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In this study, sugarcane bagasse, an abundantly available agro-industrial waste was pyrolyzed into bi-
ochar, and activated carbon was produced. Experiments were performed to evaluate the potential of acti-
vated biochar carbon as an electrode material in supercapacitor. KOH activated biochar carbon showed a
higher surface area of 2336.45 m2g-1. Further electrochemical measurements of the activated carbon show
that the material exhibited better performances compared to some of the reported carbon materials derived
from biomass, that were utilized in supercapacitor electrodes. The activated carbon electrode showed a
high specific capacitance of 197.33 F-g-1 at a scan rate of 1 mV-s-1in 1.5 M KOH electrolyte. Moreover,
the electrode displayed good initial capacitance retention, which is 65 % after 1000 cycles. The electrode
prepared using non-activated biochar carbon exhibited poor performance and was not considered for any
other electrochemical measurements except cyclic voltammetry. The maximum specific capacitance of the
non-activated carbon electrode in cyclic voltammetry was found to be 13.88 F-g-1 at a scan rate of 1 mV-s-
1, The galvanostatic charge/discharge test of the activated biochar electrode displayed a better charge-
discharge mechanism and the GCD curve slightly resembled the ideal triangular shape. Maximum energy
and power densities shown by the electrode of activated carbon were 17.57 Wh-kg-1 and 2.06 kW-kg-1. The
high surface area of activated carbon having mesoporous structure is significant for this electrochemical
characteristic of the prepared electrode. The study indicates that sugarcane bagasse has the potential to
use it as raw material for the preparation of activated biochar carbon for its application in supercapacitor.
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1. INTRODUCTION

Supercapacitor is an energy storage device that
can store electrochemical energy following the princi-
ple of ion adsorption and desorption at elec-
trode/electrolyte boundary. Out of the different super-
capacitors, Electric Double Layer Capacitor (EDLC) is
a significant one due to its high-power output, long
cycle life, and rapid charge/discharge mechanism. The
electrode material is significant for electrochemical
performance and price of the supercapacitors [1-3].
Commercial activated carbon obtained from fossil-
based resources is demonstrated as a suitable elec-
trode material in supercapacitor applications because
of its high porosity, specific surface area, cheaper cost,
high availability, and electrochemical stability [4].

In this backdrop, the present study was conducted
for exploring potential of the activated biochar carbon
prepared from an agro-industrial waste (sugarcane
bagasse) for EDLC type supercapacitor application.
The study involves slow pyrolysis/carbonization for the
preparation of biochar from sugarcane bagasse fol-
lowed by a controlled chemical activation using KOH
to synthesize activated biochar carbon. The activated
carbon thus obtained was used for the preparation of
electrodes. Electrodes were further subjected to elec-
trochemical measurements viz. cyclic voltammetry
(CV), and Galvanostatic Charge/Discharge (GCD) to
understand the technical feasibility of the biochar as
supercapacitor electrode material.
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2. MATERIALS AND METHODS
2.1 Materials

Sugarcane bagasse was collected from a Jaggery
making unit located near Tezpur University and grind-
ed into fine powder and heated in hot air oven at
100 °C overnight. It was then sieved and samples less
than 500 um were used. KOH (Merck) was used as a
chemical activating agent and as an electrolyte. Fluo-
rine doped Tin Oxide (FTO) glass was used as current
collector and 0.5 wt. % Nafion solution was used as
binder for the construction of working electrode.

2.2 Pyrolysis and Biochar Carbon Activation

Sugarcane bagasse was pyrolyzed at 800 °C for 2 h
in a fixed bed pyrolizer in N2 atmosphere. The obtained
biochar was denoted as NAB800 and was chemically
treated using KOH in 3:1 ratio with the biochar. The
chemically treated biochar again pyrolyzed maintain-
ing the requisite temperature of 800 °C for 1h and
treated with hydrochloric acid (HCl) and then washed
using double deionized (DD) water to get neutral pH.
This activated sample was denoted as AB800. All the
experiments were performed in 5 °C-min -~ ! heating rate.

2.3 Characterization

Field Emission Scanning Electron Microscopy
(FESEM) was conducted in a Sigma, Zeiss FESEM
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instrument. Powder X-ray Diffraction (PXRD) of KOH
activated biochar carbon (AB800) and non-activated
sample (NAB800) was analyzed using Rigaku miniflex
diffractometer (Cu-Ka radiation, 1 =1.5406 A) to eval-
uate the crystalline nature of prepared samples. Specif-
ic surface area of the prepared samples was determined
by Brunauer-Emmett-Teller (BET) method. Barrett-
Joyner-Halenda (BJH) model was utilized in nature
and density determination of porosity. For that pur-
pose, NOVA 1000E, NOVA WIN, QUANTACHROME
instrument was used. The degassing temperature in
BET analysis was 150 °C.

