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In this study, the electrochemical properties of bioderived activated carbon-based electrodes for supercapacitors
formed using a sintered ceramic binder were investigated. Activated carbon derived from Jack wood tree
(Artocarpus heterophyllus) with variable amounts of TiOy nanoparticles as a binder, were used as electrodes in
order to get good, activated carbon films on FTO substrates. No other binders were used in this study since most
conventional binders devastate the electrical conductivity in the films. Furthermore, TiO, has higher temperature
tolerance compared to polymeric binders thus the electrode prepared can be used in wider applications. A series
of electrochemical double-layer capacitors were fabricated and characterized by cyclic voltammetry and gal-
vanostatic charge-discharge measurements. The supercapacitors prepared showed double-layer capacitive
behavior. The electrodes that contain 90 % activated carbon and 10 % TiO, show optimum performance along
with an impressive specific capacitance of 147 F g'l at 2 mV s~ ! scan rate. This supercapacitor exhibits a power
density of 68.5 W kg ™! while the energy density is 8.02 Wh kg ~'. When the power density is as high as 1186.51
W kg ™! the energy density drops to 5.71 Wh kg ~!. According to cyclic voltammetry measurements taken for 1000

cycles, the supercapacitor shows excellent cycle stability without any traces of capacitance drop.

1. Introduction

Supercapacitors attract attention due to their longer cycle life, higher
charge/discharge rates, use of less hazardous materials and safety
compared to secondary batteries. Activated carbon is used as electrode
material in supercapacitors due to its facile synthesis, high surface area
and porosity, low cost, high conductivity, high physical and chemical
stability, and high mechanical strength. etc [1]. Most of the commercial
grade activated carbons are derivatives of fossil fuel products, and the
synthesis needs well-controlled reaction conditions, and they are thus
expensive and non-biodegradable. On the other hand, activated carbon
produced from biomass is widely used in applications like water puri-
fication etc, however, their use in electrochemical energy storage de-
vices is still lacking [2,3].

Depending on the ways in which energy is stored, supercapacitors
are mainly divided into double-layer capacitors (EDLCs) and pseudo-
capacitors, which can be distinguished by their charge storage mecha-
nism. In general, EDLCs show a non-faradic reaction with the accumu-
lation of charges/ions at the electrode-electrolyte interface, while
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pseudo-capacitors demonstrate reversible and faradaic redox reactions
at the interface [4]. However, in practical EDLCs capacitance is lower
compared to their theoretical limits and energy density is lower
compared to typical secondary batteries. Carbonaceous materials [5,6],
transition metal oxides [7-9], and conductive polymers [10,11] are
widely used to prepare supercapacitor electrodes due to their favorable
properties [12,13].

Fig. 1 represents the graphical representation of the mechanisms
involved in supercapacitors [1]. An electrochemical supercapacitor
consists of two electrodes, which are kept apart by a separator between
them (Fig. 1) and these two electrodes are identical for a symmetric
supercapacitor (Fig. 1 (a)) but solely different for an asymmetric
supercapacitor as presented in Fig. 1 (b) and 1 (c¢) [14]. In pseudoca-
pacitors, fast, reversible faradaic redox reactions occur at the interface
of the electrolyte and nanostructured metal oxide or conductive polymer
electrodes (Fig. 1 (b)). Hybrid capacitor charge storage arises from fast
reversible faradaic redox reactions and non-Faradaic electrostatic in-
teractions at the electrode/electrolyte interface (Fig. 1 (c)). Hybrid
supercapacitors are produced by combining oxide electrodes or
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Fig. 1. Schematic diagram to illustrate the charge storage mechanism of (a) EDLC, (b) Pseudocapacitor and (c) Hybrid Capacitor.
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Fig. 2. Photographic images of (a) NaOH solution of impregnated activated carbon, (b) heated carbon solution, (c) neutralized activated carbon solution by washing
with deionized water and stainless-steel container, (d) sample is in horizontal tube furnace and (e) prepared activated carbon.
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conductive polymers with carbon-based materials. In general, the
separator is ion-permeable, and also electrically insulating, which is
soaked with electrolytes to allow ionic charge transfer between two
electrodes. Polymer or paper separators are often used with organic
electrolytes while ceramic or glass-fiber separators are preferred for
aqueous electrolytes [14].

The capacitance response of a supercapacitor with a high charging-
discharging rate (or high CV scan rate) is a key factor for achieving
practical application in the electrochemical supercapacitor since the
high-power demand for modern electronic power tools and electric ve-
hicles, etc. In addition, to accomplish the realization of a high-
performing supercapacitor, finding a suitable electrolyte is another
important factor. Liquid electrolytes are popular compared to other
electrolytes in the field of supercapacitors since the high mobility of ions
increases the performance. Most of the experiments have been con-
ducted using either an acidic electrolyte such as H,SO4 or a strong basic
electrolyte such as KOH. Generally, the electrical double-layer forma-
tion and the capacitance strongly depend on the type and concentration
of the electrolyte used and the surface area emerging from the porous
structure of the carbon in the electrode. Besides, the HySO4-based
electrolyte, which demonstrates better ionic diffusion into the pores of
the carbon, since the presence of H ions as the mobile species, results in
an enhanced EDLC performance [4]. In addition, aqueous EDLCs
perform a high specific capacitance compared to non-aqueous EDLCs
because the molecular size of organic electrolytes is larger than aqueous
electrolytes, which affects the mobility of the ions [15].

