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HIGHLIGHTS

* RGO-S and RGO-S/MnO, composites were successfully synthesized.

* Electrochemical performance of RGO-S/MnO: has been improved by introduction MnO»,
» The RGO-S/MnO; was adopted as positive electrode in asymmetric device.

» The fabricated device proves to be of great potential for supercapacitors applications.

ABSTRACT

Nanorods/fibers, nanosheet and nano-flower like structure were effectively synthesized from
sulphur-reduced graphene oxide (RGO-S) and sulphur-reduced graphene oxide/manganese
dioxide (RGO-S/MnQO;) composites for supercapacitor applications. Structural, chemical
composition and morphological analysis reveal an effective synthesis of the RGO-S and RGO-
S/MnO; composite. Electrochemical measurements of the optimized mass loading of MnO2 on
RGO-S in a three electrode configurations revealed a specific capacitance of 180.4 F g*
compared to 75.2 F g of the pristine sample at 1 A g in 2.5 M KNOselectrolyte. An assembled
asymmetric device consists of optimized RGO-S/MnO: as positive electrode and activated
carbon from peanut shell (AC-PS) as a negative electrode delivered a high specific energy of
71.74 Wh kgt with its corresponding specific power of 850 W kgtat 1 A g*. It was observed
that even at high specific current of 5 A g the device was able to maintain a specific energy of

55.30 Wh kg™. An excellent stability with capacitance retention of 94.5 % and columbic
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efficiency of 99.6 % up to 10, 000 cycles was recorded for the device at 5 A g. The device
demonstrated a very good stability after being subjected to a voltage holding of up to 90 h and
an outstanding self-discharge of about 1.45 V was recorded within the first 10 h and 1.00 V after

72 h from its maximum potential of 1.7 V.
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1. INTRODUCTION

The variations in precipitation, sea level and rising temperature will affect how much energy
is produced, delivered and consumed. Due to a huge effect caused by climate change and high
consumption of fossil fuels which is limited and has environmental problems like green-house
effect, there is a need to find an alternative energy source. Renewable energy is the energy
harvested from natural resources such as geothermal energy, solar, hydropower and wind.
However, energy harvested from these resources is not available all the time because it depends
on the weather and time. For example, solar energy can only be harvested during the day time,
so in order to have sufficient energy, energy storage devices like supercapacitors, battery and

other energy conversion systems are required [1-6].



Recently, the supercapacitor has attracted most research community owing excellent cycling
stability, high power density and fast charge/discharge ability [2,7-9]. By considering the
charge storage mechanism, the supercapacitor is characterized as the electric double-layer
capacitor (EDLC) and faradic/pseudo capacitor. EDLC store energy through the separation of
charges in a Helmholtz double layer at the interface of electrode and electrolyte while
pseudo/faradic capacitor its storage is achieved by a redox reaction between the electrode and

the electrolyte [10-14].

For innovative energy storage devices (supercapacitor), microstructure has effect on the
electrochemical performance of electrode materials [15-17]. This makes scientists focus on
developing new materials which can meet energy demands. Mostly, carbonaceous materials
such as activated carbon, carbon aerogel, graphene and carbon nanotube store energy through
reversible adsorption-desorption of ions on the surface of the electrode leading to high power
density and long cycle life but low energy density [4,18-22]. The use of dopants such as boron
(B), phosphorus (P), sulphur (S) and nitrogen (N) has seen to enrich physical and chemical
properties like wettability of the carbonaceous materials [2,10,23,24]. Precisely, the synthesis
of sulphur carbonaceous materials for supercapacitor is of great importance due to its ability to
create redox active sites by attracting the greater number of electrons which in turn increases
the capacity/capacitance of the material [1,11,21,25]. However, shuttle effects occur during the
conversion of sulphur to different sulphides products, makes supercapacitor to suffer from poor
stability during a long cycling process [6,26-30]. Several approaches have been attempted to
resolve the problem, which include binding the material onto conducting polymers [3,31],
metal hydroxides [7], metal oxides [12] and metal sulphides [32] hosts which derives its
capacitance from redox reaction that occurs between or on the surface of the electrode which
proves to have a high energy density [16,27,33]. These material hosts offer high efficiency of
chemisorption, which suppress polysulphide diffusion by improving the long term stability

through the creation of strong chemical adsorption and immobilize the polysulphide species.



