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AbstraeL This paper prc:seots a method to 0nprove the pctfonuanee of supen:apacitors fabricated using binderlcss 
composite electrode monolith (BCMs) from self-adhesive carbon grains {SACG) of fibers from oil palm empty fruit 
bunches. The BCMs were prepared from green monoliths (GMs) contain SACG, SACG treated with KOH (5 % by 
weight) and _SAGG mixed with carbon nanotubcs (CNTs) (5% by weight) and KOH (5 % by weight), rcspcct.ively. 
These GMs wer-e carbonized at80<fC wider N1 enviromnc:nt and ~tivated by 001 gas at 800"C for I hour. It was found 
that addition of KOH and CNTs produced DCMs with higher specific capacitance and smnller internal resistance, 
respectively. It \yas also found that supercapacitor cells using tbc:se DCMs as electrodes c:xhibitcd a better specific 
c:ucrgy and specific power. The pbysical properties of BCMs (dcosrty, dcdricaJ cooductivity, porosity, intatayc:r 
spacing. aystallite dimension· and microstructure) wer-e affected by the addition ofKOH and OITs. 
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· INTRODUCfiON 

Supercapacitors are electrochemical s torage devices 
wh~se range !'f energy and power densities can 
complement the fimctioo of batteries and dielectric 
capacitors to store energy and deliver power. Common 
type of supercapacitor .electrodes are activated carbon 
[1,2], metal oxide [3,4] and electronically conducting 
polymer [5,6}. Activated carbon-based supercapacitors 
are widely developed because of their low cost, large 

. capacitmoe "3nd loog cycling life. EJecti.ostatic chaxges 
are ~ at the activated carboo/electrotYte double 
layer intaface and high capacitance can be achieved 
because· of high specific surface area of the d ectrodes.. 
Hov.ocver, activated carbon itself does not have a high 
cuough · eledronic conductivity to ensure that 
supercapacitors would have a low equivalent series 
n:si staoa: (ESR) and hence lower energy or power loss 
duilp~ ~ 3nd discbargini Since catboo 
oan.otube (CNTs) bav~ high. electronic coriductivity, 
they ·~v~. beCn, . used ~ improve the electrical 

\ 

therefo~ physicaVchemical activation was used · to 

increase their specific capacitance [9,10]. 
Here, we report the preparation and characterization 

of binderless composite electrode monoliths (BCMs) 
from self-adhesive carbon grains (SACG) of fibers of 
oil palm empty -~t·buocbes (EFB). In order. to observe 
the effect of a1blinc (KOH) treatmen1 on the SACG 
toward the ptoJ>Crt.ies of BCMs. the BCMs were also 
prepared from the KOII trcat.od SACG. Furthamore 
KOH treatmt::nt was also applied on the mixtwe of 
SACG and CNTs and the mixbJre was used &o prepare 
BCMs. The effect of CNTs addition was ·inyestigated 
CO, pbysica1 activ3tioo was cimied out to pri:xluce 
BOds. BCMs were cbaDctcrizcd to investigate their 
density, electrical conductivity, porosity, m:iaostructure 
and structu:re. The .ekctrocbem:ical behaviors of 
supcrcapacitor cells fabricated usio.g these BCMs were 
investigated. 

EXPERIMENTAL t1 

Sample Pt:eparation ·. cOodnc thity Of the electrodes by mixing them with 
· ' \ actiy.U.ed. carboO [7 ~1- The specific capacitauce of 

CN"Ts was found lower compared to activated carbon, SACG with particle size less than 106 microns were 
prepared from fiber of EFB by pre-carbonization . 
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(Furnace CTMSB46). milling for 36 holliS (ball mill 
AC Motor BS .S00-110) aod _sieving (Male$t 24030 
B~ Sopla·(BG)) [II]. A mixture of28.5 g SACG 
aod l.S g ofKOH (5% by weight) was pouRd into 300 
ml boiling water, stirraJ for I hom aDd followed by 
drying in au oven .at l00°C· for 48 hours. 10 g dried 
mix1ure were milled for. 20· mjmJtes to obC.aiD 
homogeneous mixture of(SACG + KOH). A mixture of 
(90% SACO + 5 % K.OH + 5 % CNT, by weight) was 
also prepan=d usiDg -sbpilir. steps piQCCsses. 0.15 g 
SACO aod lidxlura inside a mould wilb a cfiarnrt« of 
20 JD1D, -respectively. wae. ~ into 1hc gn:m 
DlOIIOiitm (GMt. GM2 and GM3) by a press peUetizing 
macbioe (VISITEC 2009-Malaysia). 

