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HIGHLIGHTS
e 0a-MnO2, AEG and a-MnO2/AEG composite were synthesized through hydrothermal
method.

e Introduction of AEG has improved the electrochemical performance of a-MnO:.
e o-MnO2/AEG was used as a positive electrode and AC-PVA as negative electrode.
e <The assembled device revealed great supercapacitive characteristics.

ABSTRACT

In this study, alpha-manganese dioxide/activated expanded graphite (a-MnO2/AEG) composite
was successfully synthesized using simple hydrothermal method. Morphology, structure,
elemental composition and specific surface area of the material were characterised by scanning
electron microscope (SEM), high resolution transmission electron microscope (HRTEM), energy-
dispersive spectroscopy (EDS), X-ray diffraction (XRD) spectroscopy, Raman spectroscopy,
infrared Fourier transform spectroscopy (FTIR) and Brunauer-Emmett-Teller (BET) method.
Electrochemical evaluations were achieved using three- and two-electrode configurations in 1 M
Na2SO4 electrolyte. The maximum specific capacitance of 185.5 F g'at 1 A g™ was recorded for
three-electrode measurements. The half-cell retained an efficiency of 99.7 % over 2000 cycles at

5 A g'. The fabricated device using a-MnO2/AEG composite and activated carbon-polyvinyl
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alcohol (AC-PVA) as positive and negative electrodes, respectively, showed a remarkable
capacitive property with a specific energy of 33 Wh kg! and specific power of 999 W kg at 1 A
g”! within 2.0 V cell potential. Great stability of 97.8 % was observed at a specific current of 5 A
gl for over 10, 000 cycles. Further stability of the device was confirmed by performing a voltage

holding of up to 70 h and retained 70 % of its initial capacitance at 5 A g’

KEY WORDS: Supercapacitor, hybrid, alpha-manganese dioxide, activated expanded graphite

(AEGQG), activated carbon-polyvinyl alcohol (AC-PVA)

1. INTRODUCTION

The rise in population as well as high consumption of fossils fuels, which cause global warming
has resulted in a global crisis in the energy industry due to the ever increasing demand for energy
and its related cost [1]. To combat these global issues we require a substitute of energy sources
such as, hydropower energy, solar energy, wind energy and geothermal energy [2]. However, these
energy sources do not provide sufficient energy due to atmospheric conditions and hence effective
energy storage devices are required. Electrochemical devices such as supercapacitors (SCs) which
are bridging gap between batteries and conventional capacitor are very efficient in this regard.
Efficiency of supercapacitors is attributed to system mechanism which delivers long cyclic
stability, rapid charge/discharge capabilities and high specific power [3]. Supercapacitors are
categorised into two types, namely electric double layer capacitors (EDLCs) and pseudocapacitors.
Mechanism of storing charge by means of charge separation in a small distance on

electrode/electrolyte interface is applicable for EDLCs whilst in pseudocapacitors faradic-type



mechanism of charge transfer resulting in a capacitance which is not electrostatic in nature is

endorsed [4].

Carbon derivative materials such as carbon nanorods, carbon nanotubes, activated carbon,
and carbon nanofibers exhibit high specific surface area and good conductivity which enables them
to be used in SC applications. These properties of carbon based materials make it favourable for
fabrication as a negative electrode for SC [5][6][7][8][9][10][11]. Activated carbon have been
synthesised from different biomass such as coconut shell and wood [12][13][14][15]. Moreover,
advancement in technology and synthesis methodologies, have opened up door for fabrication of
supercapacitors from other materials including fish scale [16], coffee beans [17] and pine cones
[18]. However, their capacitance is very low and so as the specific energy which require

improvement for commercial applications.

Some of the transition metal oxides include cobalt, manganese, ruthenium and, nickel oxide
[19][20][21][22][23] have attracted many researchers due to their pseudocapacitive behaviours.
Amongst those, manganese oxides are of great potential due to fast diffusion performance, redox
reversibility, cost-effective and environmentally friendly [24][13]. Manganese oxides based
electrodes have charge storage mechanism which is faradic due to shuttle of redox reaction
between Mn (IV) and Mn (III) in outer active sites [25]. They have been studied extensively based
on their properties such as crystallographic structure, copious oxidation states and wide potential
window which can be polarized to higher evolution [26][23]. Manganese dioxide is categorised by
three different polymorphs which result from different links of MnOe octahedral units such as o-,
B-, 8- and &- types [27]. The a-MnO: has a wider 2x2 tunnels (~ 4.6 A) which provides advantage

of high diffusion rate and storage of large size electrolyte cations which contribute to high specific



capacitance [28]. However, experimentally the specific capacitance of MnO:z is in the range of 150
-350 F g'!, though, theoretically is 1370 F g™! [29]. This is due to poor electron conductivity which
reduces cycling performance and limits further application in energy storage system [28].
Therefore, to overcome such setbacks MnO: can be synthesized by incorporation of carbon
materials like activated carbon and form a composite with improved properties that combine both
advantage and disadvantage of transition metal and carbon-based materials

[301[31][321[331[34][35].