The working potential is a crucial factor that affects the performance
of aqueous EDLCs. The decomposition of H,O takes place at 1.23 V,
which greatly obstructs the performance of the storage device [15].
Because of this reason, in general, operating voltages were kept below 1
V for the CV and GCD measurements. However, the operating voltage
window for organic electrolytes-based supercapacitors can be as high as
0V to 2.5-2.7 V. The maximum potential limit depends upon the nature
of electrode materials and the stability of electrolytes used for the
storage device [16].

Various electrode materials can be tried out to improve the electro-
chemical responses of electrodes since the transfer kinetics between
electrode and electrolyte depends mainly on the chemical and physical
properties of the electrode and electrode material [17]. As such,
changing the electrode material is a proper approach to improve the
performance of supercapacitors. Further various biomass-derived car-
bon materials are used in energy storage applications due to their
environmental friendliness, high and natural abundance lower cost, and
porous structures [17]. In this study, activated carbon derived by
carbonizing Artocarpus heterophyllus (commonly known as Jack wood),
is used to prepare a new biomass-derived porous carbon electrode for
EDLCs. To the best of our knowledge, the biomass of Jack wood trees
hasn’t been used for the preparation of supercapacitor-grade activated
carbon or other applications. Furthermore, the synthesis of
biomass-derived carbon is conducted using simple low-cost methods,
which involve pyrolysis at 800 °C for 1 h. The present work introduces a
relatively facile method to prepare supercapacitors using
biomass-derived activated carbon reporting remarkably higher energy
and power densities for an activated carbon-based EDLC.

2. Experimental
2.1. Preparation of activated carbon

Thin wooden stripes were derived from Jack tree (Artocarpus heter-
ophyllus) wood and were carbonized completely under ambient atmo-
spheric conditions. Then the carbonized samples were crushed and
ground to make a carbon powder. The resulting powder product was
then added to NaOH (~2.5 mol dm_s) solution. The weight ratio of
carbonized samples to NaOH was 1:1 in the mixed system. Next, the
solution was stirred and kept at room temperature for 48 hours. A
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Table 1
Weight percentages of Activated Carbon and TiO, in the precursor paste.

Electrodes  Activated carbon TiO, Activated carbon (wt ~ TiOs o, (Wt
(@) (@) %) %)

A 0.09 0.01 90 10

B 0.08 0.02 80 20

C 0.07 0.03 70 30

D 0.06 0.04 60 40

E 0.05 0.05 50 50

stainless-steel container was used to put the precursor in, which was
then placed in a horizontal tube furnace and the activation was per-
formed at 800 °C for 1 h. After cooling down, the yield was thoroughly
washed with 0.1 M HCl, and subsequently washed with deionized water
many times to remove residual NaOH until the pH of the wash water
reached 7 and finally dried in vacuum at 120 °C for 24 h. Photographic
images of (a) NaOH solution of impregnated activated carbon, (b)
heated carbon solution, (c) neutralized activated carbon solution by
washing with deionized water and stainless-steel container, (d) sample
in horizontal tube furnace and (e) prepared activated carbon are given in
Fig. 2 for the clear illustration of yields and steps.

2.2. Preparation of supercapacitor electrodes

A series of composite supercapacitor electrodes were prepared using
a mixture of activated carbon and TiO; powder. Table 1 shows mass
fractions of TiO3 nanoparticles of the particle size 21 nm (Sigma-Aldrich
AEROXIDE® TiO, P 25) and prepared activated carbon used for the
supercapacitor electrode preparation. The compounds were mixed in 1
ml of 1 M HNOjs solvent for 24 hours under vigorous stirring. The pre-
cursor yield was then coated on the conducting side of the precleaned
FTO (Fluorine-doped Tin Oxide) substrate covering an area of 1 cm?
using the drop cast method. Then, the activated carbon-coated FTOs
were immediately annealed at 100 °C for 30 min. Activated carbon
electrodes could not be prepared using slurries having more than 90 %
activated carbon content due to poor film formation and weak adhe-
sivity to the FTO substrate. The mass of the active materials was ob-
tained by measuring the weight difference of the electrodes before and
after the coating process. Then, the prepared electrodes were used to
characterize and assemble EDLCs.

2.3. Activated carbon-based EDLC

A series of symmetric EDLCs were fabricated by sandwiching a piece
of Whatman® 1 filter paper between the two supercapacitor electrodes.
Then the filter paper was wetted with a 1 M HSO4 electrolyte solution.