The GMs were c;:albooized into carbon mooolilhs in 
a carbonization fumace (Vulcan Box Fwuace 3-1750) 
under a l.S lmin"1 flow of N2 gas, up to 80ffC, using 
om previous. multi-step heating profile [II). BCMs 
'Were~ from Carbon monoliths by .C02 (1.0 
lmin"1

) activation at 8000C for 1 hoUr with a heating 
rate of SOC min"1

• Nter polished to a thickness of 0.4 
mm, BCMs were used as electrodes in. symmetrical 
supercapacitor cells using stainless steel 316L as 
current coJiector and H2SO4 (1 Molar) as electrolyte. 

Charactemation 
. . 

The ctimeosioos (Mitntoyo 193-253) and weight 
(Mettler Toledo. AB204) of tbe ·monoliths were 
measured to ddermine the deasity of the Glds. and 
Bq,ts. A Jour~~t'.probe technique (Jandel Uniy~l 
PrObe '& Keithley Micro-Oiimeler 220) was.. used to 
ddermine the electrical conductivity of the BCMs. 
Field "'Emissjon Scanning Electron. Mi~pe 
(FESEM) (Zeiss SUPRA 5SVP) was ~ to s.~Y !}le 
oiiaostructures of the BCMS. X-ray diffuictometer 
(BiUm AXS: ·model D8. Advance. waveleugth of 
·1.5406 A) was usCd to recoid 'the X-ray diffradion 
oaiD) pattern of the BCMs. The nitrogen (71 K) 
ad$olpti0Ja-dcsorption isotherm ~ 
(Miqooleretic ASAP 2010) were conducted to 
cJmaCterin: the porosity .of the BCMs. 

The perfonuance of the supercapacitor c:eUs using 
BCMs as their electrodes was stndied by galvauosta1ic 
chalge-discharge (GCD). electrochemical impedance 
speCtroscopy (EIS) and cyclic voltammetry (CV) 
methods using an electrochemical instrumeJit-inter&ce 
(Solartroil SI 1286 and Solartron 12SSHF Frequency 
Resj,ond Aaalyzer). 
• 

RESULTs AND DISCUSSION 
. . . ... : ·. . .· . . '.;·, ;\;,: . . - -

,.The. Rsults in Table ·1 ·aearJy show that alblme 
trabDeDt and addi!Min of CNTs··mto .SACG .pteicursor 
did·~ntribute to.the change· in weight (w). thickness (t), 

.. 
diameter (d) and density (p) ·of the OMs aad BCMs. 
1be elertrical • • . f IMJ {G) of 1br: .BOds is also 
affected by the alkaline. treatment and additiOn· of CNTs. 

. . : ,' ·, . . i. ': :' •' . . : . 

TABLE I. Weight (8), d~ (mm) aad ckasitycP~ 
or GMs and BCMs, .8DCI electrical coaduc:Civity' ((Omm)"1

) or 
BCMs . 

Samples . w · . d t ... 
GM1 0.732 20.153. 2.286· 
GM2 o.735 2cu~ 2.206 
GM3 .. 9.725 io.:tll' · ·2183 

BCMI 0.218 14.426 1.593 
BCM2 0.272 14.i53 . 1513 
BCM3 Q.305 14.986 . 1.623 

. ·.· . 

p· 
1.004 
1.045 
1.034 : . 
UJ68 1.022. 
1.127 1.290 
1.067 1.432 

XRD data in Figure ·t shO\y that aU of th~ BCMs 
have a ~c .~:{1'2-14], l'U.h :oiaJ~ and 
minor peats ·8! ,a~~,.~·~.~~ ,(1;\q,fl); 23~67(f 
aud 44.2~' (BCM2).:24.941° ~:· .. 3:~ (BQ.G) due 
to difliaCtio~ from (002) ~=(top) p~ RSpectively. 
·The calc~ :Val~ ·~f.:i!i~)~iDg;(dool and 
d1oo) and ccyStaJJi~· ~OJi. (StaCk ~~ .L~. (002) 
and statk'.~~th ~h· ((OO)~·;b.qt.~.~oa· peaks 
(002) ~· (100) are·mown·m.Table·:z~·Th~ relatiouship 
6etween d, I., sUr&ce' area aDd $pCcific c3pacltance for 
carbon fipJil EFB .. ~ repo~.in% {12]. , .•. 

