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Carbon materials were synthesized from banana fibers by treating the fibers with pore-forming substances
such as ZnGland KOH with an intention to improve the surface area and their electrochemical performance
as electrical double-layer capacitor electrodes. The performance of these materials was studied in a neutral
electrolyte for the first time. There has been a substantive increase in the specific surface area of the treated
carbon material because of the effective pore generations. The structural and surface properties of the prepared
carbon materials were studied using scanning electron microscopyzaubkbirption/desorption studies. The
surface area of the 10% ZnGteated sample was found to be 1097gnThe electrochemical properties of
untreated and porogen treated carbons were evaluated by using cyclic voltammetry and galvanostatic charge
discharge studies, and the specific capacitance as high as 74 BE/di NSO, neutral electrolyte was
obtained for 10% ZnGltreated carbon as determined by constant current chaligeharge studies. The
system showed excellent cyclability with a Coulombic efficiency~&8% at a high current density of

500 mA/g for 500 cycles. The electrochemical performance of the high surface area carbon in the neutral
electrolyte medium is significantly high, and the reasons are discussed.

1. Introduction materials such as activated carbon, carbon nanotubes, etc., are
. . i i currently investigated for use as electrode materials for EDLCs.
Energy consumption re!ymg on fossil fuels is forecasted to However, activated carbon enjoys a place of pride mainly
cause a severe problem in the world economics and ecologypecayse of its abundance, cost effectiveness, and environmen-
mainly because of depletlng resources gnd Increasing envwon-ta”y benign nature. Comparing with conventional capacitors,
mental concerns. De\_/elopmg alternative energy storg_ge O'EDLCs with activated carbon electrodes are known to exhibit
conversion deV|ces_W|th .h'gh power and energy de”S_'“‘?S 'S higher energy density mainly owing to their extremely high
under serious consideration as a viable alternative. Lithium- urface areak?
lon batteries, fuel cells, and supercapacitors (SCs) are con&dereé Fundamentals behind activation of carbon materials have been

strongly as major contenders for power source applications. SC . ) .
gy J P bp well studied and have been extensively reported in the open

or ultracapacitor is one of the most promising electrochemical 15 e .y

energy storage systems which have attracted much attention“t,erature' The .actlvatlon oflcarbon materials is generally dor)e
due to their potential applications ranging from mobile devices elther k.)y a physical or chemical process. In the case of physical
to electric vehicles. SCs are divided into two categories, namely, actwa’qon process, re”?""a' of a large amount of intenal carbon
electrical double-layer capacitors (EDLCs) and pseudocapaci-mass is necessary to impart well-developed carbon structures,

tors, which are distinguished by their charge storage mechanism_While in the chemical activation process, all the chemical agents

EDLCs show a non-faradic reaction with accumulation of USed are dehydrating agents which influence pyrolytic decom-

charges at the electrode and electrolyte interface, while pseudocaP0Sition resulting in the formation of tar, which increases the
pacitors exhibit faradic redox reactiohs. carbon yield®® However, there is no single mechanism by which

In recent years, efforts in developing better EDLCs have the effective increase in surface area and formation of pores

gained importance because of their excellent power density has b.een proposed. )
which will provide rapid charge and discharge capabilities, ~Activated carbons such as activated carbon powder (ACP),
leading to an ideal power source for applications such as mobile activated carbon fiber cloth (ACF-cloth), and synthetic carbon

phones, laptop computers, etc. A variety of carbonaceous?‘emgel have been in\{es_tigated for EDLC applications. Accord-
ing to the characteristics of EDLCs, the capacitance and

