric hybrid device was assembled.
Cocoa shell-derived activated carbon (CSDAC) which is
being studied in detail for electrochemical properties in our
research group was utilised as the negative electrode while
NiCoMn-TH/200 mg GF was used as the positive electrode
of the device. The NiCoMn-TH/200 mg GF//CSDAC device
total mass balance ratio was determined with Eq. (8) to be
1-2.1. An effective mass loading of the electrodes was then
determined to be approximately 2 mg cm™~2 for the NiCoMn-
TH/200 mg GF and 4.2 mg cm™2 for the CSDAC making an
overall mass of the electrode materials equivalent to 6.2 mg
per cm?. The device’s electrodes were manufactured, as
stated previously in the experimental procedure. The tests
were completed in a Two-electrode setup made of a 1 M
KOH electrolyte, a standard 2032 grade coin cell used as the
casing, and a Watman Celgard paper used as the separator.
Figure 10a displays the individual CV patterns for the
NiCoMn-TH/200 mg and the CSDAC electrodes measured
in their respective steady potential ranges of —0.9to O V for
the negative electrode and 0-0.5 V for the positive electrode
both at a scan rate of 20 mV s~!. Figure 10b reveals the CV
patterns of the full devices ran at several scan rates within a
cell potential of 1.6 V. It appears that the constant shape of
the device at several scan rates indicates no decay of capac-
ity. This indicates a rapid mechanism of ion transport and
excellent rate capability [29]. According to the individual
potential windows, the device’ maximum voltage should be
approximated to 1.5 V. It was observed that the compat-
ibility of the two electrodes enabled the device to operate
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at 1.6 V which is beyond its theoretical maximum potential
window. Figure 10b also illustrates the CV patterns display-
ing the merging of both EDLC and Faradaic mechanisms of
charge storage taking place in the assembled device with an
extended voltage in aqueous electrolyte.

Figure 10c illustrates the GCD patterns of the assembled
NiCoMn-TH/200 mg GF//CSDAC SC device at several spe-
cific currents in a Two-electrode setup. The distinct curves
display a plateau (non-linear charge—discharge curves)
which agrees with the Faradaic particularities detected in the
CV curves of the device. Figure 10d illustrates the device-
determined specific capacities at diverse specific currents.
The highest specific capacity obtained with the device was
approximately 23.4 mAh g™ at 0.5 A g~!. The device sus-
taining specific power and energy values of 439.7 W kg™!
and 22.32 Wh kg~! are also illustrated in Fig. 10e. These
results could be well related to those previously reported by
others working with similar materials. For example, Oye-
dotun et al. [6] reported a specific energy of 23.5 Wh kg~!
and power of 427 W kg~! for a NiCoMn-TH/AEG//C-FPS
device at 1 A g~!; Chen et al. [31] reported a Co,P nano-
structure//graphene device with 8.8 Wh kg™ at a power den-
sity of 6000 W kg~! at 1 A g~!; Zhao et al. [32] assembled
a Co(OH),/GNS//AC/CFP device with an energy density
of 19.3 Wh kg~! at a power density of 187.5 Wkg™!, and a
current density of 0.25 A g~ and Singh et al. [33] assembled
a NiCoMn-LDH (10%)//rGO device with an energy density
of 57.4 Wh kg~! at a power density of 749.9 W kg~!. The
negative electrode material is an agricultural biomass waste
representing a novel carbon source. This material makes
part of the uniqueness of the study. The biomass waste was
reused and transformed into a high-quality carbon material
promoting the manufacture of a sustainable device having
outstanding electrochemical properties.