Recently, the varieties of d-block metals and their oxides such as cobalt oxide, manganese
dioxide (MnO), tin oxide and nickel oxide, have been used as a well-established active
electrode for supercapacitor due to several oxidation states and pseudocapacitive behaviour
[4,20,33-35]. MnO> has been regarded as a high standard electrode material for supercapacitor
applications, owing to high specific capacity/capacitance, variable oxidation state, abundant
availability/low cost and non-toxicity. Since MnO; exits in different polymorphs, it can be
tuned to produce different crystallography structure and morphological properties which in turn
can change the electrochemical properties via doping or composites formation [3,9,29,36,37].
The material has the ability to grow within or around the carbon matrix, thus serves as a highly
effective sulphur host which offers strong face-to-face entrapment, greatly maintaining the
polysulphide and improves cycling stability over a long cycles.

In this study, sulphur-reduced graphene oxide/manganese dioxide composite was synthesized
for supercapacitor applications. The electrochemical performance of the material was evaluated
using both three- and two-electrode configurations in 2.5 M KNOz electrolyte. The RGO-S/100
mg MnO composite measured as a half-cell revealed a peak specific capacitance of 180.4 F g
Lat 1 A gt. The fabricated RGO-S/100 mg MnO2//AC-PS asymmetric hybrid device using
RGO-S/100 mg MnO; and activated carbon from peanut shells (AC-PS) demonstrated high
energy density of about 71.74 Wh kg with its corresponding power density of 850 W kg? at
a specific current of 1 A g?. The material was able to retain about 94.5 % of its initial
capacitance, with a columbic efficiency of 99.6 % at 5 A g for over 10, 000 cycles. Also, the
device proved its stability in long cycling after being able to stand a voltage holding test for up
to 90 h and preserving a 1.45 V of its maximum potential after a self-discharge test for the first

10 h, and a 1.00 V after 72 h in an open circuit.



2. EXPERIMENTAL

2.1 Synthesis of sulphur-reduced graphene oxide (RGO-S)

RGO-S was synthesized by mixing 1 g of sulphur and 3 g of sodium sulphide (Na.S) into 100
mL of deionized (DI) water. The mixture was sonicated until a homogenous solution was
formed labelled sample A. Then, sample B was formed by dissolving 50 mg of L-ascorbic acid
into 12 g of DI water, followed by addition of 2 mL of hydrochloric acid (HCI). Thereafter, 3
g of as-prepared RGO (details in the supporting information, S1 [[38—40]]) and sample B were
mixed and then added into sample A. The resulting mixture was sonicated for 2 h and then
stirred at 40 °C for 1 h. Thereafter, the mixture was allowed to settle down naturally for about
12 h. It was washed several times with DI water, centrifuge three times at 10,000 rpm for 10

min and later freeze-dried for 24 h.

2.2 Synthesis of manganese dioxide (MnQOy)

0.5 g of KMnOs was liquefied into 60 mL of DI water and stirred at 150 revs/min for 10 min.
Subsequently, 2 mL of HCI was added dropwise and stirred for 10 min in air. The solution was
transferred into 100 mL autoclave and heated in the oven at 130 °C for 1 h. The procedures
were repeated at different dwell times of 2 h, 5 h, 8 h and 11 h respectively. The solution was
left to cool down naturally and then washed several times with the mixture of DI water and

ethanol to remove the impurities. The sample was dried in the oven for 12 h at 60 °C.

2.3 Synthesis of the composite sample (RGO-S/MnQOy)

1 g of RGO-S was liquefied into 80 mL of DI water to form a solution which was stirred at 200
revs/min for 10 min for homogeneity. Thereafter, 50 mg of MnO; prepared for 1 h was added
into the solution and then stirred for 5 min. The procedures were repeated by different masses

of MnO; synthesized for 1 h (100 mg and 150 mg). The suspension was transferred into the



autoclave and then heated in the oven at 150 °C for 1 h. The solution was left to cool down to

room temperature, washed several times with DI water and then dried in the oven for 12 h.

2.4 Synthesis of activated carbon from peanut shell waste (AC-PS)

The activated carbon nanostructure employed in this study was synthesized as per our previous
work [41]. Briefly, the material was synthesized using two steps at elevated temperature. First,
pyrolysis of the raw material from peanut shell waste was done at 600 °C for 2 h under argon
atmosphere. Thereafter, potassium hydroxide (KOH) as an activating agent and peanut shell
waste as a raw material were mixed together in a mass ratio of 4:1 and activated at 850 °C for

1 h. The obtained product was named as AC-PS.

