CHAPTER 11
LITERATURE REVIEW

The previous chapter introduced a brief supercapacitors overview and pKQ f
carrying out the research. This chapter will review the some of the adﬁ%s and

challenges associated with different kinds of polymer electrolytes used as
separator in supercapacitor fabrication. The chapter will also furthe ents areview
of the previous literature regarding the advantages and chall z rre associated

with the CNTs. Prior to all these, the chapter will gl n ejab 1st0rlcal

background of capacitor and the emergence of superca@n techho cll Lk(d%stry
- . K4 e
2.1 Historical Background: From Capacitor to Sl‘ﬁpahto{ Y\J

Historically, the invention in October 1745 ofcwyd n jar the

rman Ewald

Georg von Kleist can be regarded as the mm of a ! te&gogy Pieter van

Musschenbroek, who was a Dutch physm? Wniver o@den Independently,
discovered the Leyden jar in 174 w ijl ‘? The Leyden jar was
constructed in such a way thafi Cmted 1

f a FarkowJeck jar partially filled with
’ s (:[Q

a cor the neck of the bottle into the

water with an electrical le@ght i-u
o :

& .
water. In accordance wit en@'on his hands holding the jar formed

i
the outer electrode, aflazingly, ﬁectrostatic generator to charge the jar
| v/ o
which was connggt t times, Won®Klei§ could feel the painful shock when he dare
&

touch the leawle water while still lﬁding the jar.

c™ytch Leyden jar employed a foil electrode over the outside surface of the
jar to true capacitor. Benjamin Franklin showed that the water in the jar was not
an essential element as had been thought by the inventors; as a result, he was able to

make flat capacitors consisting of a sheet of glass between foil electrodes (Ho et al.,



2010). But later Faraday made major contributions to capacitor technology, including
the concept of dielectric constant as well as the invention of the first practical fixed and
variable capacitors. Some of the earliest capacitors since after the invention ?&
Leyden jar by Georg von Kleist were: %\
Wax paper and foil capacitor: invented in 1876 by Fitzgerald (se@kxample

in Figure 2.1). The capacitor was made from wax-impregnated paper diel&ric with foil

YHerased on oil-
}

electrodes. At that time, higher voltage capacitors were only ach

impregnated paper and metallic foil.

> TS

'y
Figure 2.1 E

&
Mica \tric capacitors: were invented by William Dubilier in 1909, who

used silver Mgga, then, because mica was very reliable and its excellent dielectric with

very good discharge resistance. Examples of these types of capacitors have been

displayed in Figure 2.2.



ifal i@ﬁtion since the
carliest studies of electricity. The Leyden j a%ntionea\wi ; %eramic capacitor.

Ceramics Capacitors: Ceramics have& ;u,sd as el

4 =)

It was said that before and after the onld Way, thi as the most common

ceramic dielectric for capacitors, altwbﬁ por

elai eat ordierite, and rutile were
N
also used. % .‘J &
N N O
Capacitors-based 4&1 un@e (r\@ were available commercially

O

around 1926. Until the @ery f*oagidigr titdMte in 1941 with a dielectric constant
&
in the range of 1,009, t10githe eate@!’an any dielectrics known at that time, the

Y'
attention has bﬂ&cused on the ba@t’ titanate family of materials for a range of

Qe

wartime apph%s, including capacitors (Ho et al., 2010) (see some sample examples

of cer®acitors in Figure 2.3).
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¢ ., o
Figure 2.3 Example of early ceramic c%cirs (iﬁo " 20@
A metalized, self-clearing paper caMD Was pajaited @QMansbridge in
Y
1900, and its assembly was based on 1 %g @’ta gﬁicle-ﬁlled binder,
% ]
which resulted in frequent shots thr& & @, Second World War,

4
papeL. rmi

. : NS : .
Metalized paper capacitors beczne 0 ine}t, hI B@ manufacturing metalized

paper capacitors using lacquer-coatefl pa ac“ué#-deposited metal. The lacquer

reduced electrolytic corros@ex ' al ghd in&?aésed insulation resistance. Starting
from 1950 through lQQhe at?e?)n‘ '\A@ iven to metalized capacitor, to the
extent; a 12 ym mgfaljzoM capgti m vg_?\produced in 1954 (Ho et al., 2010).
Double& capacitor: The s@c\’ept of the double-layer capacitor was first
explained \rman physicist, named Hermann von Helmholtz, in 1853. General
Electrag Corfpany in 1957, first patented electrochemical capacitor (EC) based on the
double-layer capacitance structure. The capacitor on those days consisted of porous

carbon electrodes using the double-layer capacitance mechanism for charging.

Thereafter, the Standard Oil Company, Cleveland, Ohio (SOHIO) patented a device that
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stored energy in the double layer interface (Sharma & Bhatti, 2010; Taleb, 2013).
Nippon Electric Company (popularly known as NEC) of Japan licensed the technology
from SOHIO and introduced the first EC products to the marketplace as memory?h
up devices in computers in the year 1957 (Kurzweil, et al., 2012; Li & Wei%\ At
this time, SOHIO haven understands that, the “the ‘double-layer’ at%nterface
behaves like a capacitor of relatively high specific capacity.” Advance(m patent a
disc-shaped capacitor in 1970 which make use of a carbon Yq soaked In an
electrolyte. In 1971, NEC takes the license of the technolo mn HIO

NEC was the first company to launch the first succ ful oub T aﬁa:\RSrs

coined with the name “super capacitor” and to also sen the r?a et hewn 1980

and thereabouts, number of companies started pro%‘he Eﬂe hen@apacnor

The gold capacitor was developed by the Ma lectrlc sm& (otherwise
known as Panasonic in the Western wo Burl&g @‘2013) Pinnacle
Research Institute, USA (PRI) develop ﬁ hd ‘tﬂe-% capacitor. The “PRI
Ultra capacitor,” developed from 1 contora me@mde electrodes and was

designed for military appllcatnon;su; as K pef@,and missile guidance systems

. |
(Sharma & Bhatti, _010) Q é"

2.2 Model of a Conven zZa&t "' (:')

A Conventional c%% cops Mf tw@onductmg electrodes separated by an
insulating diele&naterlal So, wh@voltage is applied to a capacitor, opposite

charges accun\ on the surfaces of each electrode. The charges are kept separate by

the diee@ us producing an electric field that allows the capacitor to store energy.

Figure 2.4 shows the illustration of this mechanism. (Halper & Ellenogen, 2006).
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Figure 2.4 A simple electrostatic cap alper 0 <§2006).
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S

The capacitance of a Capacno\r% Adzylﬂ: rg&' of stored (positive)

charge Q to the applied V, that is;
I
c;rlﬁﬂaﬁ
QEE

\
> §
where C is capacitance 1% 7ls‘th har ge‘ro Coulomb, and V is electric potential

in the volt, 6’ ? b-)“ Y{\S}

Again, m&tor C in the conv@donal capacitor as shown the Figure 2.4 is

directly propo%\al to the surface area 4 of each conducting plate and inversely

e distance d between them;

.q__s

L=

proportion

Therefore,

_ &8, 4
d
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g are the product of dielectric constant (or permittivity) of free space and that of

insulating material.

