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ABSTRACT

In this research study, we have presented a simple two-step synthesis path to producing
a cost-effective high porosity carbon material via acidic dehydration of white sugar. The
electrochemical behaviour of the activated sugar-based carbon material (ASC), activated
at 400°C (ASC 400) and adopted as a supercapacitor electrode in a symmetric device
demonstrated a limit specific capacitance of 242.67 F g-1 at 1 A g-1. The device also
demonstrated a good efficacy as an established material for supercapacitors suitable for
high power applications with a satisfactory energy density of 19 Wh Kg-1 and power
density, 750 W kg-1 at a gravimetric specific current of 1 A g-1. The results obtained provide
1

a potential route to converting cheap refined biomass sources into highly porous
nanostructured materials for energy storage device applications.

KEYWORDS: Write sugar; carbonization; Na2SO4, specific capacitance; specific surface
area; H2SO4.

INTRODUCTION
Supercapacitors (SCs), described as prominent high power-delivery energy storage
devices are known to store a lot more electrical charge than the conventional capacitors.
They have received more research attentions in the energy storage applications owing to
their ability to quickly and comfortably discharge the stored energy speedily, thus,
producing the needed high power and extended cycle life in comparison to batteries. They
are able to complement batteries in several areas of applications, such as domestic and
industrial among others. SCs have the capability to work at very low temperatures, a
unique quality that knocks down the choice of several types of batteries as a better device
for energy applications 1-3,41-42.
SCs store charges electrostatically, unlike through reversible chemical reactions for
rechargeable batteries. They can be discharged and recharged up to a very high number
of cycles without losing their capacitance. The little or negligible internal resistance
attribute of the SCs makes them store and dispense energy effortlessly, and work at an
efficiency very close to a hundred percent

4-5.

The properties of SCs come from the

intrinsic energy storage mechanism. Mostly, the combination of a suitable electrode
material and the corresponding compatible electrolyte type largely determines the
functionality, thermal and electrical characteristics of a supercapacitor. The numerous
2

merits present in SCs have made them take up the technologically developing markets
ranging from applications in consumer electronics, power-back up/emergency units to
electric/hybrid electric vehicles

6–9.

However, the energy density of SCs still requires an

improvement compared to that of a battery, but their high power density gives them the
edge in applications where a sharp incipient amount of current is needed owing to their
instant discharge ability.
Recently, SCs are being employed in combination with batteries to lift their power supply
capacity 10. Nonetheless, various devices application in a single system is not the ultimate
attempt owing to variations in individual cell properties such as capacitance, capacity and
cycle life among others 11. In order to fulfill the required high energy and power densities
in a single device, hybrid supercapacitors that integrate the properties of the conventional
supercapacitor with those of the lithium ion battery have been recently reported by
different researchers in the literature 11-14. The hybrid supercapacitor utilize one electrode
with high lithium ion kinetics, and the other ( such as activated carbons) with high contact
area with the electrolyte 12. SCs are composed of two electrodes closely packed together
and submerged in an electrolyte, which serves as the conducting medium between the
electrodes. The electrodes in SCs are highly porous, giving them a much larger specific
surface area, SSA than conventional capacitors. This increases the surface for charge
storage resulting in improved device electrochemical performance 15.
Widely, numerous materials are adopted in study and fabrication of SCs electrodes 16-18.
However, the essential factors such as the electrical conductivity, form, cost-effectiveness
and stability, can be achieved by adapting the material precursors. Research studies on
carbon materials as SCs electrodes have yielded some exciting results in a number of
studies

15.

These carbon materials include activated carbons from tree barks 9, biomass

wastes 19–21, sugar cane 22,23 as well as refined sugar 24 to mention but a few.
3

Sugar, a common word for sweetened, short-chain and soluble carbohydrates is also
regarded as readily available and cheap source of carbon. They are mostly utilized in
foods that are made up of hydrogen, carbon, and oxygen. Sugars are derived from
various sources. The simple sugars also referred to as monosaccharides include glucose
or dextrose, fructose, and galactose. A "table sugar" or "granulated sugar" mostly
employed as food is sucrose, which is a disaccharide of glucose and fructose 25,26. Sugars
can be extracted from the tissues of most plants.They are sufficiently obtainable in high
concentrations solely in sugarcane 27.
Purified sugar can be obtained from raw sugar after undergoing a process to removing
the molasses. The raw sugar, sucrose is extracted from sugarcane or sugar beet. The
purifying process is to remove unpleasant tastes from the raw sugar, resulting in refined
or white sugar 28.
There have been a few research outcomes on the adoption of sugar-derived carbons for
applications such as energy storage devices. Wang X. et al. 29 reported highly conductive
carbons with high specific surface area , synthesized using a sugar-blowing method to
develop a 3D self-supported graphene referred to as strutted graphene. A device
fabricated from the as-produced carbon demonstrated a gravimetric specific capacitance
of 250 F g-1 at a specific current of 1 A g-1 and excellent stability using H2SO4 aqueous
electrolyte. Similarly, Ma J. et al.