2.4. Characterization

The electrochemical impedance spectroscopy measurement was
performed by an electrochemical analyzer (Autolab, PGSTAT128N) over
a frequency range from 0.01 Hz to 100 kHz at an activated carbon
amplitude of 10 mV. The impedance data were utilized to determine the
polarization effects of the electrolyte. In addition, the structural char-
acterization of activated carbon/TiO, composite electrodes was done
with thin film X-Ray diffraction (XRD) with CuKa X-Ray radiation (1 =
15.406 nm) using the Rigaku Ultima IV X-ray diffractometer. The
morphology of the samples was observed using scanning electron mi-
croscopy (SEM, Zeiss evo-LS15) images. A Thermo ScientificTM ESCA-
LAB Xi+ X-ray Photoelectron Spectrometer (XPS) is used to obtain XPS
spectra of the samples.

2.5. Electrochemical measurements

The electrochemical measurements were performed using a



T.M.W.J. Bandara et al.

-50%

wwwwwnwwﬂ*khmmm*me~M 60%
W“ M, 70%

Intensity / a.u.

, w80 %
T-TiO,
C - Activated Carbon
v . ukﬂt PR KPS W sprssonaiinsd0%

Angle 26 / degree

Fig. 3. XRD spectra of supercapacitor electrode series prepared with different
mass fractions of activated carbon (50, 60, 70, 80 and 90 %) and TiO, (50, 40,
30, 20 and 10 %) on FTO substrate.

computer-controlled Metrohm Autolab Electrochemical Analyzer (128
N series) in a two-electrode system. The electrodes of supercapacitors
are connected to the potentiostat, once the cells have been assembled
and the experimental parameters are selected through the NOVA soft-
ware. The cyclic voltammetry (CV) measurements were carried out over
a potential range from 0 V to 0.8 V at the scan rates from 2 to 100 mV
sL. The equation,

2 [ 1dv

Cyp =
mAV 4

(€8]

was used to calculate the supercapacitor capacitance (Csp), where m is
the mass of the activated carbon layer on the single electrode, I is cur-
rent, AV is the potential range used and ‘fj—‘{ is the potential scan rate used
in the CV experiments [18].

Further, galvanostatic charge-discharge (GCD) curves were obtained
within the potential range of 0-1 V at different current densities. All the
electrochemical measurements were carried out at room temperature. 1
M H3SO4 solution served as the electrolyte for all supercapacitors
studied in this work. The specific capacitance Cs (F g~!) of activated
carbon in the symmetric supercapacitor prepared were calculated by
substituting the parameters obtained from GCD measurements in the
equation [19],

41

Co = ravia

@

where I (A) is the constant discharge current, m (g) is the total mass of
active material in two electrodes, and dV/dt (V sV is the gradient of the
discharge curve which is obtained by linear fitting of the discharge
curve.

The energy density E (W h kg™1) and power density P (W kg™ 1) of the
supercapacitors were calculated following Eqs. 2 and 3, respectively
[20,21].

E:%C AV? 3)
E
P= @

where AV (V) is the potential window and At (s) is the discharge time.
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Table 2
Relative peak intensities of XRD spectra with respect to the peak at 20 = 29.4° of
sample A.

Angle Sample A Sample B Sample C Sample D Sample E
(20°) (%) (%) (%) (%) (%)
29.41* 100.0* 65.2 33.4 27.6 18.7
25.35 35.7 64.7 59.1 58.5 58.4
48.06 15.7 26.7 24.0 16.9 14.7

Table 3

The average crystallite size (D), and d Spacing calculated utilizing XRD data.
Angle (26°) Crystal plane d Spacing (A) D (nm)
29.41 C (013) 3.0 40. 8
25.35 T (101) 3.5 17.5
48.06 T (200) 1.9 19.0

3. Results and discussion
3.1. Characterization of electrodes

3.1.1. XRD analysis

XRD analyses were performed to investigate the effects of the
composition on the structure of the activated carbon and TiO> films. The
XRD patterns of the activated carbon and TiO, composite electrodes are
shown in Fig. 3 for the electrodes prepared by varying mass fractions of
activated carbon and TiO,. In XRD patterns, peaks are intense at the 260
value of 25.3° and 29.4° which are characteristic of TiO, and non-
amorphous carbon/graphite, respectively. The intense peak at 25.3°
that grows with the increasing amount of TiO; indicates the anatase
(101) crystal planes of TiOs tetragonal lattice structure (ICSD; PDF
01-070-7348) [22,23]. The sharp peak (C-peak) at 29.4° corresponds to
the (013) crystal plane of carbon orthorhombic lattice structure (ICSD;
PDF 01-080-4909) in which the intensity abates with the increasing
amount of TiO,. The less intensive peak at 48.0° is due to the reflection
of TiO5 (200) crystal planes. Furthermore, the relative intensities of the
peaks associated with TiO3 (101), and (200), and carbon (013) are given
in Table 2 (ICSD; PDF 01-070-7348, PDF 01-080-4909). The peak in-
tensities were calculated with respect to the peak at 29.4° of sample A
and given in Table 2. As expected, the intensity of the carbon peak di-
minishes with the reducing amount of carbon, while TiOy peaks are
intensifying with the increase in the amount of TiO2. However, a slight
broadening of the TiO5 peaks can be observed compared to the carbon
peaks. This minor broadening could be due to the smaller crystallite size
of TiO, relative to the carbon in electrode materials.