As for the energy density or energy stored £ and power density, whle' X e

main attribute of capacitor, we have; &

<

E:%CVZ T e

where £ is the electrical energy stored in Joule and powergg is the en rgy\gﬁ(;c;ﬂ)'er

unit time. Hence; P < b &
T NS ‘Z\'J
S NN
_ZESR\ @) .

where P is the maximum power measure%Watt an\ESﬁ 1 ﬁiekequivalent series

| " S
resistance, “« Q&
imiy the @r of the capacitor. This

Equation 2.4 shows clearlyYﬂiSR,llm
(
entails all internal components map ciﬁvjé rrent collector, electrode and
dielectric materials. &\ Q 4$
\
. oSN e D, S
2.3 Capacitor Classnﬁc% g (')
&
There are four basighc ficatgofis

& pa@rs. These types could be subcategorized
f LS
into sub-classe tly depending on t@hoice of either electrolyte or the electrode.
(1) ElSwgo¥tatic Capacitors: They contained mainly dielectric instead of
electr@rzweil. et al., 2009c¢) and their electrode is basically made of copper or
aluminum as the dielectric between electrode air, mica, polymer firm or ceramics. These

arc used as components in electronics and high frequency filtering application which

also requires operations at certain range of frequencies (Signorelli, 2009). However,



their dielectric must be kept moisture—free in order to achieve a very high operating
voltage. Although, the resistance-capacitance (RC) time constant -the time required to
charge the capacitor, through the resistor, by ~ 63.2 percent of the difference be?
the inttial value and final value or discharge the capacitor to =36. 8 % - of tigts of
capacitor might be of the order of nanoseconds, with unlimited C If&les and

gravimetric and volumetric energy densities of approximately 1.3 Whkg 'and

2m Whi'. Yy
l:m

(i1) Electrolytic capacitor: In this formation, anode isAm¥ie w rough

aluminum firm coated with thin aluminum oxide film a%at oddis im fI‘Of "Qth

(2
These l?'?ls of

~—

aluminum oxide layers (Jayalakshmi & Balasubramareg, 2008)8

N
devices can achieve a high specific capacitance thgn el rogﬁt\\re to @;m nature

of the aluminum oxide in conjunction with liq\&earolytes. ev@ﬁeir maximum
voltages are lower than that of electrostati%acitors,\(‘%wg @ energy densities

| | - el |
when compared to electrostatic capaci gainsglectn )’hcA &cnors have RC time
constants on the order of millisecon are hisedg 11te@ applications that require
'S
bandwidth on the order of few
capacitances that are highe&}os !)f 8 trost{?and so their energy densities are
also higher up to 30 kW@nd 2 \]Ll")

}c Ca-@ltor or Supercapacitor: In these types of

T

(1) Electroghertga

»
s
T

devices, carbo rodes and electro@ of either aqueous of organic are made and

no Faradaic re s taking place either on the surface of the electrode. This is therefore

simila@rostatic and electrolytic capacitors. An ideal symmetric supercapacitor
deliver RC time constant on the order of seconds, energy and power densities on the
order of 5 Whkg™', 6 Whi" and 5 kWhkg!, respectively (Iwama et al., 2012; Qian et al.,

2013).



(iv) Electrochemical Asymmetric Capacitors: They consist of two electrodes
that differ in capacitance, meaning, they could be a hybrid between batteries and
supercapacitors with the anode part representing carbon electrode and the Cavb
representing metal oxide electrode. Amazingly, the anode part oper@ a
supercapacitor and therefore does not involve Faradaic reaction (Kalinatha&. 2008;
Kurzweil, et al., 2009d), while, the cathode part which has oxide elet%(R;)erates in
Faradaic reaction. The RC time constant deliveries on this kin chapacitors are
slower - on the order of tens of seconds - and have the low e ili@ared to
the normal supercapacitor, however, electrochemical @etric apa T ::&E'it
energy densities that double the symmetric supercapagitor™or upgtQ'10 M§nd 12

Wh/l (Bockenfeld et al., 2013; Shirshova et al., 2043: n

2.4 Electrochemical Symmetric Capacitor \)
- 7 ) A
2.4.1 The Description \&
% [} ]
I

Supercapacitors (trade name of the ﬁ\ mercia defflice by Nippon Electric
. N .

Company (NEC) (Sharma & BEttWO), ow s@rochemlcal double layer

capacitor (EDLC) (Lewando“@a 2@{ nrfoéj)al., 2010) or ultracapacitors’

(as it was recited by Pinnac&ea stiggfte (Pg)%nagaki et al., 2010; Kaus et al.,

|
: ’ . R g
2010; Inagaki et al., 201%\ev ‘poWerdca gaor’, ‘gold capacitor’, ‘power cache

=1

NS
is based on the elegfrigaMdou ?thatams at the interface between the charge

solid and an el@Ate (Lee et al., 2 cl}i’int et al., 2011; McDonough et al., 2012;
Ramya et a% .

upeifepacitors are of utmost importance currently owing to as devices of
utmost importance owing to their superior characteristics unmatched by other charge
storage devices. Such characteristics include; high power densities (Orita et al., 2010;

Khomenko, et al., 2010; Jampani et al., 2010; Yu et al., 2011; Lai et al., 2012; Dubal &
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Holze, 2013; Dubal et al., 2013d;Venhryn et al., 2013:), at relatively high energy
densities (less than that of lithium ion batteries (Eskusson et al., 2010) and long cycle
life (Stepniak & Ciszewski, 2010; Zhao et al., 2011) and also broader range of w
temperature (Li et al., 2010a), high coulombic efficiency (high reversibility@fi et
al., 2009), rapid CD capabilities (Zhang & Yang 2011), environmental fx‘i&ess -no
heavy metals used - (Aravinda et al. , 2013b; Aravinda et al. ,2013¢) Y.

High cell specific capacitance may be achieved in EDLC co to electrolytic

or parallel plate capacitors in two ways; é

(a) The active layer of the electrode is made of porous fRaterials s ch a A'C ca)g on
e

black (CB), and CNTs and so on, whose effective el e sgofa e grea 1Qseveral

orders of magnitude higher than Euclidean surfac%z g

(b) Instead of dielectric, electrolyte is b E m to rep t, i @by filling the

volume between the electrode and its v01ds n the c\ arged two double
layers of charge between the electrod@ee %}rm e cathode and at the
anode. In simplest terms, the two cal ay an be explained as two

capacitors in series (Signorelli, 2 o‘ é}q

Also, the two doubl&er of Q@re ch@terlzed by a separation between
the charges in the phase %XC (')

Even thougl &Ye pha /}nd Cs&y differ due to the differences in radii -

of the anion an on in the electro \'they both have sizes on the order of few

angstroms an \eparatlon is in the order of magnitude less than the thinnest of the

solid il®( ee Figure 2.5).
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In terms of dielectric field str gtMﬁ yer of charge, EDLC achieves

one to two orders of magr& lgh@h el de compared to electrolytic and

O
electrostatic capacxtors.% IT i mbfhapacnance couple with the dielectric
field strength that %&'Wls, ,# volué\tgtric and gravimetric energy density over

other types of g itors 1s also highe@faddition to the above, their power densities
can reach up ?\1 times higher than those of batteries. Despite all these, they only

achieye 5 the energy density of lithium batteries.

