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ABSTRACT

This study describes a modified low temperature gel-method for production of low cost mixed-
metal hydroxides/carbon composites electrode materials via a simple and cost-effective stirring
technique. A ternary metal hydroxide of nickel, cobalt, and manganese (NiCoMn-TH) combined
with activated expanded graphite (AEG) as composite electrode material (NiCoMn-TH/AEG)
provided a maximum specific capacity of 116.81 mAh g at a specific current of 0.5 A g,
measured in a three-electrode configuration in 1 M KOH aqueous electrolyte. Electrochemical
measurements of the NiCoMn-TH/AEG composite material and a sulphur-doped carbonized iron
PANI (CFP-S) negative electrode assembled as an asymmetric supercapacitor (SC), delivered a
high energy density of 23.5 Wh kg™ corresponding to a power density of 427 W kg at 0.5 A gl
Interestingly, the assembled asymmetric SC, NiCoMn-TH/AEG//CFP-S gained about 68.4% of
its initial specific capacitance corresponding to an energy density of ~ 31.8 Wh kg™! resulting in a
power density of 530.1 W kg! over a floating test of 120 h at a specific current of 1 A g'!. These
excellent results suggest that this composite material possesses satisfactory potential for high

efficient electrode for supercapacitor applications.
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1. INTRODUCTION

The increasingly degenerating environment due to pollution coupled with the shortage of fossil
fuels has become a global menace for mankind as a result of global economy rapid
developments. Consequently, modern researches into developing more efficient green power
sources need to be given more attention so as to totally replace the traditional fossil fuels [1-3].
Wind, solar as well as tidal energy are good alternatives owing to their replenishability and low
level of pollution but are nevertheless restricted by their intermittency and poor storage
performance [4]. Electrochemical energy storage devices such as supercapacitors and batteries

provide a practical approach to storing electric energy through these sources [5—7].

In recent times, researchers have strived to find answers to energy storage problems such as
batteries and capacitors, which are able to match with the current rate of electronic component
evolution. Regrettably, we have found ourselves in the situation that a huge amount of energy

can be stored in particular types of devices such as batteries, but those devices are too big, heavy,



and charge and release the stored energy somewhat slowly. Supercapacitors, an alternative
device to batteries, can be charged and release energy very quickly, but hold far much less

energy compared to a battery.

Supercapacitors operate electrostatically, rather than batteries that operate based on reversible
chemical reactions. Theoretically, supercapacitors are charged and discharged in a number of
times. The little or negligible internal resistance they possess allows them store and discharge

energy with no much energy usage, and can operate at an efficiency near a hundred percent.

A supercapacitor is a high power capability electrochemical capacitor having values of
capacitance far higher compared to the traditional capacitors. It bridges the gap between
rechargeable batteries and electrolytic capacitors. They are typically able to store ten to a
hundred times more energy per unit volume per mass compared to their electrolytic counterpart.
They receive and release charge far quicker, and can endure a larger number of charge and
discharge cycles than the rechargeable batteries. For a given charge, supercapacitors are

nevertheless, far bigger than conventional batteries [8].

Supercapacitors are adopted in various applications. These include applications demanding swift
charge-discharge cycles rather than long-term compact energy storage such as in cars, elevators,
cranes, buses, and trains, in which they are employed for regenerative braking system, short-term

energy storage and/or burst-mode power delivery [8-9].

Supercapacitors’ properties arise through the interactions of internal materials with which they
were made. Mostly, the nature of electrolytes and electrode materials’ combination dictate their
functionality, thermal and electrical characteristics. Numerous advantages have made

supercapacitors to be applicable in consumer electronics, stationary applications to
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electric/hybrid electric vehicles [9]. The various electrode materials used in supercapacitors
range from metal oxides, metal chalcogenides, metal hydroxides, polymers and carbon-based
materials [10]. These individual elements exhibit limited electrochemical performance due to
their intrinsic material properties. To improve their supercapacitive performance, various
researchers have put considerable efforts on the generation of composite nanomaterials
comprising of two or more of the individual elements [11]. Thus, the resulting composite
possesses synergistic properties of both elements and this can yield better electrochemical
performance. To be specific, metal oxide/carbon composites have shown great potential in high-

performance supercapacitors [11-13].

Since metal oxides/hydroxides suffer poor conductivities, the presence of carbon in composite of
the materials serves a role of improving their electrical conductivity as well as the cycle stability
and hence, impacting on their supercapacitive performance. Therefore, a combination of novel
nanoscale materials properties to realize improved energy capability of supercapacitor is urgently
required. In order to achieve this goal, a hybrid supercapacitor that utilizes one electrode (such as
the NiCoMn-TH) that has high 1on kinetics and activated carbon (such as the AEG) as the other
which has got high contact area with electrolytes is required. A hybrid supercapacitor integrates
the behaviours/features of a traditional supercapacitor with those of rechargeable battery and is

thus, capable of enhanced electrochemical performance.