The average crystallite size (D) and d spacing were calculated uti-
lizing the Debye-Scherrer equation and Bragg’s law [22,24]. The
calculated values for respect diffraction peaks are given in Table 3.
According to the results, the crystallite size of the TiO, varies slightly
and the calculated particle size is 17.5 and 19.0 nm for anatase (101)
and (200), while the average crystallite size of carbon is about 40.8 nm.

3.1.2. SEM images

Fig. 4 shows SEM images taken of activated carbon/TiO; films pre-
pared on FTO substrates. No significant structural or morphological
differences were observed in Fig. 4 (a)-(e), that is for samples with 10 to
50 % TiO5 at magnification 5000. A granular activated carbon distri-
bution with various sizes and shapes is observed in Fig. 4 (a)-(e). The
size of the activated carbon particles is of the order of several micro-
meters, and between these larger activated carbon particles the presence
of some smaller activated carbon particles is observed. For better clarity,
SEM images taken at 25,000 magnifications are also shown in Fig. 4 (f)-
(j). The presence of smaller activated carbon particles and pores are
visible in samples A and B (Fig. 4 (a), (b), (f), and (g)) and these images
correspond to the electrodes with lower TiO; contents. When the TiO5
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Fig. 4. SEM images of activated carbon/TiO, films (a) A (10 % TiOs), (b) B (20 % TiO3), (c) C (30 % TiO3), (d) D (40 % TiO,), and (e) E (50 % TiO,) prepared by
drop-cast method on FTO substrates captured at a magnification of 5000. SEM taken at 25,000 magnification are shown in (f), (g), (h) (i), and (j), for samples (A), (B),
(C), (D) and (E), respectively.
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Fig. 5. The SEM images of activated carbon/ TiO, films (a) A (10 % TiOs), (b) B (20 % TiO5), (c) C (30 % TiO-), (d) D (40 % TiO,), and (e) E (50 % TiOs), prepared
on FTO and taken at a magnification of 75,000. Respective SEM taken at magnification 150,000 are shown in (f), (g), (h) (i), and (j).
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Fig. 6. (a) CV cycles of supercapacitors assembled using electrodes that contain
different mass fractions of activated carbon (50, 60, 70, 80, and 90 %) and TiO,
(50, 40, 30, 20, and 10 %), measured at 2 mV s~ . (b) Specific capacitance
versus activated carbon composition of the supercapacitor electrode series.

content is increased, samples D and E (Fig. 4 (d), (e), (i) and (j)), these
small particles and small pores in the films are covered by layers of TiOy
that provide structural interconnection to activated carbon particles.
Therefore, neither small pores nor very small particles are seen on
activated carbon surfaces in samples D and E. However, larger pores and
particles are still visible in the sample. However, a macroporous
morphology can be seen among carbon particles in all the samples. As
per the images, it looks like the granular type of activated carbon par-
ticles were cemented by the smaller TiO, particles. Due to the high
porosity, the material has a large effective surface area, making it well-
suited for use in EDLC preparation.

In order to get a detailed understanding of the films and to get an
idea about the role of TiO; as the binder SEM images of activated car-
bon/TiO, films prepared on FTO substrates and taken at magnification
75,000 are shown in Fig. 5 (a)-(e). Images taken at magnification
150,000 are shown in Fig. 5 (f)-(j). A granular type activated carbon
distribution is visible in Fig. 4 and these granular elements were well
bonded by the TiO; slurry as seen in Fig. 5. The distribution of TiOy
provides a geometrical structure to hold activated carbon particles. The
TiO; structures formed by interconnected TiO2 nanoparticles of the size

Carbon Trends 15 (2024) 100359
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Fig. 7. GCD curves of supercapacitor series assembled using electrodes that
contain different mass fractions of activated carbon (50, 60, 70, 80, and 90 %)
and TiO (50, 40, 30, 20, and 10 %) respectively at a current density of 0.5
mA cm 2.

21 nm (as of the manufacturer specifications) are firm after the calci-
nation of the samples. We did not manage to make films when the TiO,
content was below 10 % because of insufficient binder content. The TiO,
content in sample A is barely enough to form a layer as seen in Fig. 5 (a)—
(f). In samples B and C also, there are some uncovered activated carbon
particle surfaces by the TiO,. The smaller activated carbon particles and
pores of about 50-100 nm are visible on activated carbon in sample A,
(Fig. 5 (a) and (f)) which correspond to the lowest TiO, content out of
the tested samples. In samples D and E which have higher TiO5 content,
the smaller activated carbon particles and smaller pores of activated
carbon are covered by the spread TiO, as seen in Fig. 5 (d), (e), (i), and
(j)- Finally, it can be inferred that the granular type of activated carbon
particles were bonded by the smaller interconnected network of TiOz
particles. TiO layers also show nanoporous structure. Due to the high
porosity in and among activated carbon particles, the films can offer a
large effective surface area, making them well-suited for use in EDLC
preparation.