By,

(1)

2.4.2 Supercapacitors Applications
The supercapacitors, which are characterized by good discharge rate and easy for

maintenance have been on the demand, predictably, to be more extensive in frequency



regulation applications. The other areas for significant growth is in regenerative braking
for grid connected light rail systems (Jampani et al., 2010), memory back-up devices
in many electrical appliances, example, VCRs, cameras, etc. (Probstle et al.,
telecommunication devices, such as cell phones and pagers, stand- -by pOWE‘@‘I\
which require high power in short pulse (Bittner et al., 2012; Dubal et a A Dubal

et al., 2013b; Dubal et al., 2013c; Dubal et al., 2013e; Zhao et al., 201 erera et al.,

2013: Dubal et al., 2014) and electric/hybrid vehicles (Barsali et Tennakone
& Buchanan, 2011; Inagaki et al., 2014f), lasers and un@ wep supply
(UPSs).

In 1980s, the supercapacitors were also used f 516 engrgy sglurce Vdrive
wristwatches with solar cells. Since early 1990s, saperc¥paci OXe us

back-up sources for toys, electric applla\’ me eqn é&c. Recently,

A

\&'undel development
)

for higher electric power sources 1@5%}011 wer storage systems

(Marie-Francoise et al., 2005). Y' , .é\
I

2

3 Component of Supercapacitgy Cell ¢ fé}q

4.
Basically, there are thxee@com@ of onventional supercapacitor cell
|
(Kossyrev, 2012), these%\ ¢ & (')
Q- &
e surface ar % ode g f 4\
Y-

o scpma :\‘}’

oS

The sggfaccYurea electrode; is composed of carbon or carbon related particles held

S actuator

”%q

supercapacitors with higher capacitances a we ‘s

together by a binder. The size of this electrode might differ as mentioned earlier
depending on the type of the particles of the electrode leading to a moderate surface

area.
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The current collector; typically aluminum foil, supports the active layer to the
EDLC terminal.

Electrolyte; composed of at least a solvent and a salt. Typical requirem
the electrolyte are electrochemical stability within the active layer of the elec M gh
ionic mobility over a large range of ionic molarity and low cost. The%obility

directly controls the equivalent series resistor (ESR) and consequently % EDLC cell.

)

Organic electrolyte results in slower mobility than aqueous once, y given rise to

higher cell ESR: although their high decomposition v al@1 more

preferable than aqueous electrolyte. , ’ G}Y'
The function of the separator is to prevent shoxﬁ bgt engthe & '\rodes

isv ecessary,

ioré@vith respect to

and the permits ionic transfer from negative to pos"vw ct

in that, as the capacitor charges, the concentx& ;o,the neg
%ode. Conversely,

the bulk concentration) increases at the caﬂ%nd dec\'eﬁga '
| | . 6 ¥ O
again, the concentration of positive i ncre%fe a@ and decreases at the

anode. Separators are classified a Ing ® ther con@iveness to permit ionic
| O
1 it

mobility, its dielectric strength, 11s ight{ ¥ @bsorb electrolyte and its cost.

—

Therefore, some of the qua&) goagd sepagators &%, not electrically conductive, very

thin (Carlson & Asp, \,cafbfe?yi!;h(@nperature operation, highly porous,

iy egnaé?} with electrolyte.

T
2.5 The Paradﬁhiﬂ from AC to @Ts

In recent yearsN\gdst of the researches on supercapacitors focus on AC electrodes.

Wher@. due to the breakthrough in this area, CNTs and other re-engineered

inexpensive and ca tbeip

carbon electrodes have appeared to be the most promising electrodes for the fabrication
of supercapacitors. This is due to the urgent need to improve the energy density that AC

electrodes could not be able to achieve (Wang et al., 2013c).



Although there is an argument that AC electrode results in a high surface area,
but then, that shows the irregularities regarding its pore sizes; as some pore is too wide
for efficient utilization, while some are too small for the electrolyte ions to penT
through (Wang et al.. 2013d), (‘}

Energy density achieved in AC electrode is generally lesser due to ffie Mickness
of the electrode which results in leaving many portions of it un-acc%gy.the ions.
Even the power delivered by the AC electrode is quite smaller orwm to the CNTs
due to the poor mobility of the electrolyte ions through thesd gMar z'th fgopm the
electrode surface to the current collector. , 'G}Y'

The characteristic performance of an EDLC can djusged'by hanwgv’rg the

nature of its electrolyte (Halper & Ellenbogen, 20@;Tﬁm\ the ré;r.chers to
find which among them will enhance the bu@ower an er@%nsity of the

EDLC especially between using either an %JS (SM @3PO4 and KOH)
)
the

or organic electrolytes. While the nat\ i great importance in

supercapacitor design, the subclas CSWLC{
de a i

of carbon that are used as electro

Carbon electrode m@ em@ave @r surface area, lower cost, and
. i \ .9 \ (.%]/ . ;
more established fabrlc% eciniqu@®@fan, Gther materials, such as conducting

N
polymers and metal @I’)if@ n s @arbon materials that can be used to store
L

charge in EDL rodes are ACs, ¢ \{1 aerogels, and CNTs. However, currently

the CNTs h@er hand over other carbon materials due to the balanced power and

energy@. A comparison of the power sources among different energy system is

(4]

shown in the Ragone plot of Figure 2.6. The plot shows that EDLC that has CNTs as

its active material delivers a balance power and energy densities over others.
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ler @c\es) (Hashmi, 2013b).

£ &
opul&ectrode used in EDLCs due to

. pet&i& is the larger-distribution pore size

ai ity of the aforementioned power and

(Wang et al., 2013¢) ichfaffedls t
y 7 £ . .
energy densities. @a aerogel oh t O&Yr'hand, 1s a good electrode because of their
S

formation of 4a_continuous network “of conductive carbon nanoparticles with

intersperggd Mgsopores (Halper & Ellenbogen, 2006), however, their “sticky-formed”,
made @ friendly in the fabrication of the supercapacitor.

Nevertheless, both symmetric and asymmetric types of supercapacitors have

received tremendous breakthrough nowadays. While carbon aerogels, CNTs and
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graphitic carbon and alike are being selected for research in symmetric supercapacitors
in order to enhance the energy and power density in supercapacitors, metal oxide, such
as ruthenium and manganese oxides have been the choice of the asym 1
supercapacitor researchers (Kurzweil, et al., 2009f: Kurzweil., et al. 2009g). %\
2.6 What are Polymers and Polymer Electrolytes? A
According to Helmenstine, (2013) a polymer can be regarded as a l@cule that
is made up of repeating subunits connected to each other by che ichs. A polymer

could be anything plastic, proteins, such as hair, nails, tortoj ellf ce L‘lOSC g paper

| 4
and trees, DNA, silly putty or even a rubber. Polymer el&golytes fay eﬁegg'as
R\
ab

o th f i¥nic tions
2 91 e
X

(Ganesh et al. 2008). V q\
However, polymer electrolyte accord@!oto, et 3 (2@ refers to any

A,
macromolecular or supermolecular n %regqb\me ésaracterized by a
0 A
h¥gher anz@;imately10780m'.