. . . " . . ~ . . ~.. ·. ·: . 

-. 

~.T·,~·~·~\~:·~~::~~~~:t~~~-·~·-~.-~-·~·~~~~~~~-~·---~ 
. ,.:..: 

500 

Sainptes~:-~:~:·cx(_. ;~~~~I:~~. :i.·tX>: ;:.: .. J4<X> 
BCMI ..... .:'l~n.Bi ... ..,~Oll ... 9.~ ... ~'·• 5.1~07 
BCM2 · · 3.7539 2.0462 ·· 8.9S :._. '38~2 
BCM3 "3.5676 2.0667 I 12.45 . 57~17 

. .. . : ,. ·. ' .... 

Comparison of' FF.sEM orlc:i*~ ill Figures 'Z' 
.(a) and. (b) show that·~·BCM2 P..more poious than. 
licMl, .indicating ihe effeCt. of aJbJine irealioeot. .. . . ~ .. . . . . . . . 



" FIGURE 2. FESEM Microg:rnpb.s for (a) DCMI, (b) 
~2. (c) B<;MJ, (d) CNTs in pores. 

• PorositY in BCMJ. (Figuie 2 (c)) iS sirililar witffthat in 
BCM2, and bowev~ some or" its po(es ~ oca~ie(fby 
CNTs (Figure 2 (d)). 

The plot of adsorption-desorption capacity versus 
pressure in Figure 3 show that all the BCMs have a . 
typical type I isotherm. The values of pore parameters 
(Tables 3) obtained from Figure 3 show that albline 
treatment enhances the porosity of the BCMs. Sssr is the 
BET surface area. S"-aod SMiao are the surface area of 
mesopores aod miaopo£es. V ~ aDd V wo. are the 
volume of mesoporcs aod miaoporcs aod D is the 
average pore diameter. Some pores that are occupied by 
CNTs reduce1he surface area of the BCMs. 
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FIGURE 3. Adsorption-desorption capacity versus 
presSure for BCMs. 

TABLE 3. Porosity data for BCMs 
Samples BCM 1 · BCM2 
S811T (m2g·1~ · 448 723 
S"- (m2g· ~ 55 98 
SMiao (m2~· ) 394 626 
v,.._ (em 8·•) o.o504 0.0599 
Vwa.. (cm3g.1

) 02066 03284 
0 (om) 22943 2.1479 

BCM3 
485 
58 

427 
0.0538 
0.2241 
2:2903 
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FIGURE 4. Nyqaist plOcs for BCMs cells. 
.·. . . . . . . . . 

The Nyquist. plots from FlS data in Figure 4 (~a) 
clearly show their differences. indicating a significant 
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· effect of the albiioo trealment in improving a 
supacap+ dive petbnw•• :c of tbc a:ll.. Tab~= 4 
compares tho valuea of R.. R,. ESR. fa:· and Ra: of the 
three cells oblained fiom tho EIS data in Figure 4. R. 
(ildacept of zn 81 z· axiS for high r region) is thC 
resistaoces of eledrolytc aad contact betweeu c:un.eot 
collecfors aud etectroc~es. a, (mtercept of r• 81 z· axis 
for low f legion) is the iDtaDal Jesislaiace of eJedrodc, 
ESR. = (R.-RJ. ft is tbe bee ~ aud Rt is tbe 
resislaDce .com:spoodiDg to" fa; • .The specific c:apaci1aDcc 
was cak!"•tM fiom tbe EIS data ~ 'equatioa C. = 
2c_.fm. wheR c.. = -11{2dLj. f is 1hc hp:Dcy 
(lowest). "C' is the imagillary put of impedaoco· and m is 
the mass of electrode (fable 4) (16]. · ·· 