3.2. Electrochemical performance
3.2.1. Optimization of electrode composition

3.2.1.1. CV curves. Fig. 6 (a) depicts the comparison of the CV curves of
all supercapacitors prepared by varying the activated carbon content in
the electrode and taken at a scan rate of 2 mV s 1. All the CV curves
display a rectangular shape and rapid current responses upon voltage
reversal, manifesting excellent EDLC behavior. According to the CV
plots, electrodes containing 90 wt.% activated carbon- shows the largest
enclosed area among the electrodes studied under the same scan rate.
This indicates that this electrode (90 wt.% activated carbon) acquires
the highest charge storage capacity which can be a result of relatively
high carbon content in the electrode [25]. The specific capacitances of
supercapacitors were calculated using the parameters obtained from the
CV measurements and Eq. 1 see Fig. 6 (b) [26]. As shown in the
Figure the specific capacitance of supercapacitors increases with the
increasing amount of activated carbon and decreasing amount of TiOx.
In this study, TiO, nanoparticles were added to the electrode-preparing
slurry, in order to get good, activated carbon films on FTO substrates. No
binders were used in this work since most binders devastate the elec-
trical conductivity in the films. In addition, TiO5 has a higher temper-
ature tolerance compared to polymeric binders. When the activated
carbon content is increased above 90 %, we did not manage to get stable
films on FTO substrates and thus supercapacitors could not be prepared.
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Table 4
The IR drop and specific capacitance obtained from the GCD curves at the cur-
rent density of 0.5 mA cm 2 of the supercapacitor series.

Electrode IR drop (V) Specific capacitance (F g ™)
A 0.050 57.79
B 0.052 51.09
C 0.054 50.70
D 0.056 37.30
E 0.059 37.03

Supercapacitors assembled using the electrode that contains 90 wt.%
activated carbon and 10 wt.% TiO, showed the highest specific capacity
of 147.2 F g’1 at 2 mV s~! scan rate.

3.2.1.2. GCD curves. Fig. 7 shows the GCD curves of the supercapacitor
series studied in this work by varying activated carbon and TiO, con-
tents in the electrodes and measured under a current density of 0.5 mA
cm~2. The IR drop and specific capacitance obtained from the GCD
curves are given in Table 4. All the supercapacitors exhibited specific
capacitance above 37 F g~!. The supercapacitor made with sample A
that contains 90 % activated carbon showed the highest specific
capacitance of 57.8 F g~ under 0.5 mA cm ™2 current density out of the
series investigated.

3.2.2. Characterization of the optimized supercapacitor

3.2.2.1. CV at different scan rates. Cyclic voltammetry (CV) taken at 2,
5,10, 20, 50 and 100 mv s~ * scan rates of the supercapacitor assembled
using an electrode that contains activated carbon (90 wt.%) and TiO2
(10 wt.%) are shown in Fig. 8 (a). It can be seen that all curves are
smooth and there are no traces of any redox peaks. Therefore, CV plots
confirm that charge storage takes place electrostatically without any
redox reactions occurring in the potential window of 0.0 V to 0.8 V
[27-29]. This implies an electrochemical double-layer (EDLC) behavior
of the supercapacitor and also reveals that the electrolyte is stabilized,
and no significant decomposition within the working voltage range.
Moreover, the CV plots, shown in Fig. 8 (a), reveal that the curve retains
its rectangular shape even at the higher scan rate of about 20 mV s~ 7,
which clarifies the unbounded motion of electrolyte species in the pores
at the slow double-layer formation situation [30]. However, the rect-
angular shape of the curve is distorted when the scan rate is increased
above 50 mV s L. The behavior can be attributed to higher resistance for
the motion of electrolytic ions in porous carbon layers. To achieve
higher charge storage ions must be efficiently distributed forming the
double-layer formation all over the surface to give rectangular EDLC
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behavior at high scan rates [30,31].

The areas enclosed by each CV curve in Fig. 8 (a) are tabulated in
Table 5. The specific capacitances calculated using CV curves are plotted
in Fig. 8 (b) as a function of the scan rate. The specific capacitance of the
optimized supercapacitor is 147.2 F g_1 at 2 mV s~ '. However specific
capacitance decreases with increasing scan rate as a result of relaxation
effects of charge transport, in particular, since the deep penetrating ions
take a longer time to permeate into the porous carbon. Thus, faster scan
rates cause a decrease in the size of the diffusion layer by hindering the
specific capacitance [32]. Conversely, higher currents are observed in
the CV curves obtained at higher scan rates as a result of the rapid in-
crease of applied potential difference and thus resulted in faster velocity
of ions. The drop of capacitance at higher rates can be due to the
accumulation of charges on the electrode surface without penetrating
into deep pores due to the faster cycling process. Therefore, a decrease in
specific capacitance is observed with increasing scan rate as a result of
charge transport relaxation effects.