Herein, we recount the synthesis, characterization and electrochemical investigations of as-
synthesized NiCoMn-ternary hydroxide (NiCoMn-TH) and its composites of activated carbon
(NiCoMn-TH/AC), activated expanded graphite (NiCoMn-TH/AEG), graphene foam (NiCoMn-
TH/GF), and graphene oxide (NiCoMn-TH/GO) materials via simple and cost-effective low

temperature stirring technique. The AEG used in this study was selected based on its unique



interconnected sheet-like morphology cum high specific surface area (457 m? g!) [4]. The
NiCoMn-TH/AEG composite electrode material showed enhanced electrochemical performance
compared to the NiCoMn-TH material. It also displayed a maximum specific capacity of 116.81
mAh g! compared to the other materials, at a specific current of 0.5 A g’! measured in a three-
electrode set-up utilizing 1 M KOH aqueous electrolyte. An assembled asymmetric NiCoMn-
TH/AEG//CFP-S supercapacitor demonstrated a satisfying energy density of 23.5 Wh kg™! giving
rise to a power density of 427 W kg™ in 1 M KOH aqueous electrolyte at 0.5 A g!, alongside an
excellent stability over 10000 cycles at 6 A g™!. The device displays an outstanding improvement
over a floating test of about 120 h. This excellent performance is ascribed to the AEG nanosheets
material’s unique porous and interconnected morphology that is able to ease a speedy charge

diffusion mechanism.

2. EXPERIMENTAL DETAILS

2.1. Preparation of AC, GF, GO, AEG and NiCoMn-TH nanomaterials

A polymer-derived activated carbon used in this study was synthesized by dissolving a mass of
GO (200 mg) in 50 mL of a mixture of polyvinyl acetate (PVA) and deionized water (DI). The
resulting solution was stirred for about 15 min and then poured into a Teflon-lined autoclave for
a hydrothermal process at 180 °C for 14 h. The resulting sample was washed and dried, and
subsequently, 1 g of the sample muddled with KOH pellets (2 g) and activated at 700 °C for 2 h
in a mixture of argon and nitrogen gases. The recovered activated carbon (AC) was washed and
dried overnight in an electric oven.

The graphene foam (GF) adopted in this study was prepared via the employment of an
atmospheric pressure chemical vapor deposition (APCVD) technique. A 3D-scaffold template of
polycrystalline nickel (Ni) foam which was set in an APCVD quartz tube. The Ni foam was first

annealed at a temperature of 1000 °C using both argon (Ar) and hydrogen (Hz) gasses at 300:200
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sccm for 1 h to remove dissolved contaminants from the material. Thereafter, methane (CHa4) gas
employed as the carbon source was flown through the reaction tube at the same temperature for
15 min, with flow rates of the three gasses being kept at 300:200:10 sccm for Ar, Ho, and CHa,
respectively. After the process, the resulting material was allowed to cool down naturally whilst
adjusting the reaction tube to a cooler end of the device to facilitate even carbon deposition on
the Ni foam. The recovered sample was then soaked in 120 mL of 3.5 M HCI aqueous solution
and heated up to 80 °C to completely etch the Ni supporting structure. Thereafter, the resulting
Ni foam template graphene foam was washed until neutral using deionized (DI) water and then
dried at 70 °C overnight in an electric oven.

The gel-like reduced graphene oxide (GO) used for the synthesis of the NiCoMn-TH/GO
composite was produced by adopting a modified Hummers method. Briefly, 3.0 g of KMnO4
alongside a 0.5 g of graphite powder were mixed together in a beaker of concentrated H2SO4 (60
mL). The beaker containing the mixture stirred for 5 min and then dipped into a silicone oil-bath
to maintain a uniform temperature throughout the process. Whilst stirring, 5 mL of H2O2 (30%)
was added to the mixture with subsequently addition of 50 mL deionized (DI) water. After
stirring for 3 h, the mixture was allowed to cool down naturally, re-dispersed in DI water and
then sonicated for 2 h for proper reduction of the sample. The recovered sample was centrifuged

and then dried overnight at 70 °C in an electric oven under ambient condition.

The activated expanded graphite (AEG) material used to synthesize NiCoMn-TH/AEG sample in
this study was synthesized as reported in our earlier publication [14] (more details in

Supplementary information).

The NiCoMn-ternary hydroxide (NiCoMn-TH) composite adopted in this study, was synthesized
by dissolving each of Mn(NO3)>-4H>0 (1.0 g), Ni(NO3)2-6H20 (1.0 g) and Co(NO3)2:6H>0 (1.0

g) separately in DI water (50 mL). Each of the three aqueous solutions was poured into a
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separate burette supported by a retort stand and then dropwise dripped simultaneously into a
beaker for co-precipitation. Thereafter, 14 mL of freshly prepared 1 M NaOH was added (in
drops) into the mixture whilst magnetic stirring at 40 °C. The NaOH was added to adjust the
mixture’s pH and influence a chemical reaction. The process was kept for a dwell time of
approximately 3 h and allowed to cool down to obtain the final gel-like precipitate. After
decantation, the recovered precipitate was washed two times with a 50/50 DI water/ethanol
mixture (to remove dissolved metallic impurities), centrifuged twice to remove any unreacted

reactants, and then transferred into an electric oven to dry overnight at 60 °C.