resistance of EDLCs are largely influenced by the specific
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electric double layet Moreover, the free-standing nature of the air for 30 min for the removal of the solvent. After drying, the
ACF-cloth prevents the usage of any binder for the electrode coated mesh was pressed to more completely adhere to the
formation, which greatly improves the electrical properties of electrode material with the current collector.
the electrode. On the other hand, the ACPs are composite CV studies were performed using a potentiostat/galvanostat
electrodes involving conducting carbon black and binder with (PGSTAT30, Autolab, EchoChemie, The Netherlands) in a
a specific capacitance of 49 F/g in the 5.35 M aqueous KOH three-electrode configuration using the Ni mesh coated with
electrolyte or 28 F/g in ta 1 M aqueous solution of KCI  activated carbon as the working electrode, Pt wire as the counter,
electrolyte® The high surface area and the porosity of the and saturated calomel electrode (SCE) as the reference. CV
activated carbon are the basic advantages to form an effectivestudies were recorded betwee®.2 and 0.8 Vina 1 M Na
double layer, which results in an EDLC with a high power SO, neutral electrolyte at different scan rates. The specific
density and long cycle life. The capacitive behavior of carbon capacitance was evaluated from the area of the charge and
materials may be improved by different activation processes. discharge curves of the CV plot. Galvanostatic charge

In the present study, activation of carbon derived from banana discharge experiments were performed in a similar setup as
fibers were performed with KOH or Znglwhere the KOH described above using Arbin Instrument, with a specific high
and ZnC} act as pore-forming agents thereby improving the current of 500mA/g and betweer0.2 and 0.8 V. The specific
specific surface area of the material. The main advantage of capacitance of the system has been evaluated using the formula
the present carbon material is its source, banana fibers. The
banana fibers are naturally occurring, and carbonization process C(F/g)= iAt/mAV 1)
is simple and environmentally benign. Generally, it is believed
that the activation process of the carbon fibers increases thewherei is the current used for chargelischargeAt is the time
pore structure and morphology with a substantial increase in elapsed for the charge or discharge cyobds the mass of the
the specific surface area which is very critical for a better active electrode, andV is the voltage interval of the charge or
double-layer capacitance. It has been reported that activationdischarge.
of carbon using KOH provides a very large surface area of over
2000 n¥/g® Graphitized carbons activated with KOH are 3. Results and Discussion
reported to show a large capacitance of 40 F/g by weight in . . o . .
two electrode systenfsAlthough a variety of carbon materials Two different chgmlcal activation processes |nvaV|ng KOH
from different sources were prepared and activated for the use@Nd ZnCh respectively have been employed to improve the
as an EDLC electrode, there are only a few studies that reportedsPe_C'f'C surface areas and pore struc_tures of the c_arbon materials
on the synthesis of carbon from a natural precursor for EDLC derived from the banana fibers. Figure 1 depicts the SEM
applications utilizing neutral precursdrs Particularly, the use ~ Micrographs of carbon fibers with and without treatment. The
of carbon material obtained by the pyrolysis of a cellulose-based Untreated carbon fibers show a micrometer-sized tube-like
natural precursor such as banana fiber has not been addressetfructure. The carbon fibers treated with Zn€eem to have
so far in the double-layer capacitance perspective. This moti- large aligned fibrous stacks with parts of the structure blown
vated us to explore the possibility of utilizing the carbon Off because of the eliminating gases during the pyrolysis process,
materials derived from banana fiber in a neutral electrolyte While the KOH treated carbon fibers have a loose, disjointed
medium. In this paper, we report the EDLC performance of structure W|th_out'any defl_nlte shape. This is very interesting in
carbon materials derived from banana fibers with and without terms of applications mainly because of the different morpho-
activation. The structural and electrochemical properties of the l0gical end structures. In other words, just by changing the
untreated and the activated carbon materials are discussed iffhémicals used for activation we can achieve completely

detail. different structures for the carbon.
Surface properties of the synthesized carbon materials are
2. Experimental Section very critical for the electrochemical performance when used as