Furthermore, researchers have moved away from using organic electrolytes due to their
effect in the environment. On the other hand aqueous electrolytes are high in ionic conductivity,
non-toxic, fairly safe and non-corrosive [23]. The disadvantage of aqueous electrolytes is the
limitation on the potential window (1.23 V) due to decomposition of water molecules [7][32]. Such
challenge can be solved by using aqueous neutral electrolytes which proved to have higher
potential window. For example, manganese dioxide is known to have good performances in
aqueous neutral electrolytes than in alkaline and acidic medium [5]. Therefore, the maximum
potential window of aqueous electrolytes in SC can be pushed way above 1.23 V by making use
of asymmetric applications whereby different materials, are used as positive and negative

electrodes with aqueous neutral electrolytes.

In this study, a straightforward and effectual way of complimenting the disadvantages of
graphite (carbon-based material) and manganese dioxide by synthesis of composite through cost-
effective hydrothermal process is reported. The composite was obtained through a separate
synthesis of activated expanded graphite (AEG) and alpha-manganese dioxide (a-MnOz). The

synthesized electrode was characterised using structural, morphological and electrochemical



techniques. 1 M Na2SO4was employed as an electrolyte to evaluate the electrochemical properties
of the material in three- and two-electrode configurations. The optimized half-cell displayed the
highest specific capacitance of 185.5 F g at 1 A g'! calculated from the galvanostatic charge-
discharge (GCD) curve. Astoundingly, the highest specific energy of 33 Wh kg with its
corresponding specific power of 999 W kg'! was obtained at 1 A g! in an operating potential
window of 2.0 V in the assembled hybrid device using a-MnO2/AEG composite as a positive
electrode and AC-PVA as the negative electrode. This excellent electrochemical property proved

the as-synthesized composite as a good electrode material for supercapacitor applications.

2. EXPERIMENTAL DETAILS
2.1 Preparation of alpha-manganese dioxide (a-MnQO>)

Alpha-manganese dioxide (a-MnO2) was prepared by hydrothermal method using potassium per
manganate powder (KMnOs4) [22]. A homogeneous mixture was produced by mixing 0.768 g
KMnOs4 in 100 mL of deionised water (DI). Thereafter, 2 mL of hydrochloric acid (32 %) was
added to the mixture drop wise upon magnetic stirring for 20 min to attain homogeneous solution.
The solution was transferred to a Teflon lined autoclave for a duration time of 10 h under 150 °C
hydrothermal temperature. Afterwards, the solution was removed and allowed to cool down to
ambient temperature. The resulting mixture was decanted and washed several times using

deionised water until a pH of 7 was reached. The brown precipitate was placed in the oven for 12

hat 80 °C.



2.2 Preparation of activated expanded graphite (AEG)

Activated expanded graphite (AEG) was synthesized as reported in our previous work [18].
Briefly, microwave oven was used to expand 5 g of graphite powder for 5 min with radiation power
of 300 W. Thereafter, a mixture comprised of 1 g of activated expanded graphite (AEG) and 100
mL of 10 % wt polyvinylpyrrolidone (PVP) was sonicated for 12 h. Subsequently, 5 g of KOH
was added to the mixture and stirred at 60 °C for 2 h. Thereafter, the precipitate obtained was dried
for 12 h at 70 °C. The dried solid was positioned at the centre in a tube furnace and the temperature
was steadily increased from ambient to 800 °C at 5 °C/min under a mixture of argon (300 sccm)
and hydrogen gas (200 sccm), for carbonisation for 2 h. The expanded graphite (EG) changed into
flakes-like carbon material through this procedure and denoted as activated expanded graphite
(AEG). 1 M HCI was used to wash the black precipitate and further with deionised water, then

finally it was dried in the oven at 60 °C for 12 h.

2.3 Preparation of a-MnQ2/AEG composite

100 mg of a-MnO2 and 100 mg of AEG were mixed together into a crushing mortar and then
crushed thoroughly until a homogeneous mixture was obtained. The mixture was positioned at the
centre of a tube furnace and the temperature was steadily increased from ambient to 700 °C for 5
°C/min (for 2 h) under argon gas (200 sccm) to enable manganese and oxygen ions adsorbed onto

the AEG material. The sample obtained was named as a-MnO2/AEG composite.