N :
Therefore polymer electrolytes, ally, ar l110‘!®Sf: materials where a
witaonsqé eﬂ.té)t.signiﬂcant conductivity.

ne ofige) (PEO) with ionic conductivity

@

membranes that possess, transport properties compar.

significant ionic conductivity usually Wcred

supermolecular system is doped

Polymer electrolyte&\n

. \ ¢ | .
were first discovered in% y Ient ¥ alcjﬂoor et al., 2010; Kumar & Sundari,
N

2010; Tripath et al.@laﬁ P et al§,Z012; Kuo et al., 2013; Yang et al., 2013)
A \’Y'

and Armand ( et al., 2006; Rag&hndran et al., 2004) who first described their

=]

exciting an ochemical properties and presented them to the solid state ionics
commygpity athe 2" International Meeting in this series, at St. Andrews, Scotland in
1978 (Kumar & Sundari, 2010).

Polymer electrolytes are promising materials for electrochemical device

applications, namely, high energy density rechargeable batteries (Kuo et al., 2013), fuel
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cells, supercapacitors, Electrochromic displays (Livshits et al., 2005: Agrawal and
Pandey, 2008: Noor et al., 2010).
They could also be used in sensors, actuators, and dye-sensitized sola

which play the role of the either of the following; (i) to separate two ele@ (11)

provide good electronic insulation; and (ii) allow a fast and selective trans of the
desired ions. V
ectrolyte must

To be suitable for application in a device, a po, ITYH
simultaneously satisfy three fundamental requiremen mel ;%a good
L

performance, should be very durable and most importantgost effgetive I\iot al.,

g

2011). Figure 2.7 (a) and (b) below, describes the_rece classfficatighs olymer

electrolytes. q n\\ év

Qre 2.7(a) Classes of “Classic” polymer electrolytes (Noto, et al., 2011).
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(HIO-PE): class A — multiphase polymer electrolytes ~ mdnoggllage gIWmer
clectrolytes (Noto, et al., 2011). Y.

V
&

S) cted a lot of

Figure 2.7(b) Classes and subclasses of hybrid inorganicgprganic p lym\g&ngves
; CI%N

O&Qurzweil, et al.,

2009¢) especially for the applications in g i Iﬂl es, gredit s and so on (Yang,

2003). RN J Aj ‘éﬁg

2.6.1 Review on the Use of P me%lectr rcapacitor Fabrication

Clemente, et al., (1996) and W‘o et ) in of their separate but identical

Paci@ased on a polymer electrolyte and

works, proposed a solid-@ox
’

& |02 S
gel membrane respeq ely In l\e 7‘r ca&ﬁ,)polymer electrolyte was prepared by

e6r0p§-ene carbonate (EC-PC) solution of LiClO,
N

immobilizing an cpe carbo
in a poly- (n’t& cthacrylate), (P A) matrix. Composition of the membrane
(LiCIO MA) in molar ratio was 4.5:19:46.5:30. While in the second case.
the clCglyfc membranes were prepared by immobilizing EC-PC solution of lithium
perchlorate (LiClO,) in a PMMA matrix, and composition of the LiClO, -EC-PC-

PMMA membrane was in the mole ratio of 4.5-49. 5-21-25. The authors also used two
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polymeric compounds, namely PMMA at high molecular weight (m.w. = 996 000) and
PMMA at medium molecular weight (m.w. = 120 000) so the gel membranes with
different wetting characteristics can be obtained. Although the performance f_the
fabricated supercapacitor was quite promising in both cases, their conﬁgurﬁ% ave

been the problem. For example, in the first case, the performance of the ﬁ&apacitor

was good if and only if, the thick polymer film electrodes are employed ¥ad efficiently

used. And in the second case, it was observed that, at higher cu e capacitance
performance was low which was associated with the IR lo@thin the

capacitors.

{ 2
g
| &
Again, in 1996, Morimoto and co-workers use nic eyc olyfes to@ricate
V

the EDLC. Electrolyte solutions that was prepayed \sOlv@uatemary

phosphonium (R4P"), quaternary alnmoniU\@Jr) an rer@thium salts of

different grades and qualities available in lene %‘e istilled under low
N
]
pressure and removing water by bub@ . Hoyever @DLC prepared from
A\

almost all the electrolytes was man’?ydeg,adat' an performance, especially
; 'S

as the temperature rises (above 725 ¥C) or (ﬂéujl})w -25 °C). Like Morimoto et

al., in 1996, Yata, et al., (1&1 0 !ri tw@es of policing capacitor that they

considered with extren%\bl

e
i p8lyglihg s(&;yconductor (PAS) as the positive and
negative electrode &TAS F bs.%;p re;@y‘ pyrolysis of phenol-formaldehyde resin

Yv
molded with Zﬁn advance. The P ample with the [H]/[C] molar ratio of 0.22
L)

was used, “?Xwas heat-treated at a pyrolytic temperature of 510 °C in a Na

2

o

atmosphe ough this exploration leads to a significantly improve on the
performance of the capacitance of the supercapacitor, better than that of Moriomoto et

al., (1996). the performance was also constrained by the temperature rise and fall

(within -30 to 70 °C).
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Bonnefoi et al. (1999a). and Bonnefoi et al., (1999b), proposed their
supercapacitor using a mixture of Norit SX Ultra AC as the active material and an
electronic conductor which was added to the Carbon in order to ensure better ele
conductivity and thereafter, come up with the current collector from nickel fi 3.
further used cells that were then filled with electrolyte, which was a%tlon
acetonitrile (CAN) containing 1.7 M of NEty MeSO;. However, Y.lectrolyte
conductivity was only 20 Scm™ at 25 °C and at 25 °C to -30 °C re

Staiti et al., (2002), also made their contribuno@ t of EDLC
fabrication and used three different polymer electrolytes go testRhe §ffici b&!ﬂtlr
supercapacitor. In their work, their three electrolyt at w?e te d DLC

\!
COl‘lllgUI'allOl] are: g

(a) Nafion 115, commercial membr@uced 6@11 15) and of

160 um thickness of its swelled membrane

_J

_.q
/\)»

S

g w é‘st from 5 wt % Nafion
5') n ckn@

<

(b) Nafion membrane obtained

’*5/

(
(¢) microporous hbexgbwmx &é@ sulfuric acid 1 M H2SO4
(FVH2S04) of 200 pum th ‘ its le@embrane But then, the overall

conductivity of the Ll@ Imf f'r!t Q%)/electrolytes was obtained as and
I

57 x 107 and 0 :S m ;:s ec@capacnty of 13.2 Fg'. This may not be
4 b

unconnected ths eparation proc We of the active components as admitted by

the duthm ves

0 same year, Probstle et al.,(2002) then proposed bottom cell

supercapacitors using monolithic carbon aerogels and impregnated potassium

hydroxide (KOH) as an electrolyte in it. The results seem to be promising, but the
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compatibility between the cell casing and the electrode was always the stumbling block
towards getting efficient results in this kind of setup.