an electrode material in double-layer capacitors. Table 1

The banana fiber carbons were prepared as follows. High- summarizes the value of average pore diameter and BET surface
quality banana stems were obtained from the fields of Kerala, area of the different carbon structures. As an example, a typical
India. Sheets of herbaceous stems were dried in the sun, andN,-adsorptior-desorption isotherm for the banana fiber carbon
fibers were drawn from them. Then the fibers were soaked, treated with 10% ZnGlis shown in Figure 2. The BET surface
washed, and dried. The brownish white dry fibers were then area of the untreated carbon is 3&/gnand increases to
treated with concentrated solutions of KOH or Zafdr 5 days 686 nt/g and 1097 rig for the carbons after treatments with
at 110°C at a fiber:porogen ratio of 1:5 by weight and dried. KOH and ZnC}, respectively. Thus, the surface area increased
Pyrolysis was then carried out at 800 for 1 h under flowing up to 35 times because of the action of the porogens. It is shown
nitrogen at a heating rate of T@/min. below that the increase in the specific surface area can

The nature of the carbon and their pore structures before andsignificantly influence the electrochemical performance of the
after activation were characterized with X-ray diffraction (XRD), different carbon structures. On the other hand, the pore diameter
Fourier transform infrared spectroscopy (FTIR), and scanning does not show any significant increase after the treatments. The
electron microscopy (SEM). The electrochemical performance pore diameter is from 19 A for the untreated fiber carbon to 25
was studied using cyclic voltammetry (CV) and galvanostatic and 23 A for the structures treated with KOH and ZnCl
charge and discharge measurements. The electrodes for evaluatespectively. Another important point worth mentioning is the
ing the electrochemical properties of the as-synthesized andobserved hysteresis in the case of thealsorption/desorption
activated carbons were fabricated by mixing with 20 wt % isotherms which is mainly due to the mesoporosity of the
carbon black (Black Pearl 2000, Cabot Corp., U.S.A.) and materials. This behavior is observed in all the three carbon
5 wt % PVdF-HFP binder using-methyl-2-pyrrolidone (NMP) materials studied and is predominantly due to the similar pore
as a solvent. A slurry of the above mixture was subsequently diameters in the mesoporous region for the untreated and the
brush-coated onto a Ni mesh. The mesh was dried atClf porogen treated carbons.
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TABLE 1: Average Pore Diameter and BET Surface Area
of the Different Carbon Structures

pore BET
carbon diameter surface area
sample A (m2g™Y)
untreated 19 36
10% KOH treated 25 686
10% ZnC} treated 23 1097

pore generation in carbon materials treated with KOH is mainly
due to the presence of oxygen in KOH which results in the
elimination of cross-linking and the stabilization of carbon atoms
in the crystallites. At the pyrolysis temperature, the metallic
potassium intercalates into the carbon structure and disrupts the
lamellae arrangement of the crystalft@he porous nature is
governed by the removal of potassium salts during washing and
the removal of interior carbon atoms during the pyrolysis
process. Mostly the pores exist in the mesoporous region. In
the case of ZnG| it acts as a dehydration agent during the
carbonization process, resulting in charring and aromatization
of carbon and in turn yielding the pore formation. It is believed
that during the washing stage after the carbonization process,
the removal of unreacted ZnCsalts results in further pore
generations. In all these cases, the pore exists in the mesoporous
region, as supported with the results from SEM ang N
adsorption studies.

XRD studies of the untreated and the activated carbons are
discussed in detail in our earlier stutfyBriefly, the XRD
patterns of the carbon samples revealed the disordered nature
of the samples with still discernible characteristic (002) and
(100) peaks of graphite. The (100) reflection corresponds to
the honeycomb structure formed by2dpybridized carbons,
while the broad (002) reflections betweerf 2td 30 indicate
S (e B el G Bl small domains of coherent and parallel stacking of the graphene
sheets. According to Liu et &f.the empirical parameteR,
defined as the ratio of the height of the (002) Bragg reflection
to that of background is a measure of the quantity of single-
layered carbon sheets in disordered carbons prepared by low-
temperature pyrolysis. Low values of the factor for the
samples (untreated: 2.31; ZnCI2 treated: 2.27; KOH treated:
2.02) suggest large concentrations of nonparallel single layers
of carbon!® The decrease in thR value upon treatment with
the porogens suggests a breakdown of aligned structural domains
in the carbon matrix3