3.2.2.2. GCD at different current densities. The galvanostatic charge-
discharge (GCD) performance of the supercapacitor made using the
electrodes composed of 90 wt.% activated carbon and TiOz 10 wt.%
were measured at the current densities of 0.5, 1, 2, 3, 4, and 5 mA em 2
The GCD curves are presented in Fig. 9 (a). It can be observed that all
supercapacitors exhibit more or less triangular-shaped charge/discharge
curves which are highly symmetrical and linear at increased current
densities, indicating a typical characteristic of an ideal electrical double-
layer capacitor & further showing its exceptional capacitive revers-
ibility, which also agrees with the analysis results of the CV curves [30].
The initial section (drop) of the discharge curve displays an IR drop
produced by internal resistance and the rest of the curve will be nearly
linear for non-faradic electrode materials [33]. Specific capacitances
calculated from the GCD curves at different current densities are shown
in Fig. 9 (b). The specific capacitance decreases with the increase in the

Table 5
Area enclosed by the CV curve of the supercapacitors that contains activated
carbon (90 wt.%) and TiO, (10 wt.%).

Scan rate (mV s~ ') Area enclosed by CV curve (10™* x mW)

2 6.47
5 13.67
10 22.17
20 31.92
50 36.96
100 29.93
(b)
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Fig. 8. (a) Cyclic voltammograms of the supercapacitor that contains activated carbon (90 wt.%) and TiO5 (10 wt.%), at different scan rates. (b) specific capacitance

as a function of scan rate.
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Fig. 9. (a) GCD curves of the supercapacitor that contain activated carbon (90 wt.%) and TiO; (10 wt.%), at different current densities. (b) specific capacitance

obtained from GCD curves against current densities.
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current density, which mainly causes an incremental voltage drop in the
discharge curves. The maximum specific capacitance of 57.8 F g’l is
shown when the current density is as low as 0.5 mA cm™2 which de-
creases to 51.2 F g~ when the current density increases by one order of
magnitude. When lower currents are used for the charge/discharge
process, it takes longer time for the charging and discharging allowing
slow carries and deep penetrating carries to participate in the formation
of EDLC and thus increase the capacity.

3.2.2.3. Energy density and power density. Energy density and power
density are two important factors to determine the performance of
supercapacitor devices. Energy density and power density were calcu-
lated using GCD measurements and Eqs. (3) and (4) and, respectively.
Calculated energy and power densities are given in Table 7 as a function
of current density. The increase in the discharge current causes a shorter
discharge time, hence increase in the power density is observed. The
energy density versus power density curves of the supercapacitors pre-
pared in this work using the electrode composed of 90 wt.% activated
carbon and 10 wt.% TiOy are presented in Fig. 10. The prepared
supercapacitor showed a power density of 68.5 W kg™! along with an
energy density of 8.02 W h kg~! at the current density of 0.5 mA cm™2. It
can exhibit a power density as high as 1186.5 W kg ™! at 5.71 W h kg~!

Table 6

Energy densities and power densities and capacitances of some EDLCs reported

along with the values obtained in this study.

Electrode Electrolyte Power Energy Capacitance Ref.
Material density density (Fg?
Wkg) (Wh
)
AC 0.5M - 10 135at 0.2 A [34]
Na,ySO4 g’1
AC 4M ~500 14-16 22.3 at 2 mV [35]
NaNO3-EG st
2
Microporous 0.5M ~40 ~7 ~60at 0.2 A [36]
carbon NaySO4 g!
AC 1 M NaNOsg - 116 at 2 mV [37]
-1
s
MMPGC 2 M H3SO4 20 4 105 at 4 mV [38]
-1
s
AC fibers 1 M H,SO4 - 280 at 0.5 A [39]
-1
g
Walnut peel - 5679.62 12.44 5579atl1A [40]
-1
8
AC 1 M H,SO4 - 24 at 0.25 A [41]
-1
g
Porous carbon - 125 12 344at1A [42]
nanofibers -1
BC/PEDOT/ PVA H3PO4 120.1 4 175.1 at5 [43]
CNT fiber mv st
AC (this study) 1 M H,SO4 68.6 8.0 147 at 2 mV
-1
s
AC (thisstudy) 1 M HSO4 1186.5 5.7 147 at 2 mV
51
2

energy density at the current density of 5 mA cm™“.

AC-based EDLCs showed specific capacitance in the range of 50-150
F ¢! and 100-200 F g ! with organic electrolytes and aqueous elec-
trolytes respectively and they have exhibited capacitances of 225 and
160 Fg~ L. In order to compare the performance of the EDLC prepared in

Table 7

Calculated results for energy and power densities for different current densities.

Current density (mA cm™2)

Energy density (W hkg™!)

Power density (W kg™)

0.5
1.0
2.0
3.0
4.0
5.0

8.02
7.30
6.89
6.54
6.13
5.71

68.47
142.06
316.60
536.13
814.99
1186.51
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this study some power density, energy density and specific capacitance
values of EDLCs reported are given in Table 6 along with the values
obtained in this study (Table 7).