2.2. Synthesis of NiCoMn-ternary hydroxide/carbon-based materials composites

An optimized mass (33.5 mg) of each of AC, AEG, GF and GO was dissolved separately in a
beaker of 100 mL of DI water, and then sonicated until homogeneous. Each of aqueous solutions
of Mn(NOs3)24H20, Ni(NO3)2:6H20 and Co(NO3)2:6H>0 salts prepared by dissolving 1 g each
in 50 mL of DI water as mentioned in section 2.1, was poured into a separate burette mounted on
a retort stand. The separate burette-containing solutions were then dripped together into a beaker
containing the homogenized solution of each of the AC, AEG, GF and GO carbon materials for
co-precipitation, respectively. Afterwards, 1 M NaOH (14 mL) was added in drops, and stirred at
40 °C for 3 h. The recovered mixture was left standing overnight to settle down completely, and
later centrifuged and washed with deionised water and ethanol until it became neutral to litmus.
The recovered solid NiCoMn-TH/AC, NiCoMn-TH/AEG, NiCoMn-TH/GF and NiCoMn-

TH/GO precipitates were collected separately and dried in an oven at 60 °C for 12 h.

2.3. Synthesis of sulphur-doped carbonized iron-PANI (CFP-S) negative electrode material

The CFP-S material adopted in assembling the asymmetric NiCoMn-TH/AEG//CFP-S hybrid

supercapacitor in this work was synthesized by dissolving iron (III) nitrate nonahydrate salt (0.16



g) and sulphur powder (0.04 g) in absolute ethanol (50 mL) and stirred for 5 min for uniformity.
The sulphur powder was added to improve the material’s pseudocapacitive property. Thereafter,
0.0125 g of as-prepared polyaniline (PANI) (See supplementary information for synthesis of
PANI), 0.026 g carbon acetylene black (CB) together with 0.026 g PVDF were subsequently
added to the solution and then stirred for 2 min. The resulting mixture was sonicated until
homogeneous slurry was achieved. The mass of material precursors were cautiously chosen to
have an estimate weight ratio in the order of 8:1:1 for iron (III) nitrate salt/sulphur powder/PANI,
binding material (PVDF) and CB, respectively. The obtained fine slurry was pasted on a disc-
like nickel foam and then transferred into an atmospheric chemical vapour deposition (APCVD)
system for annealing at 850 °C for 2 h in N2> gas flow to enable iron cations adsorbed onto the Ni

foam supported sulphur-doped PANI material (CFP-S).

2.4. Characterization of as-synthesized composite materials

A Zeiss Ultra Plus 55 field emission scanning electron microscope (FE-SEM) at an operational
potential of 1.0 KV was employed to acquire the materials’ SEM micrographs. An EDX device
attached JEOL-2100F high-resolution transmission electron microscope (TEM FEI Tecnai-F30)
alongside a 200 KV acceleration voltage, was employed to analyze the elemental compositions
of the CFP-S material. The materials’ structural analysis (was achieved by adopting an XPERT-
PRO X-ray diffractometer (XRD) (PANalytical BV, Netherlands) having reflection geometry at
26 values (10-90°) alongside a step size of 0.01° and operating with a Cu Ka radiation source (4
=0.15418 nm) at 30 mA and 50 kV, respectively . A WITec alpha 300 RAS+ Confocal micro-
Raman microscope (Focus Innovations, Germany) with the laser wavelength set at 532 nm was
used to characterize the as-synthesized sample over a 150 s spectral acquisition time and laser

power of 3 mW on the sample to avoid sample heating. A thermogravimetric analyzer, DSC-



TGA SDT Q600 V20.9 Build 20 operated at temperatures between 20 °C and 1000 °C in air at a

ramping rate of 10 °C/min was employed to analyze the thermal stability of the samples.