30

reported a composite material made up of sugar-

derived carbon and graphene produced by mixing glucose with graphene oxide using
ultra-sonication and calcination steps. The 3D composite material as electrodes for SCs
displayed a high specific capacitance of about 273 F g-1 at a specific current of 0.5 A g-1,
with excellent electrochemical stability in KOH electrolyte.

4

In this study, we report the commercial scale synthesis, chemical, microstructural and
electrochemical characterization of as-prepared carbon via acidic dehydration of white
sugar. The KOH activated carbon was obtained from the dehydrated carbon material
through a cost-effective atmospheric pressure chemical vapour deposition (APCVD)
technique at varying calcination temperatures. This technique holds great potential for its
suitability in morphology control as well as pore-structure fine-tuning in solute phase. The
electrochemical evaluations of a symmetric SC fabricated with the as-prepared carbon
material were thereafter analyzed in 1 M Na2SO4 electrolyte. A specific analysis of the
fabricated electrodes tested in both the three and two-electrode configurations revealed
that a working potential of 1.5 V could be achieved for a symmetric ASC 400//ASC 400
electrochemical capacitor operating in 1 M Na2SO4 electrolyte. The fabricated carbon
material was observed to be consistent within this potential with no environmental
concern such as corrosion, resulting in high specific capacitance, good pore size
distribution, and high energy and power densities among others, compared to some other
similar materials in the literature. The KOH adopted as the activating agent was selected
since it induces a well-defined distribution of micropores at low activation temperatures
with high carbon throughputs 31,32.

EXPERIMENTAL
Material preparation
A stoichiometric amount of white sugar was poured in a glass beaker with a stoichiometric
volume of H2SO4 (99.99 %) being poured onto it and then stirred for about 2 min. by
magnetic stirrer at 25 °C. The reaction, which lasted for nearly 5 sec. was highly
exothermic and resulted in the as-prepared carbon material (as shown in Scheme 1). The
5

following equation (1) below summarizes the reaction route to obtain the as-prepared
ASC samples.
−
𝑪𝟏𝟐 𝑯𝟐𝟐 𝑶𝟏𝟏(𝒔) + 𝟏𝟏𝑯𝟐 𝑺𝑶𝟒(𝒂𝒒) → 𝟏𝟐𝑪(𝒔) + 𝟏𝟏𝑯𝟑 𝑶+
(𝒂𝒒) + 𝟏𝟏𝑯𝑺𝑶𝟒(𝒂𝒒)

(1)

The obtained carbonized materials were washed severally using DI water and dried for
10 hours in an electric oven at a temperature of 60 °C in ambient condition. Afterwards,
1 g of the recovered carbon sample was muddled with 2 g of KOH and then put in an
APCVD device at a ramping rate of 1 °C/min. for activation at temperatures of 400, 500,
600, and 700 °C respectively, for a dwelling time of 2 h in argon gas environment. The
resulting carbon sample was soaked in 3 M HCl to remove any residual unreacted KOH
before being washed severally using DI water and then dried overnight at 60 °C in ambient
condition. The recovered products were designated as ASC 400, ASC 500, ASC 600 and
ASC 700 in line with increasing activation temperatures respectively.

Scheme 1. Schematic of the synthesis route of ASC samples.

Electrodes fabrication
The as-prepared activated carbon electrodes were fabricated by making a blend of the
active material (80 wt %), conductive carbon black (10 wt. %) and a polyvinylidene fluoride
6

(PVDF) (10 wt. %) binder, in a little drops of N-methyl-2-pyrrolidone (NMP) and stirred
together to make up a homogeneous slurry. The prepared slurry was pasted on a 1 cm x
1 cm nickel foam used as current collector, and subsequently dried at 60 °C for about 10
h to remove NMP.