3.2.2.3. Cycling stability of the supercapacitor

3.2.2.3.1. Cyclic voltammetry. The supercapacitor prepared using
electrode composition of activated carbon (90 wt.%) and TiO» (10 wt.%)
showed the highest specific capacitance and the cells were used to
investigate the cycling stability. CVs at every 50 steps up to 1000 cycles
are shown in Fig. 11 (a) and the capacitance against cycle number is
given in Fig. 11 (b) Further, the data presented in Fig. 11 (Capacitance
vs. the number of cycles). The cells exhibited ~105 % capacitance
retention after 1000 cycles implying excellent cycling stability the
excellent cycle life. Rapid capacitance improvement observed with 1st
50 cycles can be due to the heating effects. However, after 50 cycles the
EDLC exhibited almost constant capacitance up to 1000 cycles. This
measurement was taken at a scan rate of 100 mVs~! considering the time
it takes to complete 1000 cycles.

The Nyquist plots of the supercapacitor prepared using the electrode

10
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Fig. 12. Nyquist plots of the supercapacitor prepared by 90 wt% (activated
carbon) sample before and after the 1000 CV cycles were performed.
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having 90 wt% (activated carbon) before and after the 1000 CV cycles
are shown in Fig. 12. The high-frequency resistance Rg, which corre-
sponds to electronic transport has slightly increased from 26.88 to 28.83
Q during the cycle stability test. The diameter of the semicircle (small
semicircle) corresponds to the charge transport resistance (R.¢) in the
electrolyte has increased from 5.38 to 6.01 Q. Since these resistances
have increased with the cycling process the observed capacitance in-
crease can be attributed to the heating effect due to prolonged cycling.

3.2.2.3.2. Galvanostatic ~charge-discharge. Further, continuously
repeating GCDs were collected to check the charge-discharge perfor-
mance of the optimized supercapacitors. Capacitance against the charge
/discharge cycle number is shown in Fig. 13 for 100 repetitions.
supercapacitor exhibits excellent charge /discharge cyclic stability giv-
ing specific capacitance retention of 92.58 % under a current density of
3 mA cm ™2 The observed slight decrease in the specific capacitance can
be due to changes in the structure and composition of active materials in
the electrodes as well as the electrolyte [21]. Further, it can be due to the
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Fig. 14. (a) Bode plot of 90 wt% (activated carbon) sample. (b) Nyquist plots of the five different supercapacitors prepared by varying the activated carbon and TiOy
concentrations in the electrodes. (c) Equivalent circuit model of supercapacitors.

resistive energy loss due to heating effects.

3.2.2.3.3. Electrochemical impedance spectroscopy (EIS). Electro-
chemical impedance data of the EDLC is shown in Fig. 14. Fig 14 (a)
illustrates the equivalent circuit model used for the data analysis.
Nyquist plots of the five different supercapacitors prepared by varying
the activated carbon and TiO5 concentrations in the electrodes are
shown in Fig 14 (b) while Fig 14 (c)and (d) shows the Bode plot of the 90
wt% (activated carbon) containing sample. Electrochemical impedance
spectroscopy (EIS) is a well-established technique to investigate the
electrical properties of electrodes and to determine the parameters
involving the performance of an electrode such as conductivity, charge-
transfer, and diffusion properties [44]. Nyquist plots of the super-
capacitors at frequencies from 0.01 Hz to 100 kHz are shown in Fig. 14
(b). Nyquist plots show a depressed semicircle in the high-frequency
region and a straight line in the low-frequency region. The internal
resistance (R;) can be determined by the interception of the
high-frequency region at the real axis, which is a combinational resis-
tance of intrinsic resistances of the substrate (current collector), acti-
vated carbon/TiO- electrode, and leads. and contact resistance at the
interface between the current collector and active materials [44,45].
According to the Nyquist plot, the Rg values for 90 wt.%, 80 wt.%, 70 wt.
%, 60 wt.%, and 50 wt.% activated carbon are 26.9 Q, 29.4 Q, 32.0 Q,
44.7 Q and 57.3 Q, respectively. These relatively high resistances shown
for higher TiO5 content can be attributed to the increased resistance of
the electrode film with added poorly conductive TiO,. In the
high-frequency region, the diameter of the semicircle (small semicircle)
corresponds to the charge transport resistance (R, in the electrolyte. R,
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values for 90 wt.%, 80 wt.%, 70 wt.%, 60 wt.%, and 50 wt.% activated
carbon are 5.31 Q, 7.35Q, 7.34 Q, 7.81 Q, 5.72 Q, respectively. Low R
values depict low internal resistance and fast charge transfer kinetics
[21]. The straight line which is more or less vertical in the low-frequency
range is due to the effect of the EDLC behavior of the electrodes [46].
The linear nature of the low-frequency region (infinite radius of the
semicircle) indicates an extremely high interfacial charge transfer
resistance between the double layers. Therefore, the leakage current
between double layers is negligible in these supercapacitors.