2.5. Electrochemical characterization

The electrodes utilized in this research were fabricated by mixing 80 wt% of the active material,
with 10 wt% conductive acetylene black as a conducting agent alongside 10 wt% of PVDF
binder. The mixture was muddled together by adding some drops of N-methyl-2-pyrrolidone
(NMP) solvent and stirred uniformly to make slurry. The formed slurry was applied pasted onto
nickel foam (1 cm x 1 cm) adopted as current collector, and then dried overnight at 60 °C.
Electrochemicalperformance of the fabricated electrodes was examined by employing a Bio-
Logic VMP300 potentiostat (Knoxville TN 37,930, USA) guilded by the EC-Lab® V1.40
software via a three-electrode system of measurement. The electrochemical investigations were
done by adopting a glassy carbon as the counter electrode, Ag/AgCl as the reference electrode,
and the as-synthesized materials as the working electrodes. In this study, all investigations were
done by utilizing 1 M KOH electrolyte at 25 “C. The active materials’ mass loading was
determined to be ca. 2.54, 2.54, 2.56, 2.55, and 2.61 mg for pristine NiCoMn-TH, NiCoMn-
TH/AC, NiCoMn-TH/AEG, NiCoMn-TH/GF and NiCoMn-TH/GO composite electrodes,
respectively. The as-prepared samples cyclic voltammetry (CV) tests were run at various scan
rates ranging from 1 to 50 mV s™! in an operating potential ranging from -0.1 V to 0.4 V against
an Ag/AgCl reference electrode. Galvanostatic charge/discharge (GCD) measurement was
performed at various specific currents ranging from 0.5 to 10 A g! in a working potential
ranging from -0.1 V to 0.4 V. The samples’ electrochemical impedance spectroscopy (EIS) was
skilfully guided through an open-circuit potential at frequencies ranging from 10 mHz to 100

kHz.



The specific capacity, Qs (mAh g!), and the energy efficiency as a function of mass of the single

electrode materials by means of GCD profiles were determined by employing the relations stated

below [15]:
Ig*A

Q = L= (1)
Eq

g =5 X 100 (2)

C

From the above, I is applied specific current (A g). Az accounts for time (s) difference taken
for a full discharge cycle while 7ng, Eq and E. represent the energy efficiency, discharge energy
as well as charge energy derived by integrating the area under the charge/discharge profile,

respectively.

The asymmetric device’s specific capacitance, Cs, alongside its energy and power densities as a

function of specific current were estimated via the slope of the discharge curve using the

relations:
_ Iq X At -1
C, =2 [Fg'] (3)
1000 X CsAE? CsAE? )
Eq =05 CSAEZ = 2><X3600 = T2 [Whkg 1] “)
P; =3.6 X E;/At [kW kg‘l] (&)

C; is electrode’s specific capacitance calculated with respect to active material’s effective mass.
1, is applied specific current (A g!). 4AE (= E, — E IrR-drop) 18 the change in operating potential
or cell potential (V), At is time (s) discharged by the electrode, while E; and P; represent the

energy and power densities, respectively.

The asymmetric SC’s coulombic efficiency, Cr was determined over a cell potential, E (V) via

the equation:
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Ce = 2 % 100% (6)

SC

where Csc and Csq denote the specific capacitance for charge and discharge processes,

respectively.

The prepared asymmetry SC could operate in a larger potential window, ca. 1.60 V. The
effective mass on each electrode was proportionately derived via the charge balance equation,
Q, = Q_ to ensure optimal performance of the SC, while the stored charge on respective

electrode can be expressed as [16]:
Q = Qs XmAE (7

From equation (7), O (C) is charge being stored on respective electrode, Os (mAh g!) represents
specific capacity of a single electrode in line with effective active material’s mass , while m (g)

denotes active material’s effective mass and AE (V) is operating potential of the electrode.

Furthermore, the balancing of masses between the electrodes of the SC was precisely figured out

by adopting equation (8) as stated below [17]:

my _ Qs AE (8)
m_ Qs+ AEy

3. RESULTS AND DISCUSSION

3.1. Physical characteristics of the materials

Fig. 1 is a demonstration of SEM morphology for all as-synthesized composite samples. Fig. 1
(a) represents a high magnification SEM image of NiCoMn-TH sample, showing a stacked flake-
like structure, while in Fig. 1 (b) it can be observed that NiCoMn-TH/GO is made up of
agglomerated sheet-like particles. This is as a result of the addition of GO in the composite. Fig.
1 (c) shows the SEM image of NiCoMn/AEG at high magnifications. The AEG sheet-like

11



structure can be seen to be evenly covered by the NiCoMn-TH nanoflakes. Fig. 1(d-e) show
agglomerated flake-like morphology of the NiCoMn-TH/AC and NiCoMn-TH/GF materials.
Fig. S1 (See supplementary information) shows the SEM images of (a) an activated carbon, (b) a
graphene foam, (c¢) an AEG and (d) a GO material adopted in the synthesis of the NiCoMn-
TH/AC, NiCoMn-TH/GF, and NiCoMn-TH/AEG and NiCoMn-TH/GO composite materials,
respectively. The figure depicts a porous morphology for the AC (Fig. S1 (a)), and sheet-like
morphologies for both GF (Fig. S1 (b)) and AEG (Fig. S1 (c)) materials, respectively, while a
gel-like morphology was observed for the GO material. The observed morphology is typical for
the adopted materials, respectively. Fig. S2 (a) shows a SEM image of CFP-S material used for
fabrication of NiCoMn-TH/AEG//CFP-S asymmetric device. The material can be noticed to be
composed of mainly agglomerated nano-sized grain particles.

