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Abstract.  In this study, carbon was prepared by carbonization of ZnCl, activated wood of Buddleja Paniculata at 700 °C
and the activated carbon was used in the preparation of the electrodes of supercapacitors. Physical properties of the activated
carbon were analyzed by using X-ray Diffraction (XRD), Raman spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR),
N, adsorption-desorption isotherms, Scanning Electron Microscopy (SEM), and Energy Dispersive X-ray Spectroscopy (EDS).
These analyses revealed a high carbon concentration (96.7 %) and a dominant amorphous carbon in the sample. The calculated
Brunaeur-Emmet-Teller (BET) surface area of activated carbon was 1326 m?g~! with a high volume of microporous structures. The
electrochemical properties of the prepared supercapacitor electrodes using activated carbon were analyzed by cyclic voltammetry
(CV) and galvanostatic charge-discharge (GCD) tests in a three-electrode system. They exhibited excellent electrochemical double
layer capacitance (EDLC) behavior and a specific capacitance of 117.58 Fg~! at 1 Ag~!. The above investigation indicates that
the activated carbon of Buddleja Paniculata can be a low-cost supercapacitor electrode material.
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INTRODUCTION hence, they are widely used in EDLCs. Activated carbon
[3,6—11], carbon black [12], graphene [13], carbon nan-
lectric doublel . C . otubes [14], mesoporous carbon microspheres [15], and
Electric double- ayer capacitors (EDLCs) are gamning lampblack [16] have been explored as electrode materials
tremendous attention as energy storage devices due to for EDLCs. Among them, activated carbon is usually
their high powe.r density, fast charge-discharge ability, preferred because of its features like low cost, porous
and long cycle life [1]. EDLCs store energy by gather- structure, and large surface area

ing charges at the interface between the electrode surface Activated carbons are generally prepared using carbon
and the electrolyte [2]. The surface texture of the elec- rich biomass precursors such as rice husk [17], cotton

trode material such as surface area and porosity have stalk [18], coffee beans [19], lapsi seed [20], corncobs

a significant inﬂuepce in_ the .capacitive performance 9f [21], banana fibers [22], and so on. Physical activation
EDLCs [3]. Materials with high surface area, hierarchi- and chemical activation methods are used to prepare ac-

0}2111 ?0;9S1t¥’ andfi)fcillent cgnductgll)t}]:ére gref(e:rrekt)d for tivated carbon. Physical activation is performed in an
the fabrication of high capacitance s [4]. Carbona- oxidative reactor such as O,, CO>, or steam at an elevated

ceous materials have above mentioned features and also temperature of 700-1200 °C whereas chemical activation

offer add.it.ional characterigtigg such as chemical zfu}d ther- involves impregnation of precursors by chemicals (ZnCla,
mal stability, easy accessibility, and processability [5],
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KOH, NaOH, H3PO,, etc.) and then carbonization at
a relatively lower temperature [23]. The activated car-
bon obtained from physical activation method generally
possesses a lower surface area than that obtained from
chemical activation. Alhebshi et al.[24], prepared acti-
vated carbon using date palm fronds with both physical
and chemical activation methods. The authors reported
a higher specific capacitance value for the chemically
activated carbon 1259 F g~! than for physically acti-
vated carbon 56.8 F g~! at the current density of 1 A
g~ !. Similarly, Taurbekov et al. [25], reported a higher
specific capacitance value of 150 F g~! for chemically
activated carbon compared to 40 F g~! for physically ac-
tivated carbon derived from rice husk. The authors also
reported a specific capacitance of 152 F g~! vs 109 F g~!
for chemically activated carbon and physically activated
carbon respectively, prepared from walnut shells. So, in
this research activated carbon was derived from the wood
of Buddleja paniculate by using a chemical activation
method.

Buddleja paniculate is a deciduous shrub indigenous to
Nepal, Bhutan, Northern India, Myanmar as well as the
Chinese provinces of Guangxi, Guizhou, Hunan, Jiangxi,
Sichuan, and Yunnan. It thrives in thick and open forests
at elevations of 500-3000 m [26].The plant has social and
cultural values among the Indigenous people of the Kath-
mandu Valley, hence, it is widely grown in the farmland
and gardens in the Kathmandu Valley and hilly regions
of Nepal. This plant has woody stems and branches,
thus, the wood of this plant can be easily available for the
preparation of activated carbon.