2.4 Electrochemical Evaluation

The working electrodes of AB800 and NAB80O sam-
ples were fabricated for electrochemical measurements
by mixing the carbon material with 0.5 wt. % Nafion
solution as a binder material and FTO glass as current
collector. The ratio of carbon material to Nafion solution
was taken as 10:1. For the preparation of working elec-
trode, 6 mg of bio-carbon and 0.6 ml of Nafion solution
were mixed and ultrasonicated for 1h to obtain a ho-
mogenized mixture/slurry. The electrochemical experi-
ments were performed in 1.5 M KOH aqueous electro-
lyte solution using the Bio-Logic SP-150 potentiostat.

The capacitance was calculated by the following
equation (1):

V2
fvl 1dv
mv(V,—V;)’

C(Fg™h) = 1)
where I (in A) is the current from CV curves, m (in g) is
the carbon mass, v (in Vs 1) is the scan rate, V1 and V2
(in V) are start and end potential limits, respectively.

EIS analysis of the activated carbon material was
recorded within the frequency range 10 kHz-0.1 Hz in
1.5 M KOH electrolyte solution. The alternating current
amplitude taken for the analysis was 10 mV in an open
circuit potential, and. GCD tests were run conducted
between — 2 to 0.85 V at different current densities.

Energy (F) and power densities (P) were evaluated
using equations (2) and (3):

— cell- AV?
E(Wh.kg™t) = fe=r @)
P(W.kg™1) = 2207, 3)

where C denotes capacitance, AV (in V) is the potential
window, At (in s) is the discharge time.

3. RESULTS AND DISCUSSION

The FESEM analysis of AB800 and NAB800 was
performed for determination of pore distribution and
pore size of surface carbon before and after activation.
After performing chemical activation, pore distribution
of the biochar carbon increased by a large extent.
Moreover, the size of the pores has also increased as
evidenced from FESEM (Fig. 1a and Fig. 1b).

The PXRD spectra of NAB80O depicted a broad and
weak peak within 20 to 30 deg range. The unavailabil-
ity of any other peaks referred the lack of other com-
pounds. In AB800, additionally, a broader and weaker
peak occurred around 40 to 50 deg which is directed
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towards the carbonization of material and existence of
graphitic structure. It also signified the availability of
amorphous structured carbon. Low angle scatter indi-
cated the existence of larger pore distribution [5].
Fig. 1c shows the PXRD pattern of the samples.
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Fig. 1 - FESEM images of NAB80O (a) and AB800 (b), PXRD
patterns of AB800 and NABS8O0O (c)

BET analysis of the samples was conducted to de-
termine the porous nature and surface area of biochar
carbon. AB800 exhibited pores consisting mainly of
mesoporous nature along with traces of macropores.
The surface area (Sper) and the mean pore size of
ABB800 were found to be 2336.45 m2.g-1 and 61.22 nm,
respectively, and showed type IV nitrogen sorption
isotherm. The curve clearly signified the high
macroporosity of the sample. The pore size distribution
calculated from the adsorption isotherms using BJH
model is shown in Fig. 2b. The Sser and pore size of
NABB800 were found to be 333.20 m2-g-1! and 1.60 nm,
respectively. It also followed type IV nitrogen sorption
isotherm and consists mainly of mesopores and some
amount of macropores.

Cyclic voltammetry test was conducted within the
potential range of —0.2-0.85V for determination of
capacitance. NAB8OO electrode showed very poor elec-
trical conductivity and was not considered for further
electrochemical measurement. NAB80O electrode
showed the highest capacitance of 13.88 F-g-! (1 mV-s—!
scan rate). Fig. 3a and Fig. 3b display CV curves for
NABS800 samples for the scan rate ranges from 1 to
50 mV-s—! and changes in specific capacitance in re-
spect of scan rate change, respectively.

ABB800 electrode showed good electrical conductivity
and electric double layer capacitive feature. AB800
exhibited the maximum capacitance of 197.33 F-g-! at
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1 mV-s-1. Table 1 tabulates the obtained capacitances
for the applied scan rates for AB800 and NAB800. This
maximum value of capacitance is comparable with
previously reported value of specific capacitance from
various biochar-based supercapacitor electrode (see
Table 2). Fig. 3c and Fig. 3d depict the specific capaci-
tances of AB800 sample, and capacitance change with
respect to scan rate, respectively.