The EDX analysis in Fig. S2 (b) reveals presence of carbon (52.3 wt. %), iron (31.4 wt. %), and
sulphur (11.9 wt. %) as main elements present in the material. The presence of Cu, Co, Cr, Tb
and Hf as trace elements is attributed to the grid sample holder adopted for the EDX

measurement.
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Fig. 1. SEM images of the as-prepared (a) NiCoMn-TH, (b) NiCoMn-TH/GO, (c) NiCoMn-TH/AEG, (d) NiCoMn-
TH/AC, and (e) NiCoMn-TH/GF at high magnifications, respectively.

Fig. 2 (a) shows a representative powder XRD pattern of all the as-synthesized composite
materials. The XRD reveals a characteristic diffraction pattern of the phases of transition metal
hydroxide, which agrees strongly with patterns of Ni(OH)>, Co(OH), as reported in our earlier
work [18], and Mn(OH), , with ICSD card nos. 28101, 88940, and JCPDS no. 73-1604
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standards, respectively. The observed peak at nearly 20 = 27°, corresponding to the (002) plane
of graphitic carbon indicates the inclusion of carbon material in the composites. Every peak in
the composite material reveals the presence of NiCoMn-TH in composite with carbon materials.
Fig. S2 (¢) (see supplementary information) reveals the result of X-ray diffraction (XRD)
employed to investigate the structure of CFP-S negative electrode material used in fabricating
the asymmetric NiCoMn-TH//CFP-S device. The XRD spectra measured in an angular range of
5 to 90 illustrate the appearance of peaks at angular positions 26 equals 21.74, 34.78, 39.33, 44.0,
50.71, 52.35, 57.66, 62.45, 66.13, 74.98, 84.5° corresponding to reflection planes 002, 010, 002
(011), 012, 031, 012, 320, 301, 110, 013, 401 and 002 indexed in line with an ideal matching
Inorganic Crystal Structure Database (ICSD) card numbers: 16593 for FesC, 98-016-8077 for
FeS (Pyrrhotite and Troilite), and 42-1340 for FeS», respectively. Besides, the spectra indicate
the presence of Fe;C in reference to Joint Committee on Powder Diffraction Standards, JCPDS
no. 06-0686; Standard carbide diffraction curve PDF-2 Data base-2, showing a sharp peak for

graphitic carbon; 20 = ~ 40 ° (002) reflection.

Fig. 2 (b) displays the Raman spectrum of all the composites. The Raman spectrum shows modes
at 121, 176, 518 and 625 cm™ which were compared to those reported in the literature [18,19] for
Ni(OH),, Co(OH),, and NiCoMnO». The peak observed around 121 cm™! is owing to the radial
breathing mode (RBM, 100-300 cm™') of carbon in the composite [20]. The active mode at
about 176 cm! is a characteristic feature of typical MnO: phase as well as the material’s
restricted translation mode of the hydrogen-bonded water molecules [21,22]. The 518 cm™! mode
noticed for all the composite materials is due to the material’s lattice vibration [23,24]. Also, the
samples showed active mode at 625 cm™' wavenumber which is in agreement with significant
vibrational attributes of MnO, reported earlier at about 500, 585, and 625 cm™' on some other

closely related materials [25,26], hinting the presence of Mn-O compound in the composite
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15



material. The NiCoMn-TH/GO was noticed to display a similar Raman spectrum except for a
shift of peaks at around 505 and 617 cm™ which could be ascribed to the inclusion of oxygen in
the material. The D and G bands observed the NiCoMn-TH/AC composite at ~1350 cm™ and
~1604 cm! suggest a disordered carbon owing to the breathing modes of sp? rings activated
through a dual resonance effect in the presence of defects as well as the phonon in-plane
stretching mode of the C—C bond in the graphitic materials [27], respectively. Fig. 2 (c) depicts

the TGA curves for all the NiCoMn/carbon materials.

From the TGA profiles in Fig. 2(c), a slight weight loss at about 157 °C was noticed for the
NiCoMn/AEG material, which is attributed to loss of interfacial-adsorbed moisture in the
material. The weight loss at nearly 300 °C is an indication of evaporation of adsorbed water
molecules [28,29]. Further weight loss is as a result of further heating on the samples [30]. Based
on the residual weight of the material; 68.76 % at about 991 °C, the amount of AEG sample
contained in the composite material was calculated to be roughly 31.24 wt%. A residual weight
of nearly 66.31 %, 64.81 % and 53.88 % at around 990 °C was observed for the NiCoMn/GO,
NiCoMn/GF and NiCoMn/AC materials, respectively. The amount of GO, GF and AC in the
respective NiCoMn/carbon materials was estimated to be about 33.69 wt%, 35.19 wt% and 46.12

wt%, respectively, higher amounts compared to that of the AEG material.