Materials characterization
Scanning electron microscopy and microanalysis were performed with the aid of a Zeiss
Crossbeam 540 FEG-SEM, and a JEOL-2100F transmission electron microscope (TEM
FEI Technai-F30) operating at an acceleration voltage of 200 kV. Phase identification was
achieved by adopting a XPERT-PRO X-ray diffractometer (PANalytical BV, Netherlands)
operating with a Cu Kα radiation source (λ = 0.15418 nm). A Jobin–Yvon Horiba TX 6400
micro-Raman spectrometer operating with a 532 nm excitation laser was adopted for the
Raman analysis. The pore size distribution and specific surface area of the samples were
determined at -196 °C in liquid N2 using a Micromeritics TriStar II 3020 system in a relative
pressure (P/Po) range of 0.01–1.0, alongside a model of Brunauer-Emmett-Teller (BET)
and Barrett–Joyner–Halenda (BJH). All samples were degassed at 100 °C for 18 h in
vacuum before absorption and desorption measurements.

Electrochemical assessments
The fabricated electrode was assessed with the help of a Bio-Logic VMP300 potentiostat
(Knoxville TN 37,930, USA) under the influence of EC-Lab® V11.40 software. Every
electrochemical assessment was done in a standard three-electrode set-up, with the
7

nickel-supported active material, glassy carbon and

Ag/AgCl electrode selected as

working electrode, counter electrode as well as reference electrode in 1 M Na2SO4
aqueous solution respectively. The specific mass of active material coated on every
electrode was calculated to be nearly 3.2, 3.1, 3.0 and 3.2 mg cm-2 for the ASC 400, ASC
500, ASC 600 and ASC 700 samples respectively. The electrochemical behavioural
investigation of an assembled ASC 400 symmetric SC was performed using a standard
two-electrode set-up in 1 M Na2SO4 solution. Cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) as well as electrochemical impedance spectroscopy (EIS) of the
sample were performed to observe the performance of the sample.
The specific capacitance (Cs) of the as-prepared single half-cell electrodes was evaluated
in line with the equation below:
𝐶𝑠 =

𝐼 × ∆𝑡
𝑚 × ∆𝑉

[𝐹𝑔−1 ]

(2)

where I and m are the discharge current and active material mass, respectively. While
ΔV and Δt are operating potential as well as discharge time of the electrode.
The single electrode specific capacitance, 𝐶𝑠𝑝 of the symmetric SC as a function of the
specific current of the device was evaluated via the slope of the discharge profile in
agreement with equation 3 as stated below 33:
𝐶𝑠𝑝 =

4𝐼 × ∆𝑡
𝑚 × ∆𝑉

[𝐹𝑔−1 ]

(3)

The energy density (𝐸𝑑 ) basically expressed in J g-1 and its equivalent power density (𝑃𝑑 )
for the cell were evaluated from relations (4) and (6):
𝐸𝑑 = 0.5𝐶𝑠 (∆𝑉)2

(4)
8

The expression in Eq. 4 above was divided by a factor of 3600 to transform its units from
J g-1 to W h g-1. The expression was further multiplied by a factor of 1000 to have the
required units in W h kg-1 as illustrated below:

𝐸𝑑 = 0.5𝐶𝑠 (∆𝑉)2 =

1000 × C(∆V)2
2 × 4 × 3600

Thus, the energy and power densities are expressed as:
𝐸𝑑 =

C .Δ𝑉 2
28.8

[Wh k𝑔−1 ]

𝑃𝑑 = 3.6 × 𝐸𝑑 /∆𝑡

[Kw kg-1]

(5)

(6)

where 𝐸𝑑 and 𝑃𝑑 are energy and power densities respectively.
The columbic efficiency, 𝐶𝐸 over a potential, V (V), of the symmetric SC was estimated
using the following relation:
𝐶𝐸 =

𝐶𝑠𝑑
𝐶𝑠𝑐

× 100%

(7)

where 𝐶𝑠𝑐 and 𝐶𝑠𝑑 , and 𝐶𝐸 (%) are specific capacitances of charge and discharge
process, as well as the coulombic efficiency respectively.