Another Interesting literature is the work of Wu et al., (2003), where_three
different ECs of magnetite in aqueous electrolytes used in the fab '&f
pseudocapacitor were charecterized. In their contributions to this knowle@%lpacitive
behavior of magnetite in aqueous electrolytes included sodium sulphJWoride and

phosphate, and potassium hydroxide were characterized, and are 2oYized into three

syndicate groups. Sodium sulfate (NaSO4) and chloride elec¢ gav': capacitances

of ~5 Fg'! for Fe;04 which they said was close to the spgce-chirg \gee ofthe
S

efcap
oxide. They further added that, Potassium hydroxide @iuxy jte%‘ﬂded a

V
oX ‘q@ﬁon which

involves hydroxide ions. And lastly Sodium@resulte wphe }@est capacitance

which, depending on the dispersion of t%agnetl ga t&%n the conductive
N
: : 6 .
matrix, reaches as high as 510 Fg! f@& 4 withf'ath o@atmg voltage range of
. N Q
1.2 V. This correlation study is a p?bm 1ne,

of the set back of pseudocapacitOr 1specausg

higher capacitance of ~7 Fg'' which they attribu%

(9]

eve@ is a known fact that, one

=

aradaic reaction, use of heavy

metals and consequent eff& < ‘firo ent c@ sometimes be alarming.

PG

In trying to sol@pr 1¢m ?c!rr&%/eness, bulky design and low energy
O

density associate(@fwx f er ci \ Hashmi, et al., (2004), introduced a

l,5-diaminoan@inone-based all so@z-state redox supercapacitors with the solid

polymer ele%\e, PVA-H3PO4 blend and polymeric gel electrolyte poly methyl
—Cth

D

methgcry ylene carbonate (EC) -propylene carbonate (PC) -tetra ethyl
ammonium perchlorate (TEACIO4) system. The results were commending and their

work mark one of the major breakthrough in the optimized redox supercapacitor at that

time. Having done that, Yang, et al., (2005), prepared “all solid supercapacitors” using
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AC as an electrode with a mixture of PVA and KOH and electrolyte compared with
EDLC using PP/polyethyle (PE) as separator. Their results greatly emphasized the
noble of PVA over PP/PE separator, the reason why we choose PVA as one v
precursor in this research. \
Arbizzani et al., (2007), Mastragostino & Soavi (2007) and Lazzaxf&, (2007)
used ionic liquids (IL) as their main electrolytes for the enhancement ofx'wrcapacitor

performance. In their paper, the made their optimization of elecu’?materials for IL-

based supercapacitors featuring a hybrid configuration wit oW¥ne alive ectrode

and poly (3-methylthiophene) (pMeT) as positive operfiing at 6 °C 1h't°h§l'Ls
=
N-butyl-N-methylpyrrolidinium bis(trifluoromethanesul 1) im.éd jﬂ?ﬂ) and
N
1-ethyl-3-methyl-imidazolium bis(triﬂuorometh@ on)d‘) .

another  breakthrough, still the sam :grap of

e (EMITFSI). In

ear@s consisting
Arbizzani et al., (2008), and Lazzari et al. 8) c@" \ﬂé@ksolvent-free ionic
) ¥
ctrol n tWo'i

liquid electrolytes and hydrophobic IK gj &® of their separate but
identical works. Although ILs usw prctved in§e the capacitance of the
E (

capacitor, their cost is the major setfick Qf W% é

Acrylamide-based &\ner Je@ectm was prepared and used by

\

0N | (O
Ganesh et al., (2008) I% C fage r&iﬂcnor. However, the result was found
not to be impressige konly3 FJ of s&\lﬁc capacity was recorded after 10,000

F X
cycles. A ..s’

In @ development, EDLC performance of the porous carbons was

invesgeate an organic electrolyte of 1M LiClO4 in propylene carbonate and

dimethoxy ethane. The hierarchical porous carbons exhibited large specific double layer

capacitance of capacitor 120 Fg™' due to their large surface areas (Yamada et al., 2007).
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(The analysis of the hierarchy only contributed to the 8.4 for the mouse/macropores and
8.1 uFem™).

Wei et al., (2009) proposed gel ionic liquid as their electrolyte used i
fabricated supercapacitor. Their “room temperature ionic gel” other\%\k IL
electrolyte was prepared in composing of 1-butyl-3-methylimidazoﬂkchloride
([BMIM]) and cellulose of 6 wt.% cellulose, which forms a totvansparent
electrolyte when dried and therefore used it as a separator. Th rmance of the
supercapacitor however, was not impressive as it only rec l)f capacitance
with the I V window capacity.

In their work entitled “Allyl-functionalized IL as trolyr:s orglect éouble-
V

are@alssolving

s @-butyrolactone

layer capacitors” Orita et al., (2010) used electrolytes Mrat

the salts in propylene carbonate (PC), dim %onate

(GBL). They also added that; all the elect S were e w‘feh' a glove box of Ar
atmosphere. We used 1.4M 1-ethyl-3% ﬁazo f m) BF4/PC, EMIm-
TFSA/PC, and TEMA-BF4/PC a cal 'l l|tes e authors however, they
could not clearly state neither the cgiidu vﬁy@ié trolyte nor the performance of

One of the rec@k shp @laci enhancements, especially electrolyte

and separator is % don’ Mhou his co-workers, where all-solid-state

supercapacuo re fabricated usn@ polyvinylidene fluoride (PVDF) /lithium

the capacitor achieved.

trifluorometh Ifonate (LiTFS) membrane as the separator and poly (ethylene
ox1d /Mlithium perchlorate (LiClO4) as the polymer electrolyte in the porous
carbon electrodes. Two types of mediators, Nal/l> and K3Fe(CN)s/K4Fe (CN)s, were
added into the PEO/LiC1O4 polymer electrolyte that was used to fabricate the electrodes

(Zhou, 2011). They reported also to have achieved the voltage window in which the



SCs operated was 2.5-3 V. Though, they also reported high reversibility on one of the

cells due to the high resistance.

Karabelli et al., (2011) also reported Macroporous separators b n
vinylidene fluoride (VdF) homopolymers and copolymers that were prepare%{zta‘;e
inversion technique using a solvent/non-solvent mixture. They tl*made the
comparison and demonstrated that, among the fluorinated polymers,Qh omopolymer

PVdF was rated to be the most suitable grade to be implemented ivrcapacitors. The

authors further asserted that, separator provided higl ortuc 'vlties than the

commercial separator cellulose and above all Celgard@\M. They, fhoweper, 'ag.)@l'fted
.

that, they could not give account for the grade of the s pacptof ingermsgp energy

NS N
or power density as optimization is currently on goin g
Yamagata et al., (2012) also cont\@in this iré‘cir paper titled

“Chitosan-based gel electrolyte contai%an ion\h&&" @ high-performance

)

nonaqueous supercapacitors’ used t@qu us g e'fecA@)'/tes based on Chitosan
and 1-ethyl-3-methylimidazolim Tuorof Chi

ora 10 ImBF4) are prepared for
(
EDLCs. The transparent, colorless}el %Jﬂ'ibj; levels of mechanical strength