2.5 Characterization

The morphology and elemental composition of the as-synthesized material was examined by
the scanning electron microscope (SEM-Zeiss Ultra Plus 55 field emission scanning electron
microscope operated at 2.0 kV; Akishima-shi, Japan) equipped with an energy-dispersive X-
ray (EDX) and a high resolution transmission electron microscope (HRTEM FEI Tecnai-F30
operated at 1.0 kV); (Akishima-shi, Japan). X-ray diffraction (XRD - Bruker BV 2D PHASER
Best Benchtop); (PANalytical BV, Amsterdam, Netherland) with reflection geometry at 20
values (5 - 90°) in a step size of 0.005° using Cu K, radiation source (A = 0.15406 nm) at 50
kV and 30 mA, was used to analyse the phase structures of the material. The functional group
of the material was determined by using a Fourier transmission-infrared (FTIR) achieved via

Varian FT-IR spectroscopy ranging 400 - 4000 cm™ in wavenumber.



2.6 Electrochemical characterization

Two- and three-electrode configuration measurements were performed by a Bio-Logic
VMP300 potentiostat (Knoxville TN, USA) operating on the EC-Lab VI1.41 software. The
electrodes were prepared by mixing 80 % of the sample as working material, 10 % conductive
carbon acetylene (CAB) and 10 % of polyvinylidene (PVDF) as the binder. Few drops of 1-
methyl 2-pyrollidone (NMP) was added to the mixture to form slurry, which was pasted onto
a nickel form, 1.0 x 1.0 cm? and thickness-diameter of 0.2 by 16 mm serving as current
collector for three and two-electrode respectively. The electrodes were dried in the oven at 60
°C for 12 h. All electrochemical measurements were carried out using 2.5 M KNO3 aqueous
electrolyte. The 2.5 M KNOs was chosen as electrolyte because it is environmentally friendly,
non-corrosive and has high conductivity hence revealed better electrochemical performance
compared 1 M Na;SO4, 1 M KOH, 1 M H2SO4 and 1 M KNGOz as shown in Fig. S6 in the
supporting information. This performance might be contributed by the stability and pH of the
electrolyte which makes it to operate in a wider potential window unlike acidic/alkaline
electrolyte which is limited by oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER). The fabricated electrodes were tested using cyclic voltammetry (CV),
galvanostatic charge discharge (GCD) and electrochemical impedance spectroscopy (EIS),

respectively.

3. RESULTS AND DISCUSSION

The morphology and elemental analysis of the as-synthesized RGO-S (pristine sample) with
its composites are shown in Figs. 1 and 2, respectively. Fig. 1 (a, b) shows low and high
magnifications SEM images of RGO-S confirming the formation of nanorods/nanofibers and
nanosheet morphologies. The formation of these morphologies were contributed by the

addition of sulphur and the long-chained ascorbic acid [25,42,43]. Fig. 1 (c) shows a TEM



image for RGO-S which confirms what was observed from the SEM analysis. Figs. 1 (d, e)
shows low and high magnifications SEM images of MnO: flower like morphology synthesized
for 1 h with its corresponding TEM image in Fig. 1 (f). Since integration of external additives
is expected to affect chemical and physical properties of the composites, thus variation of
masses of the MnO. sample become necessary. Besides, conductivity and the resultant
capacitance of RGO-S and MnO2 composites can be improved by investigating their ratio. Fig.
1 (g, h, j, k, m, and n) displays the SEM images of RGO-S/MnO: composites at different mass
loading of MnO- with their corresponding TEM micrograph in Fig. 1 (i, | and 0), respectively.
It was observed that all the three composite samples (50, 100 and 150 mg) revealed similar
morphologies comprising nanosheets, nanorods and nanoflowers like particles. The RGO-
S/100 mg MnO2 composite was noticed to be consisting of visible porous structure, which is
expected to allow for more effective passage of electrolyte ions within the material as compared
to the RGO-S/50 mg MnO2and RGO-S/150 mg MnO2 samples. For RGO-S/150 mg MnQO, the
morphology looks non-porous hence the movement of ions from the electrolyte within the
material is expected to be not so great which should lead to poor electrochemical performance.
EDX analysis was used to determine the elemental composition of the as-synthesized RGO-S
and RGO-S/MnO, composites with different mass loading of MnO.. Fig. 2 (a) shows EDX
analysis of RGO-S confirming the presence of individual elements C, S, O, while Fig. 2 (b)
shows Mn and O in the MnO; sample. Fig. 2 (c — e) confirm the existence of C, S, O and Mn
in the RGO-S/MnO2 composites. The observed K in the spectrum of MnO; is due to the

potassium per manganite (KMnOa) chemical used during the sample synthesis.