2.4 Preparation of activated carbon-polyvinyl alcohol (AC-PVA)

First, 10 g of polyvinyl alcohol (PVA) was dissolved in 100 mL of DI water. The mixture was
heated at 80 °C and then stirred for 2 h to produce 10 % wt PVA mixture. Thereafter, 100 mL of
prepared 10 % wt PVA was sonicated for 30 min, after which 1.1 mL of 32 % HCI was added
dropwise whilst stirring for 5 min to acquire a consistent mixture. The mixture obtained was
transferred to an autoclave lined with Teflon and placed for 12 h in an oven at 180 “C. Resulting
mixture was cooled to ambient temperature, filtered and then washed several times using DI water
until neutral pH was obtained. The precipitate sample recovered was dried in the oven at 60 “C for
12 h. Thereafter, the powder sample was mixed with KOH (ratio of KOH and sample 4:1) and
crush to a fine power in a mortal. The powder was transferred to the centre of a tube furnace and
the temperature was steadily increased from ambient to 700 °C at 5 °C/min. The sample was kept
at 700 °C for 2 h under argon gas in flow rate of 300 sccm before it cools down to room
temperature. Thereafter, the derived activated carbon from PVA designated as AC-PVA was
soaked in a mixture of 2 mL of HCI and 100 mL of DI water, and then thoroughly washed with DI

water and dried at 60 “C overnight in ambient oven.

2.5 Characterization of the samples

The Zeiss Ultra Plus 55 field emission scanning electron microscopes (FE-SEM; Akishima-shi,
Japan) run at 2.0 kV equipped with an energy-dispersive spectroscopy (EDS) and a JEOL-2100F
high resolution transmission electron microscope (HRTEM FEI Tecnai-F30; Akishima-shi, Japan)
functioned at 1.0 kV was acquired to analyse the as-synthesized sample morphology and elemental

composition. Structural properties of the as-synthesized sample was analysed using X-ray
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diffraction (XRD) analyser equipped in Bruker BV 2D PHASER Best Benchtop (PANalytical BV,
Amsterdam, Netherland) controlled by a Cu Ko radiation source (A= 0.15406 nm) at 30 mA and
50 kV through a reflection geometry of 20 values (5 - 90°) in a step size of 0.005°. Further analysis
to determine functional group was done in a range of 500 - 4000 cm™ using FTIR spectroscopy. A
WITec alpha 300 RAS+ Confocal micro-Raman microscope with 532 nm laser wavelength was
utilized to analyze the degree of graphitization in the samples with a laser power and spectral
acquisition time of 5 mW and 150 s, respectively on the sample to avoid sample heating. Nitrogen
adsorption/desorption isotherms were measured by a NOVATOUCH with a quanta-chrome
Touch-Win software analyzer. All samples were degassed at 100 °C for 6 hours under high vacuum
environments. The specific surface area was calculated with the Brunauer-Emmett-Teller (BET)
method from the adsorption branch in the relative pressure range (P/Po) of 0.01 - 0.5 while the

pore size distribution was determined using Barrett-Joyner-Halenda (BJH).

2.6 Electrochemical Characterization

The electrochemical evaluations were done in two- and three-electrode systems using EC-lab
V1.40 software equipped within Biologic VMP300 potentiostat (Knoxville TN 37930, USA). A
mixture of 10 % polyvinylidene fluoride (PVDF) used as a binder, 10 % of conductive carbon
black and 80 % active material, were combined to prepare the working electrode. A homogeneous
slurry mixture was formed by adding 1-methyl 2-pyrollidone (NMP) drops. Nickel foam was used
as current collector (1.0 x 1.0 cm?) in which the slurry was neatly pasted, then dried for 12 h at 60
°C in the oven. Three electrode set-up was configured in 1 M Na2SO4 aqueous electrolyte using

reference electrode (Ag/AgCl), glassy carbon (counter electrode) and as-synthesized sample
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(working electrode). The cyclic voltammetry (CV) was measured within a potential window of 0.0
- 1.0 V vs Ag/AgCl at various scan rates from 10 - 100 mV s™'. Specific currents range of 1 - 20 A
gl in a potential window of 0.0 - 1.0 V was used for measuring galvanostatic charge-discharge
(GCD). The specific capacitance (Cg) was evaluated from the GCD curve by applying Equation 1

as shown below [36]:

Iq X At

Cs = [Fg'] (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 (s) is the electrode discharge time.