-

S5

and ionic liquid retentio uired i 'ED cel ut our investigation revealed that

\
| : 1 O |
the thickness of the g% t Ia\?e rthc“major cause of degradation after 5000

cycles. @' 2 b')f §J

Effect aqueous electrql\g@z‘ on the electrochemical behaviors of
supercapaci \ased on hierarchically porous carbons was the work of Zhang et al.,
(201 @ he Hierarchically porous carbons (HPCs) were prepared by solegel self-
assembly technology with nickel oxide and surfactant as the dual template. The group
also added that, the porous carbons are further activated by nitric acid. The

electrochemical behaviors of supercapacitors using HPCs as electrode material in



different aqueous electrolytes, such as (NH4)2SO04, Na2SOs, HoSO4 and KOH were
studied by cyclic voltammetry (CV), galvanostatic CD, cyclic life, leakage current, self-
discharge and electrochemical impedance spectroscopy. Their results showed €
supercapacitors in various electrolytes perform different capacitive 101s;
especially in 6 M KOH electrolyte; they also argue that the supercapaﬂ&epresents
the best electrochemical performance, the shortest relaxation time, mearly ideal

NV

polarisability. This report though was promising, however, th?pacitance values,

energy and power densities where not clearly stated. { '
With the introduction of graphene into thg scehe Bbf rc'ag 1tor,
Tsai etal., (2012), in their effort to improve the perform ofs?eb.aﬁo@lduced

microwave exfoliated graphite oxide (‘a-

(SSA about 2000 m?g™") porous in a eutec '
o

N-methyl-N-propylpiperidinium bis@x

ethylpyrrolidinium bis(ﬂuorosul%idi

supercapacitor applications.

temperature was within t@of@ oC

Fg' at below room t%xtur : ﬂn?(r'tz)&)
though the sour c@a mat br_ly;‘ and @gent are for sure one of the alarming area

of concern. A .\(.}’

—

The s\mprovement on the capacitance of the EDLC that is based on the two
idenl'c@ y polarizable microporous titanium carbide-derived carbon electrodes
and using IL was cited by Tonurist, et al. (2012), and Tonurist et al., (2013) using the
popular (1-ethyl-3-methylimidazolium tetrafluoroborate) and the same conclusion can

be derived as was done to other related works.
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Yu and co-workers used egg shell membrane as separator in supercapacitor
(Yu et al., 2012). Although it seems to be a new breakthrough, the reported voltage
window was quite minimal, (1 V) even, when they used AC electrode which is kgown
to have a high surface area. This shows the separator, (eggshell mexnbrane)$v

might not be so promising in transporting the electrolyte ions through the es and

to the current collector. Q
We conclude this review with a recent report in the grap percapacitors
enhancement, Tamilarasan & Ramaprabhu (2013) report the §aBwcati f 11 solid

supercapacitors based on graphene with the IL polyacryl itrileYPAN/[B }[K@'I

electrolyte. (The low range of working temperature rep byt thgrs w pomt
of concern). Q\ EY'
2.6.2. Our Approach to Polymer E es Pr sed in the

Supercapacitor Fabrication

4<\

As mentioned earlier, in this research, soW yla 0 t fon%s were used namely;
4 Q—
the pure solid and hybrid polymer ele pe\mkpamtor fabrications. The

polymer electrolytes were preffar om\syfi H®4 percentage rate (0 wt.%-
70 wt.%) n a multiple of untl a' con v1ty is reached and achieved.
Normally the sample tak@ 0 sl si (un@s room temperature) for it to dry and

become a solid film Q'Jork paj su egssfully presented elsewhere (Hashim et
a

,2012; Sa’ ad:s 014a SPadd et ag=2014b; Hashim et al., 2014).
\,

N
2:7 Revnews Su ercapacitor Fabritation

h electrodes and electrolytes) for a good performance supercapacitor.

Numbe ral researchers have been working tirelessly on coming-out with a better
mateb

Starting with the electrode for example, AC has been widely used due to its less

expensiveness and possession of high surface area.



Let’s begin this review with the work of Tassin et al., (1997) on his work on the
Effects of three-dimensional current collectors on supercapacitors’ characteristics
where they checked the beneficial effect of using metallic foams as electrode covys
with three different methods of electrode preparation as well as tw@rode
compositions. They found in all three cases, the capacitors were made of&idemical
carbon electrodes with a porous PP sheet as separator in between (C EWRD 55 11).
The authors also used the electrolyte solution of TEAMS Ya&thylammonium
methane sulfonate) in acetonitrile. An AC (NORIT SX U, f ig!h supface area
was also used in cach of the cases, mixed with carbon fiers or gr phit a?d.igvder
(methyl cellulose). Their electrode preparation was 1o, s@g and
n%&'ickel grids
inc@ﬁ)i 125 and 45).
@fa solution having

't‘a&gﬁbers RVC, 1.5 gof

pasting, thus; by filtration, electrodes were prep% dr
or nickel foams (NITECH) with different nfagbergdof pores
The mass of active material was 1.5 g dm%enty-ﬁ "il.

]
the following components were pre y 400

Norit SX Ultra, 20 ml of methy] ce & (3(, gl

[0%)

nd Q@nl of ethanol. For spraying
'S

method, the nickel-foil and nihrm Nt éyh an average pore diameter of
0.30 mm (foam ppi lZSQﬁHatiﬂ@ ap@ion) were used as the electrode
current collectors. A l%\yne ud @isi&ifgjas then prepared with AC, graphite,
methyl cellulose % nol}Mn s&d this mixture was then on the collector

and allow to Q 80 °C overnight pressed under 2.5 tones dm™. And lastly by

2]

posting, pasl\ectrode was prepared on nickel foam collectors (NITECH, ppi 125).
The giscow of the mixture prepared for spraying was adapted to the pasting process
due to the limited quantity of ethanol. Electrodes were then dried at 80°C overnight and
pressed under a 30 tones dm™ pressure. During testing, however, no any genuine

method of cither CV of CD is used to ascertain the capacitance of the capacitor.



36

Gu et al., (2000) in their composite-type of electrode in which its film was sized
to 2 em?®x 2 em?, and 25 pum in thickness was prepared by mixing AC of specific
surface area of 1200 m* g ' with Lonza carbon (KS-6). The AC/KS-6 was mlx%h
Kynar 2801/N-methyl-2-pyrrolidone (NMP) solution. They then pr the
composite electrode films were prepared by coating this slurry on an ﬂk—:um foil
current films with 5 wt.% KS-6. After solvent evaporation, the electw.ﬁlms were
vacuum dried at 110°C for six hourss. Their P(VDF-HFP) (Exf m kynal 2801)
was dried under vacuum at 60 °C for 20 hours before usx% hl?y set it to dry
under vacuum at 110 °C for 20 hours. Propylene carbonaig (PC )¥%nd fthy ﬁr@ate
(EC) were all purchased and with LiClO4, was dissolv PC sol tloné allow

rallwgl'e ratio of
F-yé&). The liquid

to dry by storing it over molecular sieves. T
PC EC LiClOs was PCiECoLiCIOs, a (5)

electrolyte solution was homogeneously%ed

electrolyte film, it was prepared by h@n 1
electrolyte film was 100 um. \ ,
Electrochemical measu%ts ermﬁjtzf}@em was promising one; good
t
¢

working voltage and efh nly J000 @s Though, no energy and power

density results are men :' (')
In the As m 1 ? " up pacnor fabrication, Wu et al., (2006)
fabricated thej ctrochemical su ct@l’pacitor with following description; with a

prepared @1150 electrode of sizes 6 mm in diameter, the nickel foils of dimension