Volume adsorbed(ccig STP)
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Table 1 — Specific capacitances of AB800 and NAB80O

Scan rate AB800 | NABS800
(mV-s—1 FegY) | Fgl
1 197.33 13.88
10 109.20 5.05
25 78.68 3.36
50 41.75 1.82
75 35.43 —
100 31.44 —
150 25.79 -
200 22.98 —

Table 2 — Comparison of the properties of

prepared from various biomass feedstocks

activated carbon

BET .
Relaive prossurs ) surface Specific
a Biomass area capacitance|Electrolyte|Reference
o1
™ —e— NABS0O (m2,g—1) (F g )
o= Pistachio 1M
: Nutshell | 1971 45 Li-Salt 7]
Rice 6 M
g _\. \ Husk 2696 147 KOH [8]
\,-\:f:*, . 1 0.5 M
i Firewood | 1064 180 HSO4 [9]
Eoe W8N, (g Woody 0.1 M
b Biochar 990 167 NaCl [10]
Fig. 2 — Nitrogen adsorption-desorption isotherms of AB800 Sugarcane 2336.45 197.33 1L5M This work
and NABSOO at 77.35 °C (a), pore size distribution calculated | Bagasse KOH
from the adsorption isotherms using BJH Model (b)
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Fig. 3 — CV curves of NAB80O within 1-50 mV-s-1! (a), rate performance of NAB800 within 1-50 mV-s-1 (b), CV curves of AB800
within 1-200 mV-s-1 (c), rate performance of AB800 within 1-200 mV-s-1! (d)

To determine the initial capacitance retention of the
AB800 sample electrode, it had undergone 1000 CV
cycles in the voltage range — 0.2-0.85 V at a scan rate of
100 mV/s. Capacitance from the first cycle was
33.28 F-g—1 and that of the 1000t cycle was 21.38 F-g—1.
ABS8O0O0 electrode showed a capacitance retention of
65 %. The CV curves before and after 1000 cycles has
been shown in Fig. 4c.

Galvanostatic charge/discharge test was performed
at current densities 0.5 and 0.1 A-g-! for evaluating
charging/discharge mechanism of AB800 electrode. The
curve showed the reduction in charging and increase in
discharging time, with increase in current density. In
addition to that, it could be observed that time taken

for charging was less compared to the discharging time
(Fig. 4a). The GCD curves slightly resembled the ideal
triangular shape.

The electrochemical impedance data were studied
by means of Nyquist plot for displaying the frequency
response characteristic of the electrode/electrolyte sys-
tem. It was put between Z", which is the imaginary
component of the impedance, and Z' (real component).
Fig. 4b displays the Nyquist plot of AB80O0 electrode.
Semicircle formation was observed at the higher fre-
quency which was followed by linearity at low frequen-
cy (Fig. 4b, the inset). The formation of semicircle at
higher frequency region signified the Faradaic process
where charge movement taking place at the electrode/

03025-3



N. Bora, V.K. JAYSWAL, R. KATAKI

electrolyte boundary. The slope of line at lower fre-
quency area refers the electrolyte ion diffusivity nature
of the electrode. Another aspect was the vertical line
after the slope line which was closed to 90 °C signified
the pure capacitive nature of the active carbon material
as well as rapid transfer property of ions in the active
carbon electrode [6].
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The relation between energy densities and power
densities for the AB800 sample is shown in Ragone plot
(Fig. 4d). Maximum energy density and power density
without considering ESR (Equivalent Series Resistance)
obtained for AB800 were 17.57 and 2.06 kW-kg-1,
respectively, using 1.5 M KOH electrolyte.
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Fig. 4 — GCD curves for AB800 at 0.5 and 1 Ag-! (a), electrochemical impedance spectra of AB800 with the symmetrical cell
represented as Nyquist plot (b), CV curves of 1000 cycles for AB800 (c), Ragone plot of energy vs power densities of AB800 elec-

trode (d)