TABLE4. The wlue ofR1• !.• ESR. ~ R!l for ACM ccUs 

Cells R. R, ESR fa: Ra: 
(Ohin) (Ohm) {Qhml (Hz) (Ohm) 

I 

BCMI 0.934 1.187 .9.252 79.43 1.U9 
BOO 0.711. ·tm U~l 01.58' 1361 
BCM3. 0.860 1.109 0.248 63.10 1.186 

The GCD plots. ·shown fu Figuie S, .f9r ·~ BCMs 
cells in lbe potential rauge of 0 - 1 v ai tbe. cuaeot 
~of 10 mAcm.a. show 8D ~ lioe3i behavior 
of cbarle-diSchatge curves. A sbaJp drop iD vob3ge·at the 
btpning of the dischar8e curves. is associated With. ESR 
of abe supetC:ap..itoc cells. Tbc specific capacitaDcc was 
calculated (Table S) fiom the discharge cilrv~ · using 
equ8lioo c. "" (21At)l(mt\ V}. wbeae fis ~ ~ 
cuu.eot. At is the~ time, AVis the voltage,~ m 
is the~ of eleCtrode [16]. · ·! · .· · 
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FIGURES. GCD curves for BCMs cells. 
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• The· iDaasc in area of redaDgular shape of CV 
curves for the BCMs cellS, for the potential values ~m 
o.t v ro 1.0 v at a ·SC:an ~ o£.1 mVs1 (Figure 6). 
iDdicales the supen:apacitil'C ~vior of~ ~ gajns 
ioiprovemeot due to the albljnc trcatmmt A slight 
decrease iD cell performaoce: . is· obsetveCI ·with the 
addition CNTs. 1bc specific capacita.oce was calculated 

! 

\ 

(fableS) fiom the CV data usiDg equation C. = 2V(s m). 
whr:m I is 1he.CUD'Ciat. sis tbc scm131c aod m is tbe DASS 

ofelecii'Ocle [17]. The values ore., calculated ftOm the 
EIS, GCD and CV methods (fable S) are different but 
they show a good lreDd of ovaall magoitude. 
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ooQ.006 -t---~~--------1 
u 

FIGURE(.. CV CUrveS for BCMs cells. 

' . , TABLE.~S. Specific c8p8ci~ (C.,) for BCMs (x = EIS. 
~y=cv z=GCDl 

I 

18.3 
108.2 
77.7 

1.5 
117~7-

76.1 

\ The ~fie po\Vei (P) ·and specifi\: energy {E) of 
BCMs cells w= calculated fiom the GCD curves 
(Figuie Sf usmg eqUations P ·= VVm and E = Vlt/m, 
~vely, where ·I ,is'~ discharge cuneDt, V is the 
wJtage.· t is tilDe. in hOur ·and in is the .mass of 
eledrod"e'[l8i19,20]~ RagoDe plOts, P versus E, in Figure 
7 Clearly show that BCM2 cell offers a much bdter P·E 
te~osmp tbao that of ~ BCM1 cell. iD.dicatiog a 
siguificant role of 
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.FIGURE 7. Ragone plots for BCMs cells. 
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aJbljM treatmeat Addition of CNTs. causes 1be P-E 
C1Jm? for the BCM3 cell to be~-~~~ 
of the BCM2 ceO but it is still sigoi6candy beeler thaD 
that oflbe BCMI c:eUs. 

CONCLUSION 

It was fouDd that treatment of SACG fiom EFB by 
KOH at JOCIID IHj.i(QiigC did help 1hc COz adivatioo to 
~ BOds with high poioSity fiom these treated 
GMs JRCiiUStn. Comcqueotly. .capacitor ccOs 
&hricaled • these BCMs" as their· elcelrocfes show . usmg . 0 

better perfo1JD311Ce compared io that usiug BCMs fiom 
Ull1lated SACG. Use of CNTs sUghdy reduces lbe 
porosity of BcMs and the ceO performaDce but it can 
iqxovc the ESR Cdl. Tbe c:baoge iD BCMs porosity due 
to the addition of KOH aDd CN'rs is associated with the 
c:bangc iD deDsity. elCdrical conduclivity. stiuctme aad 
microstructure of the BC;Ms. 
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