10 n@nm x 1 mm were degreased in a chemical detergent solution, rinsed in

distilled water, and then electrochemically cleaned. Ni(OH); thin films were
electrochemically precipitated at room temperature onto the above two substrates, from

a bath containing 1.5 Mol L ' Ni(NO3) and 0.1 Mol L ! NaNOj; in a solvent of 50 %
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(v/v) ethanol at a cathodic current density of 5.0 mA cm 2 respectively. They then run
the deposition process for specified time in order to achieve different thickness of films.
They also washed the deposited Ni(OH); films in distilled water and delicatelyvﬂd
them in the air at some certain temperatures for two hours to obtain no ﬁl@r all
this, they then allow the samples to cool automatically to room tempﬁ%. For an
encapsulated graphite electrode, the epoxy coating was removed from§he electrode
Y
before being heated in air, and after heating, the graphite electr de?!e-insulated with
epoxy coating but the electro-active NiO film. Howeve n wh 'the laim to

N,
achieve the capacitance of 195 Fg'!, the number of cycl@gblity thejcell r’w'kﬂé&:md
R\
e

remained un-mentioned and consequently therefore I st ilit{,YWill be
: z &
questionable. V 01
Conducting polymers are also usef@ctrode I rialét‘le to their CD
kinetics and low cost and fast doping and %ying ?( 007). A composite

electrode method using carbon K ondusyng (;'1& for the fabricating

]
. ) N .
supercapacitor has been presenged Wuthu sh 1l et§(2006) where they utilized
h of\

an “Aldrich-rated” and it's in " bf&lhelp of N-methyl pyrrolidine

along with a binder, PVD&M e ru&@Oﬁ@g a pestle and mortar. The paste
O

) . ¢ . .
was then applied w1th%,l h ® a p=Wei ’ﬁal stainless steel current collector and

allowed the mlxtu% at gt jem@ure.

For themagdeporation of the ca@\;’lcting polymer, 98 % of payroll were distilled
before it \@o use. An Indian branded 99 % Himedia of B-Naphthalene sulphonic
acid g (P-NBA) was used in as received condition as a dopant cum electrolyte. They
then grow polypyrrole (PPy) at room temperature in a single compartment cell by
galvanostatic polymerization using an electrochemical analyzer (BAS Electrochemical

Analyzer 100 B). The working electrode was AC coated stainless steel (1 cm®) and a
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Pt plate (5 cm?®) was used as the counter electrode. All potentials were referred to a
saturated calomel electrode (SCE). They also make use of a normal aqueous electrolyte
solution of 0.5 M Payroll and 0.5 M B-NSA. PPy was electrochemically deposit to
the carbon material with a constant current density of 0.36 mA c¢m 2 for 30 \t eir
final stage of the sample preparation, they conducted the electrocherﬂ&half-cell
measurements a three-electrode cell equipped with a reference electrows'C E), Pt as

NV

counter electrode while carbon/PPy composite electrode as the WY'Q electrode.
Furthermore, the cell assembly was in such a &2 Yot J‘n elgetrolyte-

impregnated separator was sandwiched between two sygumetriCal C/\y;i;'mojg ite

electrodes (p/p). They also pre-wetted electrodes wMaan el.ec olyfe be%re use.

\n N
The capacitance was promising, but the cell perfo% in ems o@r enough,

as it was degraded after running few tens of@nly O<<
Wei et al., (2009) had in the As%etric tz\bmgc @br determined the

] .
cycleability mechanism of Manganes ¢ elegrodeJU¥in M MnSOs solutions,

with and without 0.2 M ethylenedivetrfcet' s:id TA) disodium, by anodic
? (

electro-deposition, Nanocrystalline MnQa deposited. They the adjusted

&

electrolyte pH value to 7.@iti 'CUI tde to 100 mA cm 2, and electrolyte

PN
L O | -
temperature to 70 °C. vef &t Qectfb)deposmon, they introduced agitation
O
N
nT?l n godle

7 d.éhring bar at a speed of 300 rpm. The mass

with a magnetical
: 'Q X |
of the MnO» stals on the Pt e@()des was controlled to be 0.20-0.25 mg cm -

of the electr \rface area. They then rinsed the working electrodes after electro-

®

depogitionnNggith deionized (DI) water, dried at 100 °C for 60 min in the air and then
stored in a vacuum desiccator before they put them to test and analysis

electrochemically.
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Having done all those, they then characterized cells using Gamry instrument
modeled PC4/750 potentiostat/galvanostat under CV and electrochemical impedance
spectroscopy (EIS) modes with an electrolyte inside (0.5 M Na;SOs). Thei
recorded to be only within the range of —0.1 and 0.8 V at 100 mVs '. Apart %\ t,
the energy and power density were also unknown. A

We have noticed another important work by Xu and coworkers ()&;l., 2009;

)

Xu et al., 2010) in two of their separate but identical works on the w.ation of high-
capacitance carbon electrode using poly(vinylidene chlorid@ﬂ. e elaborate
lab work was that; the porous carbons were simply preparehby PVD({ car n)za'tia)gﬁt

high temperature without activation or any other additingl progessesg The Y DC-

V

derived carbon is microporous with BrunauerEml@l'egﬁ urf%gr'ea about
1200 m? g 'couple with high-volumetric ca;\ Fana: in aqu E . Under the

protection of nitrogen and kept there for on% to acco\h&) !&\ysis, They heated
. o = .
the homogeneous PVDC to the carbon tempegatu (300@70 °C)at 10 °C min '

AN
after which, it was left for cooling to?’tem’erat i thséﬁe PVDC-derived porous
carbons were obtained finally 01%1 af] er&zajfélpr the assembly of the cell, a
pellet of electrode from a @ ofa@d) of\ DC-derived carbon, 10 wt% of
acetylene black and 3 w@po &r dgto t%?(l{:ne) PTFE binder. And the button-

. %’ : N
type capacitor was % ed yath t carb@electrodes separated by a PP membrane

~

yw

ha

Y-
using 6 mil L Qaqueous solution@électrolyte. Although the capacitance of the

capacitor achie as quite amazing, but the energy and power densities were not that
encourgi@

In trying to enhance the energy properties of supercapacitor, Rakhi & Alshreef
(2011) come up with a composite-type of supercapacitor consisting of Graphene

nanosheets (GNs), SnOz nanoparticles and MWCNTs. They had first functionalized the
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MWCNTs by refluxing in conc. Nitric acid (5 N) at 60 °C for 4 h to make them more
dispersible in DI water. And in the electrode preparation, they spread 10 mg of
functionalized MWCNTSs 40 ml of DI water by ultrasonication with subsequent addi

of 1 ml of HCI (38 %) and 1 g of hydrous SnCl,. Then the resulting mix \Y.
sonicated for 5 min and then stirred for 60 min at room temperature. Usi&tllled
water they then filtrated and washed completely the precipitate and before 1§y as put to

dry in air at 90 °C for six hours. Both energy and power densit ieved were

impressive indeed (224 Fg™' and 17.6 kWkg''), however there@ﬁarqdatlvny
v

study on the electrolyte used. 0}
Kossyrev (2012), single handedly explore the noQACCB:aS an glect s in

supercapacitors in two different approaches of fabrj atlo

electrodes were produced by the traditional c\ Eg’rocedur
containing 2 wt.% of solids on top of a 25 k¢ ormb\gr

of Intelicoat Tech. Brand. While, the s n 1nk nsti ted mder - 10 wt.% of
PTFE - and 90 wt.% of SC3 CB of Ca f 1 o@xch were ultrasonically
dispersed in isopropyl alcohol sm Fonlf used a Mayer rod, which
produced a 25 um thick wet&\ and@d hick electrodes after drying at

] @lrrent collector

60 °C overnight. After w pr otdp ercﬁﬁacnor assemble in the HS test cell
(Hohsen Corp. ) was hed 2 }luloaé?eparator of 30 um in thickness is fused
between the two ctrodes Furtherr@’ a 25 % KOH, was used as electrolyte.