Typical CV curves for the untreated banana fiber carbon and
that treated with 10% KOH and 10% ZnCit different scan
rates are shown in Figure 3. The CV curves exhibit a typical
capacitor behavior showing a nearly rectangular shape for all
scan rates except for that recorded at 100 mV/s. Similar results
have been observed for other activated carbons when the scan

£ & 02 rate is higher than 50 mV/A-16 As discussed above, the main
L1 wnis_8mm ST00KVYKLFOKS Soun idea behind the activation process using KOH and Zn<to

: 5 4 e LN improve porosity of the carbon thereby increasing the specific
Figure 1. SEMs of (a) untreated carbon fibers, (b) carbon fibers treated surface area. The specific capacitance values for the untreated
by ZnCk, and (c) carbon fibers treated by KOH. carbon at all scan rates are low because of the smaller surface

area of the material; however, there has been an interestingly

To further explore the surface properties of the synthesized stable performance as shown in Figure 3. As expected, the
carbon materials, FTIR studies were employed and the detailsactivated carbons show an improved specific capacitance mainly
are given elsewher€.1t was evident from the previous study  because of the increased surface area. In the case of the carbon
that the oxygens exist as surface functional groups such asactivated using KOH, the specific capacitance was 66 F/g at
carboxyls, carboxyl anhydrides, phenols, carbonyls, lactones,5 mV/s, whereas it decreased to 54 F/g at a scan rate of
quinines, quinine-like structures, etc., which are formed during 100 mV/s. A similar trend was found for the sample treated
the pyrolysis process and appear at edge carbon dforis. with 10% ZnC}, but the decrease of the capacitance from 86

The fundamentals behind the chemical activation using KOH F/g at 5 mV/s to 83 F/g at 100 mV/s is relatively small,
and ZnC} are well-known for various carbon materidl¥he indicating that this activation process has more stabilized
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Figure 2. Typical N, adsorptior-desorption curve for carbon —~ 0.008
synthesized from banana fiber and activated with 10% ZnCl :5_:
® 0004
structure for a high rate capability. It is worth mentioning that 5
all the values in this report are after subtracting the contribution © 0,000 -
from the conducting carbon black (BP 2000). For this purpose '
we performed the CV studies for the BP 2000 alone in the same
electrolyte (1 M NaSQy) at different scan rates similar to the 0004+
studies performed for the untreated and treated carbons. The
specific capacitance values derived from this study for BP 2000 ~ “-0081
were used to eliminate the contribution from the double-layer
ggfk?ocrl]t:nce of the untreated and KOH and Zn€@éated 0.012 T oo 0 o PN s ",
In order to evaluate the cycling stability of the synthesized Voltage (V)
carbon materials, galvanostatic chargkscharge studies were 0.0161 (©
performed at a fairly high current of 500 mA/g betweef.2 0.012-
and 0.8 V in the 1 M NgSOs electrolyte. The long cycle
performance is shown in Figure 4, and the typical charge 0.008 ~
discharge curves are shown as an inset. The curve profile in 0,004
the inset clearly indicates a typical capacitor behavior without &£
any plateaus. The specific reversible capacitance for the 10% = 0.000-
ZnCl, treated sample was found to be 74 F/g in the first cycle £ Scan Rate:
and 65 F/g after 500 cycles with a coloumbic efficiency of 88%. 3 00047 :?3‘,:{35
For the 10% KOH treated sample, it was 66 and 46 F/g for the -0.008 - +— 20mVis
first and 500th cycle, respectively, with an efficiency of 70%. ) i’gmﬁﬁ
However, in the case of untreated carbon, the capacitance was %9121 - 50mVis
extremely low with a value of-1 F/g for the first cycle with a 0.016 —— . L~ 100mVis
stabilized capacity of 4 F/g after 500 cycles. The specific 0.2 0.0 0.2 04 0.6 08 1.0
capacitance values agree well with that derived from the CV Voltage (V)