The electrical resistance of the as-synthesized sample was estimated by using EIS Nyquist plot in
an open circuit potential 0.0 V in a frequency range 10 mHz — 100 kHz. Columbic efficiency Ce

(%) was determined as [1]:

Cp = ’;—Dx100% (2)

c

were t. and tp are charging-discharging time at the same specific current respectively.

Two-electrode measurements were further used to investigate the performance of the fabricated
device using a-MnO2/AEG composite and AC-PVA as the positive and negative electrode,
respectively. For a good working asymmetric device proper mass balance between the negative

and the positive electrode has to be achieved through charge balancing using the equations below:

Qs = Q- (3)

where; Q. is a total positive charge and Q_ is a total negative charge. But, Q = m X C; X AV

and hence equation 3 above can be written as:



m_x AV. X Cs_ =m, X AV, X Csy @)

Equation (4) can further be reduced as shown below:

m- _ AVy X Coy
my - AV_ X CS— (5)

where; AV, and AV_ are operating potential windows in a positive and negative electrodes, Cs,
and C,_ are specific capacitances for positive and negative electrodes, and m, and m_ and masses

for positive and negative electrodes, respectively.

The mass ratio of 1:2 was found using Eqn. 5, which resulted in a positive and negative electrodes
masses of 2.2 and 3.8 mg, respectively, and making 6.0 mg/cm? as a total mass for 0-MnO2/AEG//
AC-PVA device. The specific energy and specific power were estimated by utilizing Eqns. 6 and

7, respectively [11]:

Eq =% [Vdt [Whkg'] (©6)

Py ==%x 3600 [Wkg'] (7)

where, E; present specific energy while P, stand for specific power in their specified units.
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3. RESULTS AND DISCUSSIONS

3.1 Morphology and structural analysis

Fig. 1 (a, b) displays SEM images at low and high magnification, respectively, for the as-
synthesized a-MnO2 sample. The figure shows rod-like nanostructure morphology which has also
been observed by Yao et al. [37]. Fig. 1 (c, d) presents low and high magnification SEM images
of the as-synthesized AEG sample showing an interconnected sheet-like flakes microstructure.
The inter-connected porous nature of the AEG material is expected to allow good interaction of
the electrolyte ions and improve the electrical conductivity of the a-MnO2 during composite
formation. This is expected to enhance the overall electrochemical performance of the composite
material. Fig. 1 (e, f) shows low and high magnification SEM images of the sheet like morphology
with agglomerated grains of rod-like nanostructures morphology for a-MnO2/AEG composite
sample. Furthermore, the addition of AEG into a-MnOz has changed the rod-like nanostructures
into agglomerated grains of rod-like nanostructures as displayed in Fig. 1 (e, f). This was due to
the chemical reaction of the mixture between a-MnO2 and AEG, which increased surface energy

of the composite material as expected to improve electrochemical performance.
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Fig. 1: (a, b), (c, d) and (e, f) are SEM images at low and high magnifications of a-MnO,, AEG and a-MnO»/AEG,
respectively.
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Fig. 2 (a, b and c) demonstrates the HRTEM images of a-MnO2, AEG and a-MnO2/AEG samples,
respectively. The HRTEM confirmed the detailed morphology of the materials whereby Fig. 2 (a)
shows rod-like morphology for a-MnO:2 while Fig. 2 (b) presents sheet like morphology for AEG
and Fig. 2 (c) displays a mixture of a-MnO2 and AEG morphology. The combination of sheet like
morphology with agglomerated rod-like nanostructures indicates that a-MnOz is indeed loaded on
AEG (Fig. 2 (c)). This is expected further to enhance the electrochemical performance of the
composite sample. The elemental composition of the as-synthesized a-MnO2/AEG composite was
determined by EDS analysis. Fig. 2 (d) shows the EDS evaluation of a-MnO2/AEG composite
confirming the existence of Mn, O, C and K within the material. The presence of K in the spectrum
of a-MnO2/AEG composite is due to the potassium per manganate (KMnO4) chemical utilized
during synthesis of the material indicating that the sample was not completely washed to get rid
of K. Furthermore, during sample preparation for EDS analysis, the Au-coating was applied which
prove that the carbon present in the composite sample is not coming from the coating. Therefore,
the presence of C in the a-MnO2/AEG composite reveals that AEG was successfully loaded in the

a-MnO:2 sample.
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Fig. 2: (a), (b) and (c) are HRTEM images of a-MnO,, AEG and a-MnO,/AEG, respectively and (d) EDS analysis

of a-MnO»/AEG composite sample.