3.2. Electrochemical analysis

3.2.1. Electrochemical analysis of single electrodes

Fig. 3 (a) shows the associated CV profiles of the as-prepared electrode materials at 20 mV s°!
scan rate. From figure 3 (a), the CV curve of NiCoMn/AEG shows a higher current response
indicating a higher specific capacity when compared to the other samples. Fig. 3 (b) displays the
galvanostatic charge-discharge (GCD) curves of NiCoMn-TH, NiCoMn/AC, NiCoMn/AEG,

NiCoMn/GF and NiCoMn/GO samples at various specific currents in a working potential
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ranging from -0.1-0.4 V, respectively. The observed indefinite GCD curves display faradic
properties of the electrode materials, with the NiCoMn/AEG showing higher discharge time
compared to the other two samples. Fig. 3 (¢) shows the specific capacity of a single electrode
calculated according to equation 1 via a less defective charge-discharge technique profiles, and
plotted against its respective as-synthesized composite material at a specific current of 0.5 A g™!.
From Fig. 3 (c), the NiCoMn/AEG composite is observed to exhibit a higher value of 116.81
mAh g compared to the other composite materials. Fig. 3 (d) is a display of Nyquist impedance
plots of the samples evaluated at a potential of 0.0 V and frequencies ranging from 10 mHz —
100 kHz. A small semi-circle was observed for all the samples in the high-frequency region is an
indication of a resistance occurring as a result of electron transfer from the electrode to the
electrolyte. It can be observed that the NiCoMn/AEG sample diffusion path length is shorter, and
closer to the ideal vertical line suggesting that the material is more electrochemically conductive

than NiCoMn-TH, NiCoMn/AC, NiCoMn/GF and NiCoMn/GO composite materials.
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samples, respectively.

Due to poor electrochemical properties of NiCoMn-TH/AC, NiCoMn-TH/GF and NiCoMn-
TH/GO samples compared to both NiCoMn-TH and NiCoMn-AEG electrodes (as shown in Fig.
3), a further electrochemical comparison was done on the NiCoMn-TH/AEG electrode material
because of its superior electrochemical behavior over the other samples. Fig. 4 (a) and (b) show
the full CV and GCD curves of the more electrochemically stable NiCoMn/AEG at various scan

rates and at various specific currents, respectively. According to equation 1, the values of
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specific capacity of the NiCoMn/AEG electrode were estimated and indicated against its specific
currents as depicted in Fig. 4 (c). The NiCoMn-TH/AEG composite electrode showed a
maximum specific capacity of 116.81 mAh g™! at a specific current of 0.5 A g’!. Fig. 4 (d) depicts
the specific capacity retention alongside energy efficiency for the NiCoMn/AEG electrode
against the charge-discharge cycle number for over 2000 cycles. The observed high capacity

retention of 76.4% and high energy efficiency (94.5%) estimated from equation 2, can be
attributed to a higher electronic conductivity owing to its low equivalent series resistance, Rg

value (0.118 Q) compared to the other materials (Fig. 3 (d)).

The fitted EIS Nyquist plot of the NiCoMn/AEG is displayed in Fig. 5 (a), with its equivalent
circuit as the inset, which was used for fitting the data. The circuit in the inset presents an
equivalent series resistance denoted as R; that opposes current flow through the electrolyte
wherewith the ions migrate, in connection with a charge transfer resistance (R»), a leakage
resistance (R3), and a single resistance (Rs4) proportionately. The constant phase elements
designated as Q are due to a distribution of relaxation times following the inhomogeneity

occurring between the electrode and electrolyte interface [27, 31].

Fig. 5 (b) shows its Nyquist impedance curves before and after a 2000-cycling test, showing a
slight deviation from the initial diffusion path length. This slight deviation can be ascribed to a
leakage resistance owing to the Faradaic charge transfer process [31]. The equivalent series
resistance, Ry (0.118 Q) initially obtained for the material was observed to be constant even after
the 2000 cycles test. This indicates the material’s good capacitance over a long cycling test.
Table Slin the supplementary information depicts a summary of evaluated values of R;, R2, R3,
R4 and Q using a ZFIT program software associated with the Bio-Logic VMP300 potentiostat.

Fig. 5 (c) exhibits CV profiles of the material taken before and after the test. The material
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portrayed no noticeable current loss, which shows its good capacitance over the stability test.
The good behavior can be assigned to the constant surface area available to react with the

electrolyte when the aggregation dissolved to some degree in the electrolyte [32].
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Fig. 4. (a) the CV curves of NiCoMn-TH/AEG at various scan rates, (b) GCD curves of NiCoMn-TH/AEG at
different specific currents, (c) a plot of specific capacities against specific currents for NiCoMn-TH/AEG and
NiCoMn-TH, and (d) distinctions of specific capacity and energy efficiency of NiCoMn-TH/AEG electrode against
cycle numbers examined at 5 A g in 1 M KOH electrolyte.

20



—a— Experimental
— Fitted

Z' (ohm)
60

B 240810121418
£ (ohm)

=e= Before cycling
- After cycling

8 10

2z 4 6
Z' (ohm)

12

|1C
40 4

20+

Current (mA)

-20 4

-40

@ 20 mVs"'

— Before cycling
= After cycling

041

0.0 0.1

0.