Fig. S7 (a, b) in supporting document displays SEM images of pristine RGO at low and high
magnifications, respectively. The RGO without sulphur doping reveals a sheet like morphology

as already indicated and discussed in our previous work [40].
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Fig. 1: (a, b), (d, e): SEM images of RGO-S and MnO. respectively and (g, h) (j, k) and (m,
n): SEM images for RGO-S/50 mg MnO., RGO-S/100 mg MnO; and RGO-5/150 mg MnO;
at low and high magnifications, respectively. (c, f, i, | and 0) are TEM images for RGO-S,
MnO2, RGO-S/50 mg MnO,, RGO-S/100 mg MnO; and RGO-S/150 mg MnOg, respectively.
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Fig. 2: EDX for (a) RGO-S, (b) MnO2, (c) RGO-S/50 mg MnO, (d) RGO-S/100 mg MnO2
and (e) RGO-S/150 mg MnOy, respectively.

Fig. 3 (a) displayed the XRD spectrum for the as-synthesized RGO-S (pristine), MnO2, RGO-
S/50 mg MnO2, RGO-S/100 mg MnOz and RGO-S/150 mg MnO. shown crystal structure and
phase purity of the samples. Both samples revealed a crystallinity structure measured between

the angular range 26 = 5°—90°. The monoclinic crystal structure of RGO-S corresponds to the
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matching card no. JCPDS N34-0941 [44] while that of MnO- are in line with the a-MnO. card
no. JCPDS 00-044-0141 [18,45]. The XRD spectrum around 12.5°, 27.6 °, 23.08° and 42.4°
corresponds to (002), (331), (222) and (319) planes respectively, displaying the existence of C
and S in the RGO-S matrix, respectively. The presence of peaks around 12.1°, 24.6°, 36.5°
and 65.7° which corresponds to the a-MnO3 (110), (220), (211) and (002), planes respectively,
conforms to the successful incorporation of a-MnQO; into RGO-S/MnO2 composites. The FTIR
analysis of the RGO-S (pristine), MnO2, RGO-S/50 mg MnO,, RGO-S/100 mg MnO; and
RGO-S/150 mg MnO: is shown in Fig. 3 (b). Bending vibrations of hydroxyl groups and
stretching vibrations of interlayer water molecules was observed around 1741 cm™ bands. The

peak around 1218 cm™ was assigned to the interaction of Mn with the host species [15].
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Fig. 3: (a) XRD and (b) FTIR for RGO-S (Pristine), MnO., RGO-S/50 mg MnO2, RGO-S/100
mg MnOzand RGO-S/150 mg MnQO., respectively.
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The as-synthesized sample was evaluated for electrochemical measurements in a three-
electrode configuration using Ag/AgCl as reference electrode and glassy carbon as the counter
electrode in 2.5 M KNOs aqueous electrolyte. Fig. S2 (a) indicates an electrochemical
evaluation in a positive potential window range of 0.0 - 0.6 V vs Ag/AgCI through cyclic
voltammetry (CV) for the RGO-S (pristine) sample at different scan rates, which shows a
rectangular shape that reveals an electric double layer capacitor (EDLC) behaviour. This was
further confirmed by a symmetric triangular shape possessed by the galvanostatic charge-
discharge profile as shown in Fig. S2 (b). Furthermore, to make an evaluation of the composite
material an additive manganese dioxide (MnOz) was prepared by varying hydrothermal
dwelling time. The electrochemical measurements in a positive potential window range of 0.0
- 0.6 V vs Ag/AgCI revealed that 1 h dwelling time performed better compared to the rest of
the dwelling times as shown in Fig. S3 (a-c). Therefore, 1 h preparation of the additive MnO>
was chosen to prepare RGO-S/MnQO; composites by varying the mass of MnO,. MnO: is one
of the classic pseudocapacitive material which will possibly increase the capacitance of RGO-
S, while the RGO-S is expected to provide or improve the conductivity of the material and at
the same time contributed to the sample’s pseudocapacitive behaviour. Sulphur is an attractive
material for energy storage devices owing to its high theoretical capacity (1672 mAh g*) and
specific energy (2600 Wh kg™), which could enhance complete reaction of electrolyte ions with
sulphur to form sulphide of the ions. It is also known for its relatively low cost and
environmental impact as an electrode material. Sulphur offers strong coordinate bonding with
carbon/metallic surfaces due to its relatively low electronegativity. Its lower electronegativity
S (2.58) accounts for capability to create more redox active sites, which improves
capacity/capacitance of the electrode. Thus, sulphur-containing composite materials exhibit
relatively high capacity retention and high charge/discharge cycle stability resulting from

improved electrical and surface properties, and improved wettability of the electrode materials

12



Fig. S8 in the supporting document shows the CV curves at a scan rate of 50 mV s in a positive
potential window for RGO and RGO-S samples, respectively. The current response in the CV
curves for RGO is less compared to the RGO-S. Also, RGO-S has high potential window
compared to RGO as observed from Fig. S8. Hence, RGO-S has better performance compared
to RGO. Fig. 4 (a) shows a rectangular CV curves of RGO-S and RGO-S/MnO2 composites at
different MnO2 mass loading in a positive potential window range of 0.0 - 0.6 V vs Ag/AgCl
at a scan rates of 50 mV s*. The overall CV curves show rectangular shape with no obvious
redox peaks as indicative of EDLC dominance in the materials. From the figure it was observed
that, the 100 mg of MnO- loading into the RGO-S sample proves to have higher current
response as compared to the rest of the composites which is the indication of higher specific

capacitance [8].