The nitrogen (N2) gas adsorption and desorption analysis were done to measure the specific surface
area and pore diameter of a-MnQO: and a-MnO2/AEG composite materials. Fig. 3 (a) and 3 (b)
displays the N2 adsorption/desorption isotherms and BJH pore size distribution, respectively of a-
MnO:2 and a-MnO2/AEG composite. Fig. 3 (a) shows the N2 adsorption/desorption isotherms of

a-MnO2 and a-MnO2/AEG composite whereby the specific surface area of a-MnQO2 was found to
14



increase due to the addition of AEG. The specific surface area noted for a-MnO: and a-
MnO2/AEG composite was 31.284 m?/g and 35.860 m?/g, respectively. The improved specific
surface area of the composite material can be attributed to the addition of AEG in the composite.
As a result, this was reflected on the electrochemical performance of the composite. As shown in
Fig. 3 (a) both a-MnO:2 and a-MnO2/AEG present type-III behavior with an H3-type hysteresis

loop with no saturation and showing the presence of mostly meso-poares.
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Fig. 3: (a) N, adsorption/desorption isotherms and (b) BJH pore size distributions of a-MnO, and a-MnO,/AEG,

respectively.

Fig. 4 (a) display XRD patterns for a-MnO2, AEG and a-MnO2/AEG in which the corresponding
planes match with the XRD card no. JCPDS 44-0141 for MnO2 and 96-900-0047 for AEG
[18,38,39]. The diffraction peaks at 12.1° (110), 17.2° (200), 27.8° (310), 36.8° (211), 56.0° (600),
64.8° (002) and 71.8° (312) are signature peaks for alpha phase of a-MnQ2 while the peak at 10.2°
(001), 26.5° (002), 40.1° (020), 44.0° (111), 54.6° (004) and 83.6° (200) correspond to AEG. The

as-synthesized composite (a-MnO2/AEG) spectrum indicates combination of diffraction peaks
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from pristine (a-MnO2) and AEG materials, which indicates that the materials didn’t lose their
crystallographic integrity during composite formation. The composite diffraction peaks show a
slight shift which is due to changes in stoichiometric composition and the difference in ionic radii
between the two materials [22,40]. Fig. 4 (b) displays FT-IR spectroscopy analysis of the as-
synthesized a-MnO2, AEG and a-MnO2/AEG materials, respectively. It was noted that the =C-H
bonds corresponds to the vibrations in the range of 675 - 1000 cm™'. While vibrations in the range
of 1050 - 1363 cm™" are ascribed to O-H bonds which occur due to the interaction between carbon
materials and Mn atoms. Hydrous MnOz is characterised by a vibration bands around 1593 cm™!

[41].

Raman spectroscopy is a non-destructive technique applied in this study to show the vibrational
modes within the materials and degree of graphitization of the carbon present within the materials.
Fig. 4 (c) demonstrates the Raman spectrum of AEG and a-MnO2/AEG composite materials. The
spectrum for AEG display the C-C stretching and double resonance transition mode of D, G and
2D picks corresponding to 1353 ¢cm’!, 1578 cm™ and 2709 cm, respectively [42]. For a-
MnO2/AEG composite G and 2D peaks are still observed with reduced intensity revealing the
synergy effect caused by the interactivity between the two materials. Moreover, in this spectrum
there was a sharp and strong peak around 647 cm™! belonging to Ag spectroscopic species indicating
a stretching vibration to the (Mn-O) of a-MnO: [43]. The well-defined appearance of this peak
shows good crystallinity of a-MnO2 in the composite sample. Furthermore, there is a presence of
weak band of 0-MnO2 at 357 cm™!. As observed in the XRD results of a-MnO2/AEG composite,

the presence of G and 2D peaks in the composite material confirm the presence of AEG.
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Fig. 4: (a) XRD, (b) FT-IR spectrum of a-MnO,, AEG and a-MnO»/AEG, and (c) Raman spectrum of AEG and o-

MnO,/AEG, respectively.
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3.2 Electrochemical measurements