3.2.2.3.4. XPS analysis. XPS analysis was conducted to identify the
oxidation states of the elements of the SC electrode. For this purpose, an
electrode prepared with 90 wt% AC and 10 wt% TiO; sample was uti-
lized. XPS survey was performed across a broader range to identify the
elements present in the sample as shown in Fig. 15 (a). Three distinct
peaks corresponding to oxygen (O 1 s), carbon (C 1 s), and titanium (Ti
2p) were observed in the spectrum. High-resolution scans were then
performed to assess the surface functional and relative content of the SC
electrode. The high-resolution XPS spectra correspond to O 1 s, depicted
in Fig. 15 (b) which exhibit a peak corresponding to C=0 having a
binding energy of 530.75 eV [47]. The peak at 529.45 eV corresponds to
the O-Ti bond in TiO45 [52].

According to Fig. 15 (c), a strong peak occurred at 281.8 eV, and a
weak peak appeared at 287.0 eV. The peak at 281.8 eV can be attributed
to carbon in the C-Ti bonds in the sample [48]. The Ti-C bond arises from
the substitution of oxygen atoms by carbon, indicating carbon
substituting for oxygen atoms in the lattice of titanium dioxide, forming
the O-Ti-C bond [49]. Peaks at 283.5 eV and 284.6 eV can be assigned to
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electrode that contains 90 % AC and 10 % TiO.

adventitious carbon species originating from the organic precursor,
corresponding to graphitic carbon with mainly C-C bonds [50,51].

The high resolution XPS spectrum of Ti 2p is shown in Fig. 15 (d),
which shows two peaks at 456.9 and 462.6 €V, corresponding to the Ti
2ps3,2 and Ti 2p;,» states of stoichiometric TiO;. According to the
deconvolution results, the peaks located at about 457.20 eV (Ti 2p3,2)
and 462.95 eV (Ti 2py ») are associated with Ti>" species, corresponding
to C—Ti3+-(O/OH), and those of Ti%+ species are located at around 456.6
eV (Ti 2ps/2) and 462.2 eV (Ti 2p;,3), correspond to C-Ti>*~(0/0H)
[52]. The binding energy difference can be calculated using the
following equation,

AE, = E, (Ti 2p, /2) —E <Ti 2p, /2) 5)

The value consistently around 5.7 eV, indicating the standard bind-
ing energy for the Ti element [53]. Fig. 15 (d) illustrates that the content
of Ti®* and Ti?" is relatively high, implying the presence of amorphous
TizO3 in the thin film.

In summary, these biomaterial-derived activated carbon-based
electrodes were prepared successfully using TiOy as a film-forming
substance. The supercapacitors showed high specific capacitance and
for electrodes with 10 % TiO2 and 90 % activated carbon, the optimum
specific capacitance was obtained. In addition, it showed good capaci-
tance retention. The study uncovers a way of preparing low-cost
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polymeric binder-free electrodes for supercapacitors.

4. Conclusion

Activated carbon was prepared from local jack-wood by carboniza-
tion and subsequent activation with NaOH. Activation is conducted to
get high porosity and high effective surface area for carbon, which was
then used to synthesize the electrochemical double-layer capacitors for
the first-time using jack wood-derived activated carbon electrodes.
Polymeric binders were not used in this work since most such binders
hinder the electrical conductivity in the films due to their solubility in
electrolytes. Instead, it was found that TiO5 can be used as a binder. In
addition, TiO3 has higher temperature tolerance compared to polymeric
binders and thus it is suitable for high-temperature devices. In addition,
novel supercapacitor electrodes, such as flexible electrodes, have been
prepared using polymer binders subjected to complex processes to
obtain thin films on the electrodes, which can be quite costly. In com-
parison, the process followed in this study is simple and cost-effective.
The X-ray diffraction (XRD) depicted polycrystalline anatase phases of
TiO9, peaks related to a crystalline phase of carbon. The size of the
average TiO crystallites was of the order of 18-19 nm and this value is
about 40 nm for the carbon. A series of composite supercapacitor elec-
trodes were prepared by changing the composition (activated carbon/
TiOy) and were tested by assembling activated carbon-based
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supercapacitors. The results show double-layer capacitive behaviors of
supercapacitors with a high specific capacitance of 147 Fg ™! at 2mV s
scan rate with an aqueous HySO4 electrolyte. The supercapacitors pre-
pared with 90 % activated carbon and 10 % TiO3 show the EDLC per-
formances. Charge discharge measurements of the supercapacitor
exhibit good rate capability and excellent cyclic stability while having a
specific capacitance retention of 92.6 % for 100 cycles. Furthermore, the
supercapacitor displayed a power density of 68.5 W kg~ while having
an energy density of 8.02 Wh kg™ at the current density of 0.5 mA
cm™2. This EDLC exhibits power density as high as 1186.5 W kg ! at
5.71 W h kg™! energy density at the current density of 5 mA cm 2.
According to CV measurements, the supercapacitor improved in this
work shows excellent cycle stability. The cells exhibited ~5 % capaci-
tance improvement after 1000 cycles and there are no traces of capac-
itance drop within the cycle window.
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