The electrochemical evaluation of the RGO-S and RGO-S/MnQO; composites at different MnO>
loading was further examined using the GCD curves at a specific current of 1 A g in a positive
potential range of 0.0 - 0.6 V as shown in Fig. 4 (b). The GCD behaviour corresponds well
with the CV in Fig. 4 (a). The observed linear variation in the GCD curves shows that the
constant charge-discharge rate reveals the features of EDLC behaviour within the material.
Equation 1, was used to estimate the specific capacitance (C,) of the RGO-S and RGO-S/MnO

composite with different mass loading of MnO>, as shown below: [14,37]:

Iq < At

€ =4 [Fg'l 1)

m X AV

where, AV is the operating potential window in (V), I, is the discharge current in (mA), m is

the mass loading of the active material in (mg), and At () is the electrode discharge time.

Evaluated Cs corresponding to RGO-S, RGO-S/50 mg MnO2, RGO-S/100 mg MnO;and RGO-
S/150 mg MnO; were 75.2 F g, 63.7 F g%, 180.4 F g and 169.5 F g, respectively. The
calculated Cs value (63.7 F g*) for RGO-S/50 mg MnO2was observed to be lower than that of
pristine RGO-S and the other composites, which is attributed to the disparity between

13



contributing capacitive properties of both the MnO, and RGO-S materials. In principle, the
capacitive contribution of the respective materials in the composite is supposed to be equal or
very close to each other to effect enhanced electrochemical performances. The added 50 mg of
MnO: in the RGO-S/50 mg MnO; sample was not enough to facilitate effective interaction
within the matrix of the composite material. This is also indicated by the sample’s SEM/TEM
morphology (Fig. 1(g, h and 1)), which is observed to be agglomerated and in-homogenously
distributed. The higher Cs observed for the RGO-S/100 mg MnO. composite indicates that the
material responds better electrochemically as compared to the other samples. This is the
indication of a good synergy between RGO-S and MnO: at this particular mass loading. This
was also in agreement with SEM morphology for RGO-S/100 mg MnO> composite (Fig. 1 (j
and k)) that showed well distributed porous structure. This shows that morphology plays a

significant role in the electrochemical performance of the material.

The EIS technigque through Nyquist plot with the frequency range 10 mHz — 100 kHz in an
open circuit potential 0.0 V was used to determine the electrical resistance of the as-synthesized
material. The EIS of the RGO-S and RGO-S/MnQO, composites is displayed in Fig. 4 (c). The
equivalence series resistance (ESR) which is intersect at Z’ axis is a sum total of a contact
resistance between the working electrode and the current collector, the interface resistance of
the working electrode and ions from the electrolyte. Its values were found to be 1.5 Q, 1.8 Q,
0.9 Qand 1.2 Q for RGO-S, RGO-S/50 mg MnO2, RGO-S/100 mg MnO2and RGO-S/150 mg
MnOg, respectively. It is clear that RGO-S/100 mg MnOz composite is having the smallest ESR
value and smallest diffusion length as compared to the rest of the samples. These results still
prove that RGO-S/100 mg MnO, composite is the best composite due to the effective

incorporation of MnO: into RGO-S matrix.

The columbic efficiency versus cycle number is shown in Fig. 4 (d) for RGO-S, RGO-S/50 mg

MnO2, RGO-S/100 mg MnOz and RGO-S/150 mg MnOzat 5 A g. The stability was carried

14



out for 2000 charge-discharge cycles. The following equation was used to evaluate the

columbic efficiency Ce (%) of the material [3]:

Ce = 2 x100% )

c

where t. and t,, are charging-discharging time with the same current respectively.