RESULTS AND DISCUSSION
Formation and morphological characterization
The formation process of the high porosity ASCs with KOH is as a result of gasification
of the carbon by removing CO2 gas, and the oxygen material that is present in the matrix.
During activation, CO2 gas formed due to decomposition of K2CO3 during calcination is
9

liberated and becomes notable at elevated temperatures. This liberated CO2
subsequently reacted with the hydrochar of the dehydrated sugar to activate dormant
pores and liberate existing micropores. Alternatively, the K2CO3 can be reduced by
carbon to generate metallic potassium (K), resulting in the carbon gasification and thus,
pores formation. The below reaction depicts the activation process 31,32:
6𝐾𝑂𝐻 + 2𝐶 ↔ 2𝐾 + 3𝐻2 + 2𝐾2 𝐶𝑂3

(8)

Figure 1 (a-d) reveals the SEM images of ASCs materials. From the figure, it is clearly
observed that the KOH activation results in formation of cavities

32,

with the presence of

large amount of pores in the 3D interconnection closely linked within the materials’
structures. The fine structure was observed to be distorted at higher activation
temperature (Fig. 1(d)).
Figure 2 (a-d) shows the TEM micrographs of the as-prepared ASCs materials at a
magnification of 1 µm for ASC 400, 500, 600 and 700 respectively. It can be noticed that
all as-prepared carbon samples display a porous morphology with the varying pore sizes
attributed to the activation process originating within the material structure, which is
further confirmed by the SEM micrographs shown in Fig. 1. A porous cavity of this nature
could enhance charge storage mechanism by allowing easy ion penetration from the
electrolyte into the various active sites within the material thereby enhancing the
electrochemical properties of the material 2.
Fig. 3(a and b) displays the textural attributes of the ASCs samples analyzed using the
N2 adsorption/desorption isotherm measurements, which is further confirmed by the SEM
micrographs shown in Fig. 1.
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Fig. 1: SEM images of (a) ASC 400, (b) ASC 500, (c) ASC 600, and (d) ASC 700
respectively.

Fig. 3(a) exhibits that all the samples portray a type-II behavior, with H4-type hysteresis,
showing complex materials comprising both mesopores and micropores

34.

Fig. 3(b)

reveals the pore-size distribution (PSD) graphs of as-prepared materials, indicating the
presence of mesopores within the structure of the materials. The PSD results further
confirms the noticed results from the N2 gas-sorption isotherm displayed in Fig. 3(a).
The higher surface area of the ASCs samples as well as the PSD could be advantageous
in storing charges by the provision of noble adsorbate accessibility with larger flow paths
to micropores 32,35.
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Fig. 2: TEM micrographs of (a) ASC 400, (b) ASC 500, (c) ASC 600, and (d) ASC 700
respectively.

Table 1 shows a summary of the results from BET analysis. The pore volume was
observed to increase with increasing temperature (except for ASC 500) used during
activation steps. ASC 400 with the second highest SSA (713.1171 m2 g-1) and 0.1712 cm3

micropore volume is preferable for supercapacitor application. This is ascribed to its

larger specific capacitance as well as better stability compared to other samples in 1 M
Na2SO4 electrolyte (see Fig. 6).
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Table 1: Physical properties of ASC 400, ASC 500, ASC 600 and ASC 700 obtained by
KOH activated carbon derived from white granulated sugar.

Samples BET SSA, m2 g-1 Total pore volume, cm-3 Micropore volume, cm-3
ASC 400 713.1171