Initial raw materials chosen for the preparation of acti-
vated carbon have an important impact on the pore size
distribution (PSD) and surface area due to the different
lignocellulosic content [10,11,20] and hence affect the
capacitive performance of EDLCs. Along with precursor,
activating agent and activating temperature can also im-
pact PSD and surface area of the activated carbon. In this
research, ZnCl, was selected as an activating agent as it
can produce a well-developed porosity and yield high car-
bon concentration [17]. At low activation temperatures,
the activated carbon has low conductivity and at high ac-
tivation temperatures, the carbon yield is low [4,27]. So,
an intermediate activation temperature of 700 °C was se-
lected to prepare activated carbon. The prepared activated
carbon yielded high-purity carbon at 96.7 % purity and
its supercapacitor electrode showed a specific capacitance
of 11758 Fg~' at 1 A g~!. In our previous work, we
prepared supercapacitor electrodes with activated carbon
derived from coffee waste and reported a specific capaci-
tance of 113.81 Fg~lat 1 A g~ [28].

EXPERIMENTAL METHODS

Preparation of Activated Carbon

The synthesis method of the activated carbon followed in
this research is similar to that reported elsewhere [20,28].
The clean branch wood of a locally found plant, Buddleja
Paniculata was collected, washed and fine powder of the
wood was obtained for the preparation of activated car-
bon. The fine powder of wood was filtered through a
0.35 mm sieve. The obtained powder was mixed with
zinc chloride (ZnCl,) solution in the ratio of 1:1 by mass
for the activation and left for 24 hours. After activation
of the precursor, it was dried in an oven overnight. Car-
bonization of the dry activated precursor was done in a
tubular furnace in the inert Nitrogen atmosphere at the
temperature of 700 °C for 4 hours to obtain activated car-
bon. The obtained carbon was ground into a fine powder
and initially washed with 0.1 M hydrochloric acid (HCI)
and then washed with deionized water several times until
the acid was neutralized. The obtained carbon was then
dried and used for the characterization and fabrication of
the electrode.

Material Characterization

Study of the surface morphology of the activated car-
bon was carried out using scanning electron microscopy
(SEM) and its elemental composition was determined
from the EDS system in the SEM using the FEI He-
lios Nanolab 660 scanning electron microscope, Thermo
Fisher Scientific, USA. The structural properties were
studied by XRD analysis using the Rigaku MiniFlex 600
diffractometer with the Cu Ko source (A = 1.54 A).
Raman spectroscopy was used to determine the relative
portions of ordered and disordered carbons in the sam-
ple. Fourier Transform Infrared Spectroscopy (FTIR) of
the sample was employed to determine the functional
groups using PerkinElmer Spectrum IR. The surface area
and pore size distributions of the sample were measured
using Autosorb-1C, Quantachrome, USA.

Fabrication of activated carbon-based
working electrode and electrochemical
measurement

The mixture of 4 mg activated carbon, 0.5 mg carbon
black, and 0.5 mg polyvinylidene fluoride (PVDF) (bought
from Apollo Scientific) was ground in a mortar. Then,
200 pl of n-methyl pyroline (NMP) was added to disperse
PVDF and was mixed properly in the mortar. The ob-
tained mixture was then coated onto 1 ¢m? nickel foam
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and dried at a temperature of 70°C overnight. Here,
PVDF was added as a binder, and carbon black was added
as a conductivity enhancer [10,28]. The dried activated
carbon coated nickel foam was then soaked in a 3 M
potassium hydroxide (KOH) solution overnight.

The Gamry Interface 1010E (Gamry Instrument, USA)
was used to test the cyclic voltammetry (CV) and gal-
vanometric charge discharge (GCD) of the activated car-
bon electrode. The electrochemical characterization was
done by using an experimental setup of a three-electrode
system. Here, activated carbon coated nickel foam acts as
a working electrode, platinum wire was used as a counter
electrode, and an Ag/AgCl electrode as a reference elec-
trode. For the electrolyte, 3 M aqueous solution of KOH
was used. The CV measurement was carried out in the
potential range of -0.2 to -1 V at various scan rates. The
GCD tests were performed at a current density from 1
Ag~!to5 Ag~! in the voltage range from -1.1 Vto 0 V.
The specific capacitance of the electrodes was calculated
from CV curves by using the formula [29],

A

=— 1
2KmAV M

Csp
Where Cg, is the specific capacitance (F g h, Ais the
integrated area under the CV curve (A.V), k is the scan
rate (Vs—1), m is the mass of the activated carbon in the
electrode (g), and AV is the potential window (V).