The three-electrode measurements reveal maximum cycling stability of about 99.6 % for RGO-
S/100 mg MnO- composite while 98.1 %, 97.5 % and 98.4 % for RGO-S, RGO-S/50 mg MnO>
and RGO-S/150 mg MnO, respectively. The unique morphology and low ESR value of about

0.9 Q has contributed to the higher cycling stability of RGO-S/100 mg MnO> composite.

10 _
T(a) =—RGO-S (Pristine) 50 mVs™ = RGO-$ (Pristi
=3 _(a) ~——RGO-8/50 mg MnO, @50 mvs =06{(b) @1ag —RGO—SI(Sonr:gnn::\Oz
o =——RGO0-$/100 mg MnO, % = RGO-$/100 mg MnO.
<L 6]  ——Rcos/150mgmno < 0.5+ ——RGO-8/150 mg MO
T 44 =
£ 2] < 0.4
5 “ >
O 0 > 0.3
2 5] -
o o)
RN S 0.2
Q 4- c
2 o
7P 5 0.1+
] a
B0 01 02 03 04 05 08 e T S S AR, <A, Pe g,
: . = - - : . 0 50 100 150 200 250
Potential (V vs Ag/AgCl) Time (s)
290 (c) ===—RGO-S (Pristine) 100
—e—RGO0-S/50 mg MnO, (d)
200 - =i RGO-S/100 mg MnOz =80
= ——RGO-8/150 mg MnO, X
£ 150 >
o) 0 2 60+
= =TT/ ks
N 100+ gs / é 40,
= w 98.1% ——RGO-S (Pristine)
50 - N2 20 97.5% ———RGO-S/50 mg MnO,
\ 4 6 8 10 99.6% =——=RGO-$/100 mg MnO,
0 Z' (Ohm) " ] 98.4% ———RGO-S/150 mg MnO,
0 50 100 150 200 250 500 1000 1500 2000
Z' (Ohm) Cycle number

Fig. 4: (a, b) CV and GCD curves in a positive potential window for RGO-S/MnO: at different
MnO- mass loading respectively and (c, d) EIS Nyquist plot and cycling stability for RGO-
S/MnO: at different MnO: loading in 2.5 M KNOs, respectively.
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The electrochemical measurements of the RGO-S/100 mg MnO, composite was evaluated
using CV curves at various scan rates starting from 5, 10, 25, 50 and 100 mV s in a working
potential range of 0.0 - 0.6 V vs Ag/AgCl displaying EDLC behaviour as shown in Fig. 5 (a).
It was observed that as the scan rate increases, the current response increases as well, while the
shape kept unchanged. Further evaluation of the GCD curves for RGO-S/100 mg MnO; at
different specific currents is presented in Fig. 5 (b). The symmetric triangular curves at
different specific currents with a small IR drop (at the beginning of the discharge curve) is
observed and corresponds well with the CV curves in Fig. 5 (a). Fig. 5 (c) shows the EIS
Nyquist plot for experimental and fitting, with the fitting circuit is shown as inset to the figure
for RGO-S/100 mg MnO.. The circuit shows ESR (equivalent series resistance) is in series
with Rer (charge transfer resistance) at high-frequency region and W (Warburg) is in parallel
with Q1 (real capacitance). A mass capacitance (C3) is parallel with the leakage resistance (R.)
at low frequency region. Rct represents the reactions that occurs at the interface of the electrode
and electrolyte. The obtained values for ESR = 1.2 Q and Rcr = 0.8 Q from the fitting are
comparable with the experimental values ESR = 0.9 Q and Rct = 0.6 Q, respectively indicating
good fitting of the Nyquist plot. The small Rct = 0.8 Q reveals fast ion transport and charge-

transfer kinetics which describes good properties for capacitive material.
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Fig. 5: (a, b) CV and GCD curves in a positive potential window at different scan rates and
specific currents, respectively and (c) EIS Nyquist plot with an insert circuit for RGO-S/100
mg MnOz in 2.5 M KNOg, respectively.

The as-synthesized RGO-S/100 mg MnO2 composite material was further investigated using
two-electrode measurements for the real application. The electrode was tested in both positive
(as discussed above) and negative potential window and shows better performance in the
positive potential window (in terms of current response) as shown in the supporting information
Fig. S5 (a). Furthermore, based on CV curves in Fig. S5 (a, b), the asymmetric device could be
pushed further to an extended operating potential of about 1.5 V. Therefore, the RGO-S/100
mg MnO- was selected as positive electrode while activated carbon from peanut shells (AC-
PS) was selected as negative electrode (see Fig. S4 in the supporting information for more
details) to make up the device. The choice of AC-PS was due to its compatibility in the same

electrolyte with positive electrode, high pore size which easy the passage of electrolyte ions
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and high conductivity and its detailed electrochemical properties had been discussed in our

previous work [41].

The charge balance equation, Q, = Q_ was used to balance the mass of each electrode with

the charge stored on each electrode being stated as:
Q = Cs XxXmAV (3)

where m (g) is the mass of active material, Cs (F g) is the specific capacitance of the electrode
based on the mass of active material, AV (V) is the potential window and Q (C) is the stored

charge on the electrode.