0.4451

0.1712

ASC 500 234.1785

0.1491

0.1045

ASC 600 681.8927

0.4459

0.3329

ASC 700 1006.1411

0.6340

0.4662

Fig. 3: (a) N2 isotherms, (b) Pore size distribution, (c) Raman spectra, and (d) X-ray
diffraction patterns of ASC 400, ASC 500, ASC 600, and ASC 700 samples respectively.
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Figure 3(c) shows the representative Raman analysis of as-prepared ASCs. The D band
at ~1373 cm-1 indicates a disordered carbon, which resulted from the pausing modes of
sp2 rings actuated via a pair of resonance effects within the immediate proximity of
defects. A G band observed at around ~1590 cm-1 is due to the in-plane stretching
phonon mode of C to C bond in the graphitized materials. The broad 2D band at around
~2700 cm-1 is ascribed to the two-phonon lattice resonance. This 2D band is a typical of
graphitic carbon 36,37. The high intensity of the D-band and the broad 2D band portrayed
in the spectra is ascribed to a fairly large amount of defects that is present of in the
samples. The intensity ratio, D peak to G peak (ID/IG) is adopted to establish the degree
of crystallization or density of defects in the carbon materials. The estimated ID/IG are
0.85, 0.86, 0.86 and 0.86, for ASC 400, ASC 500, ASC 600 and ASC 700 samples,
respectively, confirming the as-prepared samples amorphous nature 37.
Fig. 3(d) presents a representative XRD pattern of all ASCs samples. It can be observed
that all the samples show comparable XRD patterns, with peaks identified with graphite
materials. All the samples are amorphous in nature displaying broad diffraction peaks
near a 2θ-value of 27 and 51, attributed to typical (002) and (101) planes of graphitic
carbon (JCPDS no. 41-1487).
Electrochemical measurements
Standard three-electrode evaluations of single electrodes
To study the ideal working condition and electrochemical behaviour of the as-prepared
electrode materials, a three-electrode set-up was employed using a neutral 1M Na2SO4
aqueous electrolyte.
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Fig. 4(a) and (b) show CV and CD curves of as-prepared samples at a scan rate and a
specific current of 50 mV s-1 and 0.5 A g-1 respectively, evaluated in 1 M Na2SO4 aqueous
electrolyte. From Fig. 4(a), a quasi-rectangular CV curve was observed for all the
samples, an ideal electrical double layer capacitor (EDLC) nature. The quasi-rectangular
CV curves indicate a swift electrochemical response, confirming a satisfying electrical
conductivity of the samples in 1 M Na2SO4, and a demonstration of the formation of a
double layer mechanism 32,38. A higher charge separation was observed for the ASC 400
compared to the other samples, which also displays a pore volume of 0.4451 cm-3. Fig.
4(b) exhibits a quasi-symmetrical triangular CD curves for all the ASCs, confirming the
EDLC characteristics observed in CV curves shown in Fig. 4(a). The ASC 400 sample is
of interest since it shows better electrochemical properties regardless of being second to
the other sample (ASC 700) in terms of SSA. Hence, detailed study is done on this
sample. Fig. 4(c) presents the CV curves of the as-prepared ASC 400 both in negative
and positive operating potentials, ranging from -0.8 V to 0.8 V. The figure shows that the
material could operate well in a reversible operating potential.
Fig. 5(a) and (b) show the detailed electrochemical response of the ASC 400 half-cell
electrode with the characteristic CV and CD curves tested at distinct scan rates, and
specific currents ranging from 10 to 100 mV s-1, and 0.5 to 5 A g-1 in 1 M Na2SO4
electrolyte, respectively. The less distorted CV and CD curves observed for the sample
display the swift ion diffusion kinetics as well as rapid current response on potential
reversal of the sample electrode
material

by

the

electrolyte,

39.

The well-saturated porous structure of the electrode

allows

the

ions

to

be

readily

available

at

the electrode/electrolyte interface. The ions are attracted and pushed off from the
electrode over a short distance, thereby providing direct and rapid ion transport pathways
38-39,40,48.
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Fig. 4. (a) CV curves, and (b) CD curves of all ASCs at a specific current of 0.5 A g-1 and
a scan rate of 50 mV s-1 in 1 M Na2SO4 respectively. (c) CV curves of ASC 400 at both
negative and positive potentials.