2

0.3 04

Potential (V vs Ag/AgCl)

Fig. 5. (a) Fitted Nyquist plot and the equivalent circuit (inset), (b) Nyquist plot before and after 2000 charge-

discharge cycles at a specific current of 5 A g, and (c) CV curves before and after 2000 charge-discharge cycles for

the NiCoMn-TH/AEG electrode.

3.2.2. Full-cell electrochemical investigations of the asymmetric NiCoMn-TH/AEG //CFP-S

hybrid supercapacitor

Owing to the enhanced electrochemical properties of the NiCoMn-TH/AEG positive materials in

the above preceding section (3.2.1.), an asymmetric supercapacitor, SC was assembled utilizing

the sulphur-doped carbonized iron PANI (CFP-S) as negative electrode material, and named as

NiCoMn-TH/AEG//CFP-S having effective mass balance ratio deduced in line with equation 9,
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as 0.7: 1.0 resulting in an effective mass loading of ~ 2.1 and 3.0 mg cm 2 for both NiCoMn-

TH/AEG and CFP-S, respectively. The study about detailed characterization of CFP-S negative
electrode material adopted for fabrication of NiCoMn-TH/AEG//CFP-S device in this work is

on-going in our research group.

The NiCoMn-TH/AEG positive working electrode prepared as stated earlier in experimental
section (see section 2.5). The overall area mass loading of both active electrode materials making
up the asymmetric SC was determined as ~ 5.1 mg cm™ using a digital weighing balance. The
electrochemical testing of the assembled asymmetric SC was run via a two-electrode system
utilizing a standard 2032 grade coin cells and a Watman Celgard paper-based separator in 1 M

KOH aqueous electrolyte.

Fig. 6 (a) portrays the CV curves of the device at various scan rates. The nearly rectangular CV
profiles of the device reveal no capacitance decay at various scan rates, which indicates its swift
ion transport mechanism and good rate capability [33]. The considerably symmetrical CV curves
reveal some contributions from the hybrid NiCoMn-TH/AEG//CFP-S device faradaic process.
Fig. S3 (a and b) in the supplementary information displays the CV and CD profiles of the as-
synthesized NiCoMn-TH/AEG nanocomposite and CFP-S electrodes, respectively using a three-
electrode set-up. The synergistic effect from a combination of the apparently electric double-
layer capacitive (EDLC) CFP-S and faradaic NiCoMn-TH/AEG electrode materials as displayed
in Fig. S3 gives rise to the CV and CD profiles that are much comparable to that of an EDLC
material, as shown in Fig. 6 (a and b). Fig. 6 (b) portrays the CD curves of the asymmetric
NiCoMn-TH/AEG//CFP-S SC at distinct specific currents in a two-electrode system. The CD
triangular curves of the device display ideal linear discharge behaviour, indicating its double-

layer capacitive nature and good reversibility. The assembled device could work satisfactorily in
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a much larger operating potential of about 1.6 V estimated based on a combined effect of the
respective electrodes’ operating potential limits.

The device’s specific capacitances were calculated at various specific currents in line with
equation 4, and plotted as shown in Fig. 6 (c). The device gave a maximum specific capacitance
of about 66 F g! at 0.5 A g!, corresponding to a satisfying energy and power densities of 23.5

Wh kg ! and 427 W kg !, respectively, as shown in Fig. 6 (d).
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Fig. 6. (a) CV curves of NiCo-Mn-TH/AEG//CFP-S at various scan rates, (b) GCD curves of NiCo-Mn-
TH/AEG//CFP-S at various specific currents, (c) specific capacitance of NiCo-Mn-TH/AEG//CFP-S evaluated at

various specific currents, and (d) Ragone plots of the asymmetric SC.
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The values of energy density obtained at different specific currents for the asymmetric device in
this work depict considerable enhancement compared to other similar devices in the literature.
Such devices include: Co.P nanostructure//graphene; 8.8 Wh kg™ ! at power density of 6000 W
kg, at 1 A g!' [34], Co(OH)2/GNS//AC/CFP; 19.3 Wh kg' at power density of 187.5 W kg!, at
0.25 A g'! [35], NiC0204 NSs@HMRAs//AC; 15.42 Wh kg ! at power density of 7800 W kg™!, at
5 mV s![36], and NiC02S4//C; 22.8 Wh kg™ at power density of 160 W g, at 1 mA cm™ [37].
The results in this current study are of great interest, not only for describing a modified low
temperature gel-method for production of electrode materials, but also for the development of

promising enhanced SC electrode materials with excellent electrochemical behaviours.