(i) Three electrode measurements

The cyclic voltammetry (CV) for a-MnO2 was displayed in Fig. 5 (a) at different scan rates 10 —
100 mV s in 1 M Na2SOs electrolyte within a positive potential window ranging from 0.0 — 1.0
V vs Ag/AgCl. The CV has a quasi-rectangular shape which is an ideal behaviour for
pseudocapacitive materials, such as transition metals like ruthenium oxide and nickel oxide
[4][22][12]. A semi-linear shape displayed by the galvanostatic charge-discharge (GCD) in Fig. 5
(b) corresponds with the CV in Fig. 5 (a) for a-MnO: at various specific current range of 1 — 10
A g''. The specific capacitance of a-MnO: was calculated from the GCD curves using Eqn. 1 and
found to be 132 F gl at 1 Ag'. The CV of AEG evaluated in 1 M Na2SOs electrolyte in a positive
potential window range 0.0 — 1.0 V vs Ag/AgCl, is shown in Fig. 5 (¢) at various scan rates from
10 — 100 mV s™'. The linear GCD curves of AEG at different specific current in a range of 1 — 10
A g are shown in Fig. 5 (d) which confirms what was observed in Fig. 5 (c) which indicates that
the AEG material has defined EDLC characteristics. This also indicates good capacitive behaviour
of the material expected in carbon-based materials. The GCD curves were used to estimate the
specific capacitance of AEG using Eqn. 1 as 153 F ¢! at 1 Ag™!. As reported in our previous work,

the high surface area of AEG contributed to the high specific capacitance [18].
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Fig. 5: (a, b) CV and GCD curves of a-MnO; and (c, d) CV and GCD curves of AEG in 1 M Na;SO,.

Fig. 6 (a and b) represent the electrochemical measurements of a-MnO2/AEG composite
conducted using 1 M Na2SOs electrolyte. The CV curves performed at various scan rates from 10
— 100 mV s™!' within a positive potential window range of 0.0 — 1.1 V vs Ag/AgCl is displayed in
Fig. 6 (a) indicating traces of pseudocapacitive behaviour which attributed to a-MnO: in the
composite. The quasi-rectangular shape of the CV also indicates oxidation or reduction responses
arising on the surface of the electrode and electrolyte. Fig. 6 (b) indicates linear GCD curves at

various specific current in a range of 1 to 10 A g™! displaying EDLC features as observed in Fig. 6
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(a) of the CV curves. The synergy effect of the combined a-MnO2 and AEG material was noticed
by the increase in potential window of the composite material, increase in the discharge time of
the GCD curves and, increase in the current response of the CV curves compared to single
constituents. Specific capacitance of a-MnO2/AEG composite evaluated using Eqn. 1 was
estimated to be 185.5 F g'! which is superior to132 and 153 F g'! for a-MnOz and AEG at 1 Ag™,
respectively. This improved performance is due to the synergy between a-MnO2 which has high
diffusion rate and ability to store large size cations and AEG which has high conductivity and
hence resulted into high specific capacitance of the composite material [32]. Fig. 6 (c)
demonstrates specific capacitances versus specific current for a-MnO2, AEG and a-MnO2/AEG
composite which shows a steady decrease in specific capacitances with increase in specific
currents. The specific capacitance of the composite is still higher than those of the presitine
samples throughout. Subsequently, the a-MnO2, AEG and a-MnO2/AEG conserved about 58 %,
61 % and 64 % rate capability, respectively. This is associated with the redox reaction occurring
on a surface which may result in change of oxidation state of manganese [24]. Moreover, EIS was
performed to access the capacitive performance of the as-synthesized a-MnO2/AEG composite
material. Fig. 6 (d) indicates EIS Nyquist plot for a-MnO2, AEG and a-MnO2/AEG composite
measured at a frequency range 10 mHz — 100 kHz. The equivalent series resistance (ESR) value
was estimated at a high-frequency region as presented in an inset to Fig. 6 (d). The value was
achieved, by reading the data of the intercept to the x-axis of the real component (Z’) curve. The
equivalent series resistance (ESR) values of 1.8, 3.1 and 1.6 QQ were recorded for a-MnO2, AEG
and a-MnO2/AEG, respectively. The ESR value for a-MnO2/AEG shows an improvement in the
electrolytic ions diffusion resistance in a composite compared to a-MnO2 and AEG. Furthermore,

a-MnO2/AEG composite has shortest diffusion length compared to a-MnO2 and AEG which
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Fig. 6: (a) CV curves and (b) GCD curves for a-MnO»/AEG in 1 M Na,SOs, (c) specific capacitance versus specific
current, (d) EIS Nyquist plot and (e) cycling performance for a-MnO,, AEG and a-MnO, /AEG, respectively in 1 M
Na2804.
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signify the good synergy between a-MnO2 and AEG. Additional analysis was done using columbic
efficiency versus cycle number at 5 A g! for up to 2000 charge-discharge cycles for 0-MnO2, AEG
and a-MnO2/AEG, respectively (Fig. 6 (e)). Columbic efficiency evaluated using Eqn. 2 was found
to be 98.5 %, 99.3 % and 99.7 % for a-MnO2, AEG and a-MnO2/AEG, respectively. The results
show that a-MnO2/AEG composite has superior cycling stability of approximately 100 %
compared to a-MnO2 and AEG. This can be attributed to the increase in conductivity of a-MnO2

due to the presence of carbon material (AEG) [5].