Fig. 5. (a) CV curves at different specific currents, and (b) CD curves of ASC 400 at
distinct scan rates respectively.
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Fig. 6 (a) depicts the radar plot of specific capacitances of all the ASCs samples evaluated
in line with equation 2 and plotted with respect to specific currents. From the Figure, ASC
400 electrode was noticed to display a maximum specific capacitance of 100.8 F g-1,
which could be attributed to its moderate pore cavities resulting in good surface reactivity
of the material with the electrolyte’s OH- groups. The ASC 500, ASC 600 and ASC 700
samples show a specific capacitance value of 37.5, 56.88, and 72.69 F g-1 at a specific
current of 0.5 A g-1, respectively. Fig. 6 (b) displays a full plot of specific capacitance at
different specific currents for the as-prepared ASC 400 electrode. The electrode material
could yield specific capacitance values of 108.8, 93.8, 85.0, 78.8, 67.5, and 62.5 F g -1 at
specific currents of 0.5, 1.0, 2.0, 3.0, 4.0, and 5 A g-1 respectively between 0 V and 0.8 V
working potential range.
Fig. 6(c) shows the specific capacitance retention, while Fig. 6(d) presents the coulombic
efficiency of an ASC 400 electrode plotted against the cycle number for over 2000 CD
cycles. A capacitance retention value of approximately 85.2% (see Fig. 6(c)) was
retained, with a corresponding coulombic efficiency of about 98.53% (see Fig. 6(d)) for
the single electrode. The high capacitance retention displayed by the sample could be
attributed to a high ionic conductivity, as a result of the porous structure that avail the
material to be largely more accessible for ion diffusion within the pores of the 3D
interconnection linked together in the materials’ frameworks 40,41.
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Fig. 6. (a) Plot of specific capacitances against specific currents for all ASCs electrodes,
(b) a plot of specific capacitances against specific currents for ASC 400 electrode, (c)
percentage capacitance retention, (d) coulombic efficiency for ASC 400 electrode against
the cycle number performed at 3 A g-1, and (e) Nyquist impedance plots of all the ASCs
electrodes.
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Besides, the electrochemical reactions typically rely on the insertion-extraction of OHfrom the electrolyte. More-over, the porous structure is advantageous for the ions
diffusion into holes of the electrode 40,41.
The electrical resistance of the ASCs electrodes was further evaluated by investigating
the electrochemical impedance spectroscopy (EIS) at an open circuit potential (OCP) of
0.0 V and a frequency, ranging from 10 mHz - 100 kHz. Fig. 6(e) portrays the Nyquist
plots of all ASCs samples in 1 M Na2SO4. It is worth observing that the Nyquist plots
display distinct semicircle in the high-frequency regions (see insets to Fig. 6(e)), an
attribute of the interfacial charge transfer resistance and mass transport through the
materials.

The intersection of Nyquist plot and the horizontal axis, describes the sum resistance
resulting from the addition of ionic resistance of the electrolyte, intrinsic resistance of the
active materials and the contact resistance between the active electrode material/current
collector interface

42,

designated as RS. In Fig. 6(e), RS values are estimated to be

approximately 3.8 Ω, 5.4 Ω, 5.3 Ω and 4.4 Ω for ASC 400, 500, 600 and 700 respectively.
The RS for ASC 400 was observed to be smallest, which is responsible for the material’s
better electrochemical performance. This is due to the material’s short diffusion length
linked to the fine size of the pores 42,48.
Electrochemical measurements of the symmetric ASC 400 supercapacitor
As a result of the remarkable stability of ASC 400 electrode material, a symmetric
supercapacitor, SC was fabricated. The sum specific mass loading of active materials in
the symmetric SC electrodes was determined to be about 4.0 mg cm-2 via a digital
weighing balance. Electrochemical evaluation of the symmetric SC was done in a two19

electrode set-up in 1 M Na2SO4, based on the better electrochemical performance
demonstrated from the half-cell analysis.
Fig. 7(a) shows the CV curves of symmetric ASC 400//ASC 400 device measured at
distinct scan rates between 5 to 100 mV s-1. Fig. 7(b) shows the associated CD profiles
of the full device at various gravimetric current densities. The CV and CD curves are
observed to be fairly rectangular and symmetrical respectively, which is in accordance
with the EDLC nature of activated carbon symmetric devices

30,32,39,43.

Fig. 7(c) displays

the specific capacitance of the symmetric SC estimated by using equation 3, and plotted
against the gravimetric specific current.
At a specific current of 1.0 A g-1, the SC was observed to produce a maximum specific
capacitance of 242.67 F g-1. Fig. 7(d) depicts a Ragone plot for both energy and power
densities which are two decisive variables used in estimating the potential
electrochemical suitability for real life applications. These variables were obtained for the
device in accordance with equations 5 and 6, resulting in an energy density of about 19
Wh kg−1, giving rise to an equivalent power density of 750.0 W kg−1 at a specific current
of 1.0 A g-1, respectively. The energy density and specific capacitance displayed by the
SC proved considerable progress compared to some other sugar-derived symmetric SCs
using aqueous electrolyte 23,44,45.
In Fig. 7(e), it was seen that the SC highlights a superb coulombic efficiency of nearly 100
% determined in line with equation 7, and as well, conserves up to 88.2% of its initial
capacitance for over 10000 cycles at a specific current of 3.0 A g−1. A characteristic
ascribed to the fine porous structure, which plays a major role in heightening the efficient
electrode surface area, and thereby facilitating electrolyte permeation. Therefore,
shortening the electron pathways within the active materials

46,48.