The following equation (4) was used to determine the mass balance between positive and

negative electrodes [46]:

my _ Cs— AV (4)
m_ CS+ AV+

The mass balance ratio of 1.0:2.0 obtained by using equation 4 for each electrode was 2.0 and
4.0 mg for RGO-S/100 mg MnO- and AC-PS, respectively making a total mass of 6.0 mg cm’
2, A filter paper soaked into 2.5 M KNOs was sandwiched between a mass of positive and

negative electrode in a coin cell (Standard 2032 grade) setup.

Fig. 6 (a) shows the CV curves at 50 mV s? of RGO-5/100 mg MnO, composite and AC-PS
(see Fig. S4 in supporting information for more on electrochemical properties of the AC-PS)
materials used as positive and negative electrodes, respectively. Both electrodes display
rectangular CV shapes revealing the properties of electric double layer capacitor (EDLC) in
the 2.5 M KNOz neutral electrolyte. The fabricated hybrid device could run well at a much
higher potential of up to 1.7 V, due to the synergetic effect between the two electrode materials
and the use of neutral electrolyte which can still work on the high potential window. The CV
curves of the asymmetric device at different scan rates are shown in Fig. 6 (b). It was observed

that the synergetic effect of the combined material can be clearly revealed by the CV curves at
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different scan rates, showing the contribution from the negative and positive electrodes as
depicted in Figs. 6 (a and b) . Fig. 6 (c) shows the galvanostatic charge-discharge (GCD) of the
asymmetric device at different specific currents of 1, 2, 3, 4and 5 A g*. The GCD curves

displays the symmetric triangular profiles which is in accordance with the CV curves in Fig. 6

(b).

Fig. 6 (d) shows specific capacitance (Cs) evaluated from the GCD curves of the device using
Eqgn 1 plotted against different specific currents. The evaluated specific capacitances for the
asymmetric device were recorded as 178.74, 156.99, 148.84, 142.19 and 137.76 F gt at 1, 2,
3,4and 5 A g?, respectively. It was observed that as the specific current increases the specific
capacitances decreased slowly indicating highly reversible capacitive nature of the material (ie
there was no rapid reduction of the specific capacitance as the specific current increases). This
indicates high rate capability of the material which was contributed by synergy between RGO-
S/100 mg MnO.and AC-PS which allowed electrolytes ions to access the material during rapid
charge/discharge process. The practical application of the device was pointed out by these

values. The specific energy and power densities were evaluated using Eqns. 5 and 6 below

[3,46,47].

E, =2 V2 =52 [Whkg?] (5)
2 7.2

Py ==%x 3600 [W kg’] (6)

where, Cg corresponds to the specific capacitance (F g™), V operating potential (V), At is
discharge time (s), E; and P, are specific energy and power densities, respectively, with their

specified units.

Fig. 6 (e) displays the so-called Ragone plot (specific energy versus specific power plot) and it
found that specific energy of about 71.74 Wh kg* with its corresponding specific power of 850

W kg was recorded for the device at 1 A g™ The fabricated asymmetric device displayed very
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state specific energy versus specific power to the extent that even at a high specific current of

5 A g, the specific energy remains as 55.30 Wh kg™ with its corresponding specific power of

4250 W kg?. The fabricated device revealed higher energy and power density compared to

some similar materials previously reported in the literature as shown in table 1.
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Fig. 6: RGO-S/MnQO_//AC-PS asymmetric device: (a) CV of positive and negative electrodes,
(b) CV curves at different scan rates, (¢) GCD curves at different specific currents, (f) Specific
capacitance versus specific current and () Ragone plot in 2.5 M KNOs, respectively.
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Table 1: Comparisons of electrochemical performance (energy and power density) of some
similar materials on RGO-S/MnQO.//AC-PS evaluated using two electrode cell configurations.

Electrodes (Device) Electrolyte | Energy Power Ref.
density density
GF/MnO,//GF/MnO; 1 M Na;SOs | 34 Wh kg™ 20 kW kg! [20]
G-Y-MnO2/CNT//G-Y-MnO,/CNT 1 M KOH 43 Wh kg™ 26 kW kg [17]
e-CMG/MnO2//e-CMG 1 M Na;SOs | 44 Wh kg™ 25 kW kg [13]
GF/MnO,//AC 1M Na;SOs |51.1Whkg? [1022Wkg? | [47]
MnO2/rEGO//MnO,/fEGO 6 M KOH 255 Whkg! | 45W kg™ [48]
MnO2/rGO//MnO/rGO 1M NaSOs |427Whkg? [225kwWkg? | [49]
MnO/CNT//AC 2MKNO; | 21 Whkg™ 123 kW kg* | [50]
RGO-S/MnO.//AC-PS 25MKNO; | 71.74 Wh kg™ | 850 W kg™ This
work