4. CONCLUSIONS

In summary, preparation of activated biochar car-
bon from sugarcane bagasse performing pyrolysis
followed by KOH activation for supercapacitor applica-
tion appears to be technically feasible. As sugarcane
bagasse is widely available, cheap, and sustainable
agro-industrial waste, production of activated carbon
can be done industrially in large-scale. The resultant
activated carbon displays high specific surface area
with moderate mesoporous pore distribution, due to
which the activated carbon demonstrates excellent
electrochemical performances in aqueous electrolyte.
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¥V mocimimpkeHH] $KOM I[yKPOBOI TPOCTHHH, IO € MIMPOKO JOCTYIIHUM arpOIPOMUCIOBUM BIIX0J0M, OYB IIi-
poJIidoBaHMi y Gl0BYTLJLJISA, OTPUMYIOUM, TAKMM YHMHOM, AaKTHBOBAaHEe BYTJLISA. ByJu mpoBeeH] eKCIiepruMeH-
TH JJISI OI[IHKY IIOTEHINAly AKTUBOBAHOIO OIOBYTLILISL SIK €JIEKTPOIHOTO MaTepiaily ISl CYIIepKOHIEHCATO-
piB. BioByrisus, akrusoBane KOH, moxasaso Ginbiry miromry moBepxHi 2336,45 m2r-1. Tlogasbuii esrlekTpo-
XIMIYHI BUMIPIOBAaHHS aKTHBOBAHOTO BYTUJLIIS BUSBUJIN HAWUKPAI XapaKTEePUCTUKX MaTeplaay B MOPIBHIH-
HI 3 IeSIKAMU 13 3a3HAYEHHX BYIJIEIIEBUX MAaTepiasiB, BHPOOJIEHUX 3 0loMacH, SKl BUKOPHCTOBYBAJIUCS B
€JIEKTPO/IaxX CyIepKoHaeHcaTopiB. EiexkTpom 3 akTHBOBAHOTO BYTLLIS IOKA3aB BHUCOKY ITATOMY €MHICTH
197,33 ®-r-1 mpu mBuakocti ckanyBanus 1 MB.c-1 B 1,6 M esexrpostiti KOH. Kpim Toro, estexkrpos mposie-
MOHCTPYBAB TapHe 30epesKeHHsI IMOYaTKOBOI €MHOCTI, sika cTaHOBUTH 65 % micast 1000 ruksmiB. Emextpon,
OTPUMAHUM 3 BUKOPUCTAHHAM HEAKTHBOBAHOTO Ol10BYT1JIJIsA, ITOKA3AB IIOTAHI XaPAKTEPUCTUKYU 1 HE PO3TJIS-
aBes JUIsT OyIb-IKUX 1HIIMUX eJIeKTPOXIMIYHMX BHMIPIOBAHb, KPIM IMKJIIYHOI BosbTamiepomerpii. Makcu-
MaJIbHA IIATOMA EMHICTH €JIEKTPO/Ia 3 HeAKTMBOBAHOTO BYTLILJISA MPU ITUKJIYHINA BOJIBTAMIIEPOMETPIl BUSBHU-
nacs pisaowo 13,88 @-r-! mpu mBuaKocTi ckanyBaHusa 1 MB-c-1. Tecr raspBaHOCTATHYHOTO 3apsay/PO3PSAILY
(GCD) enexrpoma 3 aKTMBOBAHOIO GIOBYTIJLISA MOKA3aB KpalllWii MexaHiaM 3apsay/pospsany, a kpusa GCD
TPOXU HATaJyBajia 1/leaibHy TPUKYTHY opmy. MakcrumaabHl MILTFHOCTI eHeprii Ta MOTY KHOCTI, IPOIe MOH-
CTPOBAHI €JIEKTPOIOM 3 AKTHBOBAHOIO BYT1JLJIsSA, CTAHOBUJIM BinmoBimHo 17,57 Brrom-kr-1! ta 2,06 kBr-xkr-1.
Besnmka 1utomia moBepxH1 aKTUBOBAHOTO BYTLILIISA, 10 MA€ ME3OIOPHUCTY CTPYKTYPY, € BAKIUBOIO €JIEKTPOXi-
MIYHOI0 XapaKTEePHUCTHUKOI BUTOTOBJIEHOTO eyieKTposa. JlocmiskeH s moKasaye, 110 $KOM ILyKPOBOI TPOCTAHU
TOTEHIIIHHO MOXKe BUKOPUCTOBYBATHCS SIK CHPOBUHA JJIsI IIPUTOTYBAHHS aKTUBOBAHOIO O10BYT1JLIA IS HOTO
3aCTOCYBaHHSA B CYIIEPKOHIEHCATOPAX.

Kmrouosi ciosa: Biomaca, Biosyriss, oM 1yxposoi Tpoctran, AxtrBoBaHe Byriyuisa, CymepKoHIeHCATOP.
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