Fig. 7(f) displays the
20

position of the device in this work in terms of energy and power densities. The chart in
Fig. 7(f) reveals that the values obtained for our symmetric ASC 400 device are
considerably better compared to some other sugar-based supercapacitors from literature.
EIS technique was further employed to determine the electrochemical performance of the
symmetric SC, and is depicted in Fig. 8(a-c). Fig. 8(a) portrays the Nyquist plot, and a fit
utilizing the equivalent circuit. From the circuit, a solution resistance, Rs and a charge
transfer resistance, RCT were calculated to be nearly 0.83  and 0.13 , respectively. A
considerably smaller value compared with what was reported for some similar materials
in literature

30,44.

This implies the desirable electrical behaviours of the material adopted

in the symmetric SC.

Furthermore, the Nyquist plot of the symmetric ASC 400 SC was fitted as seen in Fig.
8(a) using a ZFIT ﬁtting program with an associated equivalent circuit. In the circuit, RS is
connected in series with two other units. Q1 is in parallel with the charge transfer
resistance, RCT, which is situated serially with the constant phase element Q2 that is
connected parallel to the leakage resistance RL.
A Warburg diffusion element designated as W, modeled the transition from a high
frequency to a low frequency region, and is connected in series with RCT. The estimated
magnitudes of Rs, RCT, RL, and Q utilizing a ZFIT program software are presented in Table
2. The symmetric SC however, reveals a deviation from the ideal SC behaviour due to a
resistive element, RL associated and connected parallel with Q2.

21

Fig. 7. (a) CV curves at distinct scan rates, (b) CD curves at various specific currents, (c)
specific capacitance determined at various specific currents, (d) Ragone plots, and (e)
cyclic performances of the symmetric ASC 400 device. (f) Ragone chart of the device,
with some other sugar-based material electrodes recently reported from the literature.
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Table 2: Calculated magnitudes of Rs, Q, RCT, RL, and A (Warburg coefficient) fitted
parameters via a ZFIT fitting of the experimental impedance spectra in line with the
equivalent circuit depicted in the Fig. 8(a).
Electrode

ASC 400

Rs

Q1

(Ω)

(F.s (a-1))

0.832

0,042

A1

0.937

RCT

Q2

(Ω)

(F.s (a-1))

4.201

0,060

A2

RL
(Ω)

0.3

457

X2 = 0.11; X/N1/2 = 1.107; a ≡ n.
Fig. 8(b) shows the nature of the CV curves for the ASC 400 symmetric device before
and after being subjected to over 10000 CD cycles at a 50 mV s -1 scan rate. It can be
observed that after the cycling test, the device current response slightly decreased, which
is a correlation of an increase in resistance. This is shown by increase in radius of the
semicircle in the high frequency region, as observed in Fig. 8(c). In Fig. 8(c), the RCT
calculated using a Circular Fit Bio-Logic software, was seen to have increased from the
initial 0.13  to 2.3  over a 10000 CD cycling test.
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Fig. 8. (a) EIS and fitting curves, (b) CV profiles before and after cycling test for the
symmetric SC, respectively and (c) EIS before and after 10000 cycling of the symmetric
SC at a specific current of 3 A g-1.

CONCLUSION
In this work, we have successfully synthesized and characterized sugar-based activated
carbon (ASC) material using a facile two-step synthesis method. Diverse material
characterization of the as-synthesized ASC sample depicted a porous morphology with
high specific surface area (SSA) in the order of 713.12, 234.18, 681.89, and 1006.14 m2
g-1 for ASC 400, ASC 500, ASC 600, and ASC 700, respectively. The ASC 400 sample
24

stands out owing to its better electrochemical properties as compared to the other
samples. A promising electrochemical behaviour was also demonstrated in terms of the
assembled symmetric device which revealed a maximum specific capacitance value of
242.67 F g-1 with a corresponding energy and power densities of nearly 19 Wh kg-1 and
750 W kg-1 respectively at a 1 A g-1 specific current. This was obtained by optimizing the
operating electrolyte with the 1 M Na2SO4 electrolyte supplying enhanced electrochemical
response within a working potential window of 1.5 V. The material shows no considerable
capacitance loss (11.8 %) up to 10000 cycling at a specific current of 3 A g-1.
The facile few-step synthesis procedure adopted in the study is cost-effective and
sustainable compared to other organic and inorganic sources. Our results suggest the
potential for adopting this material in developing high performance energy storage
devices with room for greater advancement, with further research growth on ASC-based
materials

in

aqueous

electrolytes

for

enhanced

electrochemical

performance

supercapacitor applications.
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