Fig. 7 (a) shows a plot of both coulombic efficiency and capacitance retention for the SC against
the cycle numbers. The device showed an excellent coulombic efficiency of nearly 100% over
10,000 CD cycles, with satisfying capacitance retention stability (87.8 %) at a specific current of
6 A g'!. This is suggesting that even over a 10,000 continuous cycling test, the device does not
experience significant defective structural or phase change of the electrode materials. The
excellent performance is assigned to a significant porous and interconnected micrograph of the
AEG material nanosheets that is able to accelerate a rapid charge transport mechanism [14]. The
floating also referred to as the voltage-holding test, is an established alternative and dependable
technique for analyzing the stability of supercapacitor electrodes [38]. It provides a factually
correct resistance effect after being subjected to maximum potential, which may be near to
practical application. Floating test proffers a direct insight into the probable effect and
degradation phenomena that might take place during the electrochemical process in EDLC cells
at significant potentials in comparison with the conventional cycling test that often provides no
degradation [38—40]. In this work, the technique was performed at a constant load by holding the

cell at its highest potential (1.6 V), and estimating the capacitance over the entire period as
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depicted in Fig. 7 (b) in a repeated sequence. Fig. 7(b) displays a variation of the device’s
specific capacitance over a floating time of 120 h at a peak operating potential of 1.6 V, with the
specific capacitance being monitored at a time interval of 10 h. Interestingly, the device delivers
an improved specific capacitance of about 68.4% over its initial value, giving a specific
capacitance of nearly 89.45 F g! (as shown in Fig. 7 (b)) against its initial value of 53.13 F g,
corresponding to an energy density of ~ 31.8 Wh kg'!, with a power density of 530.1 W kg™! over
a floating test for 120 hours at 1 A g'!, respectively. From the CV curves in Fig. 7 (c), it could be
noticed that the device tends to recover after a long floating time of 120 h. The enhanced area
observed under the CV curve after the floating test is an indication of improved specific
capacitance of the device, which is attributed to more charge separation as well as improved
polarity of electrode materials in the cell [41]. The improved electrochemical performance of the
device over the floating test is ascribed to the accessibility of some hidden pores by the
electrolyte [41]. Fig. 7 (d) shows an EIS Nyquist graph of the device adopted to investigate the
diffusion kinetics on the surface of its electrodes. In the Figure, device’s equivalent series
resistance, Rs was estimated to be ~ 3.7, 2.6 and 1.8 Q before cycling, after 10000 cycling and
over a floating of 120 h tests, respectively, indicating a good material’s recovery and enhanced
conductivity of the device after being subjected to a long cycle/period stability test. The device
shows no distinct semicircle in the high-frequency region over a floating test of 120 h, revealing
a very low charge transfer resistance and fast mass transport between its electrodes and the
electrolyte. Fig. 7 (d) shows an EIS Nyquist graph of the device adopted to investigate the

diffusion kinetics on the surface of its electrodes.
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Fig. 7. (a) Cyclic performance, (b) plot of specific capacitance against potentiostatic floating time, (c) CV curves,

and (d) EIS plot before cycling, after cycling and after voltage holding test for the NiCoMn-TH/AEG//CFP-S

asymmetric SC.

Table S2 in the supplementary information displays the values of Rs and Rct extrapolated from

the points of intersection on the real axis of Nyquist plots of the device, and by using the

“Circular Fit” software integrated with the Bio-Logic system employed in this work,

respectively. In the table, a reduced value of Rcr was noticed for the device after the floating test,

which further confirms its improved performance after the long hours of voltage holding test.
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After the floating test, the diffusion path length was observed to have shifted closer to the ideal
vertical line compared to the path length previously obtained for the device before cycling test of
over 10000 cycles, showing the device’s improved electrochemical performance. The device
shows better capacitance after the floating test, compared to that before and after cycling test.
This indicates the availability of sufficient active material reacting with the electrolyte during the

electrochemical reaction, in spite of the long period of floating.

4. CONCLUSION

NiCoMn-ternary hydroxide (NiCoMn-TH) and its composites with graphene oxide (NiCoMn-
TH/GO) as well as activated expanded graphite (NiCoMn-TH/AEG) electrode materials were
synthesized through a simple and cost-effective low temperature stirring technique. The
electrochemical conduct of the materials measured in a three-electrode system in 1 M KOH
proved a notable enhancement on specific capacity providing a value of 116.81 mAh g for
NiCoMn-TH/AEG contrast to 21.95 mAh g, 11.98 mAh g!, 17.14 mAh g, and 67.85 mAh g'!
for NiCoMn-TH/AC, NiCoMn-TH/GF, NiCoMn-TH/GO and NiCoMn-TH at 0.5 A g,
respectively. A fabricated asymmetric NiCoMn-TH/AEG//CFP-S supercapacitor in 1 M KOH
proved a satisfying energy density of 23.5 Wh kg !, providing an equivalent power density of
427 W kg ' at 0.5 A g'!, alongside an excellent coulombic efficiency (99.92 %) and retaining ~
87.8 % of its initial capacitance for over 10,000 cycles at 6 A g''. The asymmetric supercapacitor
displays excellent stability over a floating test for over 120 h at a specific current of 1 A g,
yielding an enhanced energy density of 31.8 Wh kg™! compared to its initial value of 18.9 Wh kg
!, and a corresponding power density of 530.1 W kg™ !, respectively, at a specific current of 1 A
g’!. The moderate AEG doping via a modified low temperature gel-method of production has

greatly improved the electrochemical performance of the NiCoMn-TH electrode material.
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