For GCD tests, the specific capacitance was calculated
as [29],

IAt
=—. 2
Where Cy, is the specific capacitance (F g 1), Lis the
current (A), At is the discharge time (s), m is the mass
of the carbon in the electrode (g), and AV is the potential
window (V).

Result and discussion

Characterization of material

FIGURE 1. SEM image of activated carbon with (a) 1500 times
magnification (b) 800 times magnification

Figure 1 illustrates the SEM images of the activated
carbon sample. Figure 1(a) shows the irregural shaped
fragmented particles with rough surface whereas Fig-
ure 1(b) shows the particles with micron-sized pores.
The rough and porous morphology of the carbon ensured
proper activation of the sample.

Element | Weight %
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FIGURE 2. Energy dispersive X-rays spectroscopy spectrum
(EDS) of activated carbon. The SEM image is displayed in the
inset, and the EDS scanned area is indicated by a rectangle.

Figure 2 shows a typical EDS spectrum of the acti-
vated carbon sample. The spectrum indicates that the car-
bon sample contains approximately 96.7 % carbon, 2.8
% oxygen, and 0.5 % chlorine by weight in the typical
scanned area. The presence of oxygen may be due to the
remnants of different oxygen functional groups and the
absorbed water vapor from the air in the sample. The
presence of a small amount of chlorine could be due to
the contamination of the sample.
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FIGURE 3. XRD pattern of activated carbon

Figure 3 represents the XRD profile for the activated
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carbon sample. The two distinct broad peaks at angles
20 =23.56" and 43.74° correspond to the reflection from
(002) and (100) planes of graphitic carbon, respectively
[30]. Additionally, the XRD pattern shows a large back-
ground underlying the peaks. This indicates the existence
of a significantly high fraction of amorphous carbon in
the sample [31,32]. Hence, the activated carbon consists
of graphitic carbon and dominant amorphous carbon [20].
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FIGURE 4. Raman spectrum of activated carbon. The coloured
spectra represent the fitting of the raw data.

Figure 4 is the Raman spectrum of the activated carbon
and it shows two typical adsorption bands of carbon at
1344 cm~! and 1585 c¢m~!, attributed to D-band and G-
band, respectively [11,20,29]. The D-band corresponds to
disordered carbon and the G-band corresponds to ordered
graphitic layers [11,33]. Disordered carbon provides nu-
merous active sites for ion adsorption and electrochemical
reactions and ordered graphitic layers enhance electrical
conductivity. However, it is believed that this improve-
ment in conductivity comes at the cost of reducing the
number of active sites [34-36]. The Raman spectrum is
fitted using Lorentzian line shapes with background sub-
traction to calculate the portion of disordered and ordered
carbon in the sample [37]. The intensity ratio of D and G
bands, Ip/Ig, calculated by integrating the area under the
corresponding peak is found to be 2.38. This indicates
a very high content of amorphous carbon compared to
the crystalline carbon in the sample [11]. This result is
consistent with the result from the XRD pattern shown in
Figure 3.

In the FTIR spectrum of the carbon sample shown in
Figure 5, the broad peak centered around 3375 cm™! is
due to O-H stretching [10,38]. The peak at 2927 cm ™!
and a small shoulder at 2851 cm ™! are associated with the

symmetric and antisymmetric -C-H- stretching vibrations
of CH, and CH3 groups respectively [39]. The peak at
1541 ¢m™! is due to N-O stretching of nitro compound
[38].
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FIGURE 5. FTIR spectrum of activated carbon sample after
background correction

The N, adsorption-desorption isotherm of the activated
carbon, shown in Figure 6 is similar to the type I charac-
teristics of microporous material [20]. Brunauer-Emmett-
Teller (BET) surface area, micropore volume, pore width,
and pore volume are listed in Table I. The specific surface
area of the activated carbon was found to be 1326 m?>g~".
The total pore volume obtained from the Density Func-
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FIGURE 6. Nitrogen adsorption-desorption isotherm
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tional Theory (DFT) method [40] is 0.7215 ccg™! and
micropore volume obtained from t-method [41] is 0.6144
ccg™!. The maximum number of pores has a microporous
width of 1.6134 nm validating the N, isotherm. The ratio
of micropore area to the specific surface area is 8§9.21 %,
which indicates a very high number of micropores in the
sample.