The charge-discharge cycling test was carried out at 5 A g to determine the stability of the
device. Eqn. 2 was used to estimate the columbic efficiency of the device. It was found that,
the device could maintain a 94.5 % of its initial capacitance with an equivalent columbic
efficiency of 99.6 % for over 10, 000 cycles as presented in Fig. 7(a). The stability test of the
device was further carried out through more practical stability test known as voltage holding
or floating test. The degradation of an electrochemical performance for the device can be
viewed straight using this phenomenon [3]. Fig. 7 (b) displays a voltage holding for the device
in a maximum working potential of 1.7 V for 90 h at 5 A g*. The device was charge-discharged
for three cycles whereby the specific capacitance was monitored. The device was then held at
a maximum potential of 1.7 V for 10 h intervals, then subjected to charge-discharge again for
three cycles and left at that fixed potential for next 10 h. The process was repeated for up to 90
h. The capacitance decreased in the first 20 h but later became stable from 20 h to over 90 h
of the aging test. This could be due to the fact that at initial stage, the electrode lacks wettability.
A self-discharge (SD) test was conducted at room temperature to examine the shelve life of the

asymmetric device. The device was fully charged to its peak potential of 1.7 V at 1 A g*and
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then left in an open circuit potential to undergo a SD. Fig. 7 (c, d) shows that within the first

10 hours the device was able to maintain a potential of 1.45 V and 1.00 V after 72 hours. The

decrease in the device voltage was associated with the decomposition of water which was used

as a solvent.
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capacitance versus floating time, (c) Self-discharge after full charged to 1.70 V at 3 A g within
the first 10 hours and (d) Self-discharge after 72 hours for asymmetric device.
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(b) EIS Nyquist plot with an insert of equivalent electrical circuit and (c) Phase angle versus
frequency for the device.

Fig. 8 (a) is a representation of the Nyquist plot of EIS test performed before cycling, after
cycle stability and after voltage holding on the device. The noticed small semicircle at a high
frequency region proves a low resistance and good ion diffusion at the electrode-electrolyte
interface, which contributed to the supercapacitor’s enhanced capacitive behaviour. It was also
observed that after voltage holding test, the ESR and diffusion length reduced compared to
before and after the cycling tests. This shows that after voltage holding test, the material
becomes more accessible to the ions within the electrolyte. The ESR values before cycling,
after cycle cycling and after voltage holding tests were recorded as ~ 5.7 Q, 3.9 Q and 3.7 Q,

respectively, which agree well with the observed diffusion lengths (Fig. 8 (a)). Moreover, the
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EIS Nyquist plot for RGO-S/MnQO,//AC-PS asymmetric supercapacitor was fitted as displayed
in Fig. 8 (b) with the help of Z-FIT fitting program v11.02, with the matching electrical circuit
shown as inset to the figure. The equivalent circuit shows that equivalent series resistance
(ESR) is connected in series with two units. The constant phase element (Q2) is parallel with
charge transfer resistance (Rct) while another constant phase element (Q3) is parallel with the
leakage resistance (Rr) at low frequency region. The obtained values for equivalent series
resistance (ESR =5.7 Q ~ 4.3 Q (experimental)) and charge transfer resistance (Rct =2.5 Q ~
2.0 Q (experimental)) are comparable with experimental and fitting values, respectively.
Moreover, Fig. 8 (c) shows the phase angle versus frequency curve with a phase angle value
of about -80.4 for the device which is very close to the ideal value of -90. This result reveals

that the fabricated device is performing closer to the ideal capacitive behaviour.

4. CONCLUSION

RGO-S and its MnO, composites were successfully synthesized in this study. The
characterization of the samples revealed the formation of nanorods/fibers, nanosheets and
nano-flower like morphology depending on the MnO; mass loading. The RGO-S/100 mg
MnO2 composite measured as a three electrode revealed a specific capacitance of 180. 4 F g
compared to 75.2 F g of the RGO-S (pristine) sample at 1 A g in 2.5 M KNOs electrolyte.
The assembled RGO-S/MnO.//AC-PS device delivered a high specific energy of 71.74 Wh kg
L with its corresponding specific power of 850 W kgt at 1 A g1. An incredible observation
was noted when the device was able to maintain a specific energy of 55.30 Wh kg™ at a high
specific current of 5 A gX. The capacitance retention of 94.5 % and columbic efficiency of 99.6
% up to 10, 000 cycles at 5 A g™ was recorded showing outstanding stability for the device.
These results show that the as-synthesized materials have great potential for supercapacitors

applications.
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