(ii) Two electrode measurements

The electrochemical measurements of a-MnO2/AEG composite and AC-PVA as positive and
negative electrodes, respectively, in 1 M NaxSOs electrolyte are displayed in Fig. 7. Fig. 7 (a)
displays the CV curves at a scan rate of 50 mV s for a-MnO2/AEG and AC-PVA in a positive
and negative potential windows of 0.0 to 1.1 and -0.9 to 0.0 V vs Ag/AgCl, respectively. The AC-
PVA shows more resistive behavior due to the presence of some functional groups which makes
the electrode to show pseudocapacitive behavior while a-MnO2/AEG shows much better CV
resembling an EDLC behavior indicating good capacitive properties of the material [22]. The GCD
curves for a-MnO2/AEG composite and AC-PVA at 1 A g is shown in Fig. 7 (b) confirming what
was observed in Fig. 7 (a). A further detailed study of AC-PVA is ongoing and shall be discussed

in another publication.
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Fig. 7: (a) CV curves at 50 mV s and (b) GCD curves at 1 A g”!' for AC-PVA and a-MnO>/AEG in 1 M Na,SO..

The a-MnO2/AEG composite material was further investigated using two-electrode measurements
for practical applications. The assembled device employing a-MnO2/AEG composite and AC-
PVA as positive and negative electrodes, respectively, was abbreviated as a-MnO2/AEG//AC-
PVA asymmetric device. Fig. 8 (a) displays CV curves at various scan rates ranging from 10 - 100
mV s for a-MnO2/AEG//AC-PVA asymmetric device within a potential window range of 0.0 —
2.0 V. The CV curves show quasi rectangular shape without redox peaks signifying the occurrence
of adsorption and desorption activities of electrolyte ions at the interface of the electrolyte and
electrode. A semi-linear GCD curve in Fig. 8 (b) indicates a pseudocapacitive nature of the device
confirming what was observed in Fig. 8 (a). The specific capacitance of a-MnO2/AEG//AC-PVA
asymmetric device was calculated using Eqn. 1 and estimated to be 59.4 F g! at 1 Ag™'. Fig. 8 (c)
displays specific capacitance versus specific current of a-MnO2/AEG//AC-PVA asymmetric
device. It was noted that there is a steady decrease in specific capacitance with an increase in

specific current which is attributed to the synergy between a-MnO2/AEG and AC-PVA which

23



allow electrolyte ions to interact with the material and hence prevent rapid reduction of the
capacitance. This proves high rate capability of the a-MnO2/AEG//AC-PVA asymmetric device
of 58 % [44]. Fig. 8 (d) shows a Ragone plot displaying specific energy versus specific power for
a-MnO2/AEG//AC-PVA asymmetric device evaluated using Eqns. 6 and 7. The a-
MnO2/AEG//AC-PVA asymmetric device at 1 A g, recorded the highest specific energy with its
corresponding specific power of 33 Whk g and 999 W kg™!, respectively evaluated from the GCD
curve. The electrochemical measurements of the assembled a-MnO2/AEG//AC-PVA asymmetric
device, in comparison with previous similar work published, is illustrated in Table 1 below
whereby the specific energy reported here is comparable or higher than those in the literature. This
achievement is attributed to the structural integrity of a-MnO2/AEG composite where the tunnels
of 0-MnO: are theoretically large [28]. Furthermore, large surface area of AEG (457 m? g'!) [42]
which has more active sites for redox reaction and large opening pores that allows interaction of

Na" cations to pass through contributed to the better performance of the device.

24



N
o

i@
15
< 10 S
E ] =
w 5 g
c ] c
o o
- 0' il
5 ] 2
O 54 -
| 10mvs" )
104 ——20mVs" (&)
] —40mVs"'
e 50 MV s
-15_ T T T T T T T '_100|m\,ss.1 0!0 T T T T T T
0,0 0,5 1,0 1,5 2,0 0 50 100 150 200 250
Cell potential (V) Time (s)
—_ 100 5
"o 60- o\ < i(d)
[T 1 >3 o
~ 5094 (C
o 50 (c) \ é '\-\_\
2 ] o 10 4 B
40 - =
% . N 2
® 30 \o 2
Q" | )
m© © 14
O 20 > 3
L2 | < I
:|: (9
S 104 2
8 IT}
w 0 T T T T T T T T T 0,1 T T T T T LB |
0 2 4 6 8 10 100 1000 10000
Specific current (A g) Power density (W kg™)

Fig. 8: (a) CV curves at different scan rates, (b) GCD curves at different specific currents, (c) specific capacitance
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respectively.
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Table 1: Comparisons of electrochemical measurements of various devices from the literature with similar material

evaluated in two-electrode measurements.