studies. Figure 3. Cyclic voltammograms for (a) untreated carbon, (b) 10%
The main reason for the enhanced specific capacitance forkOH activated carbon, and (c) 10% Zn@ttivated carbon, at different
the 10% ZnCl treated sample is its high specific surface area scan rates from 5 to 100 mV/s.
(1097 n#/g). The increase in the specific surface area by at least
30 times that of the untreated carbon has resulted in the an acidic electrolyte such a$80; or highly basic electrolyte
significant increase in the double-layer capacitance. In the casesuch & 6 M KOH. In general, the double-layer formation and
of the KOH treated carbon, there is also an increase in the the resulting capacitance show a strong dependence on the
specific surface area; however, the surface area was not as higlzoncentration of the electrolyte supported by the high surface
as the ZnGl treated carbon. Also, particle morphology of the  area arising from the porous structure of the carbon. In the case
formed carbons after treatment with ZaGhnd KOH are  of the H,SQ, based electrolyte, because of the presence’of H
completely different. As can be seen from the SEM images ions as the mobile species, better ionic diffusion is observed
shown in Figure 1, the Zngtreated sample shows carbon with into the pores of the carbon, resulting in an enhanced EDLC
a tube like structures whereas that treated with KOH reflects performance. Despite these advantages, the main disadvantage
fine agglomerated particles. This basic difference in structure of the high corrosion rate of the current collectors because of
always affects the double-layer formation and the associatedthe extreme conditions of the electrolyte limits the use of such
capacitance. an electrolyte system. In the case Ru@ potential pseudoca-
There has been well-documented data on the electrochemicapacitor material, use of 5.3 M 430, is mandatory to extract
performance of the activated carbon supercapacitor electtédes. the full potential of the pseudocapacitance prop€ityere, both
However, most of the works have been reported using eitherion dissolution into the electrolyte combined with corrosion of
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—=— Untreated Carbon - Discharge capacitance than that observed in the present study from banana
80 —e— 10% KOH - Discharge fiber carbon may be attributed to the increase in the internal
E —a—10% ZnCI2 - Discharge resistanc@l—22
70
\a | \—\‘\‘\‘\‘\‘
L 60- 4. Conclusions
[0) i
£ s04 Carbons from banana fibers treated with KOH and ZreG!
b 40 & ool pore formers have been successfully prepared by the simple
% ¢ pyrolysis process. The activated carbon showed an enhancement
O 303 in surface area of up to 30 times than the untreated one. Different
£ ;f“ particle structure, morphology, and surface area are greatly
g 2047 reflected in the high-rate long-cycle electrochemical perfor-
& 10 B R mance. The specific capacitance of the carbon material treated
Time (s) with ZnCl, showed the best performance with a value of
0 I'/'—T—T—T—T/', . 74 F/g and 88% coloumbic efficiency for 500 cycles at a high
0 100 200 300 400 500 current of 500 mA/g. In addition to the excellent electrochemical
Cycle Number properties of these activated carbons, it is worthwhile to mention
Figure 4. Cycling performance of untreated and KOH/Zp@kated that the Sou,rce for Car.bon. is a natural and renewa_ble one ar?d
carbons at 500 mA/g betweer0.2 and 0.8 V in a 1 M N&SO; neutral the synthesis and activation processes are eco-friendly. This

electrolyte. Inset: Typical galvanostatic chargischarge cycling for study opens new avenues in the search for new carbon materials
activated carbon treated by 10% KOH at a constant current of for EDLC applications because of the green processing, the cost
500 mA/g in the first six cycles. associated with the precursor, and the simplicity in the activation

] _ process.
the current collector has been reported to deteriorate the cycling
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