TABLE 1. : Specific surface area and pore characteristics of
activated carbon

SBET®  Smicro ° Smicro/SBET  Vimicro® Wprr ¢ VpFT®

(m*g”") (m’g”") (ccg™') (mm) (ccg™)
1326 1183 89.21% 0.6144 1.614 0.7215

2 specific surface area.

5 micropore area

¢ micropore volume using t-method

d pore width (mode) using DFT method

€

pore volume using DFT analysis

Figure 7 show the pore size distribution obtained from
the DFT method which indicates the presence of higher
number of microporous structures with a pore size of
about 1.61 nm. From the figure it can be seen that the ac-
tivated carbon also contains a small volume of mesopores
structures.
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0.06 - o] 1 1.61 nm
~ 0.05 - e
o%” < o
5 0.044 = 00 231 nm
e 2002
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FIGURE 7. Pore size distribution obtained by the DFT method.
The inset shows a close-up view of the shaded region.

Electrochemical properties

Cyclic voltammetry and galvanostatic charge-discharge
(GCD) measurements were employed to evaluate the
electrochemical properties and to calculate the specific
capacitances of the electrode. CV of the prepared elec-
trodes was tested in the potential window of -0.2 to -1 V

in a three-electrode system. Figures 8(a) and 7(b) show
CV curves recorded at 2 mVs—! and multiple scan rates,
respectively. At a low scan rate, 2 mVs~!, the curve
demonstrates a quasi-rectangular shape which shows the
presence of both double layer capacitance and pseudo-
capacitance. The pseudocapacitance is attributed to the
redox reaction of functional groups in the carbon sample
[6,42].
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FIGURE 8. CV curves at (a) 2 mVs~! and (b) different scan
rates

Figure 8(b) shows the CV profile at different scan rates.
At a high scan rate of 50 mVs~!, the CV deviates from a
typical rectangular shape and becomes sharp and tilted,
indicating significant ohmic resistance in pores [43]. The
specific capacitance for each scan rate was calculated us-
ing Equation 1. The specific capacitance at scan rates of 2,
5,10, 20, and 50 mVs~! is 128.79, 121.43, 100.98, 86.36
and 50.18 F g~ !, respectively. It is worth noting that the
value of specific capacitance decreased as the scan rate in-
creased. This characteristic result indicates the presence
of micropores in the activated carbon which is consistent
with the result obtained from N, adsorption-desorption
analysis[44].
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FIGURE 9. GCD curves at different current density

Figure 9 shows the GCD curves at different current
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densities. The GCD curves are highly symmetric isosce-
les triangles suggesting good electrochemical reversibil-
ity and high Coulombic efficiency [45]. The specific ca-
pacitance, calculated using Equation 2, of the activated
carbon electrode at the discharge rate 1, 2, 3, 4, and 5 A
g ' are 117.58, 109.62, 104.86, 102.11 and 99.64 F g1,
respectively. So, there is only 15.3% decrease in capaci-
tance when current density is increased from 1to S A g~ 1.
This shows the high rate capability of the activated carbon
electrode.

CONCLUSION

Supercapacitor electrodes prepared using activated car-
bon from the wood of Buddleja Paniculata exhibited ex-
cellent capacitive behavior and high rate capability. High
surface area, high carbon content, and the presence of
oxygen-containing functional groups in the Buddleja Pan-
iculata based activated carbon contributed to its excellent
electrochemical double layer capacitance (EDLC) behav-
ior with specific capacitance of 117.58 F g~ ! at the dis-
charge rate of 1 A g~!. These findings highlight the pos-
sibility of utilizing wood of Buddleja Paniculata to pro-
duce low-cost high-performance supercapacitor electrode
material.
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