Electrode (Device material) | Electrolyte Potential Specific Specific power | Ref. No.
window energy
% (W kg™
(Whkg™)

MnO»//AC 1 M Na,SO4 2.0 17.1 100 [11]
MnO,/CNT//AC 2 M KNO3 2.0 21 123 000 [45]
MnO,-CNT//AC 1 M LixSO4 2.0 25 500 [5]
MnO; nanotubes//AC 1 M Na,SO4 1.8 22.5 146 200 [46]
MnO:-AEG//AC-PVA 1 M Na:SOq4 2.0 33 999 This

Work

Fig. 9 (a) indicates long cycling performance at 5 A g!' conducted for up to 10, 000 cycles to
evaluate the stability of a-MnO2/AEG//AC-PVA asymmetric device. The assembled a-
MnO2/AEG//AC-PVA asymmetric device confirmed a columbic efficiency of 99.8 % throughout
10, 000 cycles. The cycling performance is vital indicating stability of the device over a long
charge/discharge due to good redox reaction that occurs between a-MnO2 and AEG. This indicates
that the as-synthesized a-MnO2/AEG composite has stable chemical structure resulting from Mn**
oxidation state which can withstand charge and discharge over a prolonged period [5]. Fig. 9 (b)
shows the durability of the device using a-MnO2/AEG//AC-PVA after performing a voltage
holding with a floating time of up to 70 h. At 5 A g’!, the specific capacitance versus floating time

of up to 70 h for a-MnO2/AEG//AC-PVA asymmetric device exposed to a maximum voltage of
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2.0 V was achieved. The specific capacitance of the device was evaluated after being subjected to
the charge-discharge for three cycles. The device was held at 5 A g™! for 10 h at the highest potential
of 2.0 V, then subjected to another charge-discharge process. The process was repeated for up to
70 h. The specific capacitance increased in the first 10 h but later became stable from 10 h for over
70 h of the test. This could be due to the fact that at initial stage the electrode lacks wettability.
Thus, the device displayed about 70 % of its initial capacitance after 70 h. EIS Nyquist plot for -
MnO2/AEG//AC-PVA asymmetric device was performed before and after stability as shown in
Fig. 9 (¢). The results show an improvement in performance of the device after stability, however,
there is a small deviation of the curve away from y-axis after stability as compared to the one
before stability. The improvement in the diffusion length and equivalent series resistance from 2.3
to 1.8 Q before and after stability was noted. This shows an improvement in wettability which
allows the material to access more ions when the device is exposed to many cycles. Fig. 9 (d)
indicates the phase angle versus frequency curve presenting the phase angle of about -78.5° which
is closer to the ideal value of -90° denoting that, a-MnO2/AEG//AC-PVA asymmetric device is

approaching to the ideal capacitive performance.
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Fig. 9: (a) Cycling performance, (b) floating time versus specific capacitance, (c) EIS Nyquist plot before and after
cycling and (d) frequency versus phase angle for a-MnO, /AEG//AC-PVA asymmetric device in 1 M NaySOs,

respectively.

4. Conclusion

Alpha-manganese dioxide/activated expanded graphite (a-MnO2/AEG) was successfully

synthesized via simple hydrothermal method. The as-synthesized hybrid material displayed a sheet

like morphology with agglomerated grains of rod-like nanostructures morphology. The specific

capacitance of about 185.5 F g'! was recorded in 1 M Na2SOy4 for the half-cellat 1 A g'. At5A g

!, the material was able to display a cycling performance of 99.7 % for the half-cell over 2000

cycles. The as-synthesized a-MnO2/AEG composite and AC-PVA were used as positive and
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negative electrodes, respectively to assemble a-MnO2/AEG//AC-PVA hybrid device. The device
showed great electrochemical behaviour at 1 A g™! within the maximum potential window of 2.0
V, which gave the highest specific energy and specific power of 33 Wh kg™ and 999 W kg’!,
respectively. Stability of the device was done at 5 A g™ by performing a columbic efficiency versus
cycle number which revealed an efficiency of 99.8 % after 10, 000 cycles. Stability of the device
was further confirmed by subjecting a device to a voltage holding with a floating time of up to 70
h at 5 A g!. These results demonstrated that the studied materials are of great potential for

supercapacitor applications.
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