A plot of the device Coulombic efficiency, together with
capacity retention, could be seen in Fig. 10f. The figure
illustrates the device’s outstanding Coulombic efficiency of
99.9% and capacity retention of 80% at 3 A g~! after 15,000
cycles. This exceptional performance could be assigned
to the mechanical strength of the porous graphene foam
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Fig.10 a CV curves at 20 mV s~ of the positive and negative elec-
trodes, b device’s CV curves at different scan rates, ¢ device’s GCD
curves at different specific currents, d device’s specific capacity ver-

nanosheet acting as a structural backbone for the NiCoMn-
TH nanoparticles and enabling an exceptional cyclability
[26]. Figure 10g illustrates the floating test (voltage holding
test) performed by holding the cell at its peak potential of
1.6 V for a 10 h period. The device was then set to perform

sus specific current, e device’s Ragone plot, f device’s capacity reten-
tion and Coulombic efficiency, and g device’s voltage holding

GCD cycles at 3 A g~!. This cycle was repeated for up to
9 series. The device capacity was then determined for each
10 h interval over the entire period. After a slight increase
and minor reduction of the device’ specific capacity during
the first 30 h of the test, the device constantly maintained a
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specific capacity of 9.74 mAh g~! after 90 h as illustrated
in Fig. 10g.

Figure 11a displays the device cyclic voltammetry curve
before and after stability as well as voltage holding. The
CV curve appears to maintain its shape after the stability
cycles. It could also be observed that the CV became more
pseudocapacitive after voltage holding. However, the current
response is seen to reduce after both tests. The observation
is similar to the CD patterns, as illustrated in Fig. 11b. The
figure displays a reduced discharge time for both the post
cycling stability and voltage holding tests with the post volt-
age holding test GCD being closer to an EDLC. Despite a
lower specific capacity after the stability tests, the device
displayed improvement on the pronounced redox peaks that
were visible for the pristine sample on the three-electrode
measurement. The enhanced linearity of the curves could be
ascribed to a better polarity of the electrode within the cell.
This is the result of greater accessibility of the electrolyte
ions to pores that were unreachable before the floating test
(30]

Figure 11c illustrates the device EIS Nyquist plot before
and after stability and voltage holding. The plot examined
the diffusion kinetics of the electrode surface. The recorded
R, values before and after 15,000 cycling 0.9 Q, 0.5 Q,
respectively. The R value after a 90-h floating test is 1.7
Q. The device displayed no distinct semicircle in the low-
frequency region for the curve after the 15,000 cycle’s sta-
bility test as well as the 90 h floating test. The semicircle is
an indication of very a little charge transfer resistance and
quick mass transport between its electrodes and the electro-
lyte after both tests [24].
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Conclusion

The synthesis of a ternary metal hydroxide made from
Nickel, cobalt, and manganese hydroxides was achieved
via a co-precipitation method. Its composites made of gra-
phene foam were then successfully synthesised via a cost-
efficient co-precipitation-hydrothermal method resulting in
a NiCoMn-TH/GF composite with improved electrochemical
performances. Following a variation of GF mass, the optimal
NiCoMnTH graphene foam composite was obtained with the
NiCoMn-TH/200 mg GF. This composite displayed a spe-
cific capacity of 178.6 mAh g~! in 1 M KOH when measured
in a three-electrode configuration. This value was found to
be higher than the pristine (NiCoMn-TH) having a specific
capacity of 76.2 mAh g~!, the NiCoMn TH/100 mg GF: 38.1
mAh g7!, the NiCoMn TH/150 mg GF: 26.4 mAh g~! and
the NiCoMn TH/250 mg GF: 7.4 mAh g~! when ran in the
same configuration with the same parameters. An assembled
asymmetric NiCoMn-TH/200mgGF//CSDAC device exhib-
ited a sustaining specific capacity of 23.4 mAh g~' at 0.5 A
g~ L. The device demonstrated a satisfying specific power and
energy densities of values 22.3 Wh kg~! and 439.7 W kg~!,
respectively. It also displayed outstanding cycling stability
with a Coulombic efficiency of 99.9% and capacity retention
of 80% after a cycling test of up to 15,000 cycles within an
operating potential of 1.6 Vata3 A g™\,
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