In their s fabrication approach, Kossyrev (2012), highlighted that, thin CB
electrod roduced directly on separator membranes by inkjet printing from the
Fujitllm Dimatix printer. They then posited on one or both sides of the CB electrodes
of around I pum in thickness. Their separator was either cellulose one from TF4030,

Nippon Kodoshi Corp. Brand was of 30 um thick or PP from Celgard 2500 brand which
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was about 25 pm thick. In the case of cellulose separator, they printed the electrodes on
one side of the separator and then folded the membrane so that the electrodes face each
other. Prior to folding, they implored the use of expanded graphite which was ma
rubbed the top of carbon block electrodes so as to serve as current collector. @h,
they found out that, the graphite flakes were good-entrapped within ﬁbr&llulo
separator. Herein, again, they use 25 % KOH as their electrolyte wh@.spread on
the cellulose separator. Well, in the case of PP separator, they sp?&upercapacitor
clectrodes on opposite sides of one membrane and they used rrent llect in this

case, so that the CB electrodes directly contacted the Héll posifive §ad nea&%

terminals. And they used the electrolyte made of 1.8 M tnetlyh et lamlgumum

tetrafluoroborate in acetonitrile (TEMABF4/A on P parators
However. in all the aforementioned cases, t er cou indicate his
achievement in terms power or energy de elth di @ e the cycleability
of the two cells or range of working v @

Paul et al., (2012) in the} tled f@ ing the performance of
th ;a

@osﬂe electrodes” proposed

supercapacitors assembled wi

composition of PPy/MW apacxtor using three different
synthesis before the ta 31& t&)")’lrst case which was a synthesis of
PPy/MWCNT LOI]] m wgtt ,y M\@NT -W), 100 mg of MWCNTs was first
well stirred in S t an aqueous solu@ containing anhydrous ferric chloride (1.94 g

FeCly). And th ‘op-wisely added 500 uL of the pyrrole monomer into this solution
bdou@lm\ polymerization to continue for four hourss. The precipitated
composite was filtered by suction, washed thoroughly with water, and then dried in a
vacuum oven at 60 °C. They also calculated MWCNT content in the composite was

from the weight of the added MWCNTSs and the total weight of the PPy/MWCNT



composite obtained after completion of the reaction. As for the second synthesis, 1.e.
Synthesis of PPy/MWCNT composite in DCM (PPy/MWCNT-D) 4 ml of aqueous
FeCls (18 mmol) was added to 40 ml of DCM, and the resulting solution waspsaged
well, then, 100 mg of MWCNTs was added into the aforementioned % and
agitated for one hour, they also drop-wisely added 500 uL of pyrrole a$ reaction

was continued for another four hours and other processes like %R In their last

synthesis; Synthesis of PPy/MWCNT composite in n-hexane—A?DPy/MWCNT-H),

they dissolved 4.5 g of AOT initially in 40 ml of hexane h gtifringgontinued
: e i . X .
with the addition of 4 ml of an aqueous FeCls solution ( mile). Mor 10&8@ of
.S
MWCNTs was added into this solution and well agitat Thengtiey ded W80 uL of

V

1 r%x' allowed to

pyrrole monomer was added drop wise and the

continue for four hours also. The resultant

In the fabrication process,

[~

ﬁgﬁcitor cells using the

PPy-based composites containinmt. \nthesized in the different
ting additive and PTFE and

polyvinylpyrrolidone (P@e u&@oind aterials. All they had composite:

e ratio N ) C |
Super-P:binder ratio \%‘n intfin€d ﬁ:l&'ﬁ) but kept the ratio of the PTFE:PVP

&
binder material \% cogmbg)} :34glten used together to prepare the slurry. In

addition, they&red the slurry wit@’ the addition of PVP (10% PTFE binder only)

and ultrasom@j. All of the ingredients for 16 hours and films (~60 um) were cast
onto@m current collector foil. The films were dried at 80 °C in a vacuum oven

overnight and then, 1 cm? area of the electrode material was cut from the foil. They
symmetric cells were fabricated in 1.0 M aqueous electrolyte solutions of KOH, H2SO.,

Na:S04, and potassium chloride (KCI) using a paper separator (thickness: 40 um,



Nippon Kodoshi Co. Ltd.) in between the two electrodes. After the whole processes the

charactenization was made by first cyclic voltammograms and the cycleabilty was

stacked after 1000 cycles only with a negligible working voltage of 0.6 V on is
might not be un-connected to the type of electrolytes used as for aqueous the
voltage window can go as far as 1.99 V, A

Tourist, et al., 2012 used what they called “two identical, ideafy polarizable

&

microporous titanium carbide-derived carbon electrodes” with a rwmperature ionic

liquid (1-ethyl-3-methylimidazolium tetrafluoroborate) e ab@ of their

EDLC cell. In their work, Tonurist and co-workers e?d the ysed ?OI:E;;%ial
R\

PVDF. of 530000 g Mol 'in molecular weight, 99.8 Jwof NQNHir thy{fyﬁnamide

(DMF) and 99.8 9% of N,N-dimethylacetamidgy(D A,)Tn ceton@nthout even

Q

further purification. They then dissolved vaNJounts of F @IA (TUXS)orin

DMF-acetone mixture in the ratio of _% w
(]
€

{UX8 and TUX10-
“ Q2
TUX12. Furthermore, they used a\ trosp J met to prepare the PVDF
NS

membranes at different condit nsﬁ‘?ey als’) a order to come-up up with

£

Y,

0.
—
w

' fr(gwcture, which was by the use of

=

n cou&a!re the electrochemical performance

self-made separately, they investigdte

scanning electron micro ‘@S :
\ ’ ! (a .
of the electrospun me es, they re&tl@/ the already established commercially
N
available Separa$253 Msan&_ electrochemical conditions as the PVDF

separators. T hors also used bj&he chlorination method to synthesize titanium

7
=)
oo

M

carbide-deg carbon (TiIC-CDC). The electrode paste was prepared from TiC-CDC
and @ndcr (2.4 % dispersion in H20). The paste was roll-pressed to form a
flexible layer of the active electrode material with a thickness of 105 £ 5 pum. After
drying under vacuum, the electrode material was covered from one side by a pure Al

layer (~ 3 um) by magnetron sputtering method. Although the capacitance achieved in



this experiment was high (about 170 Fg™'), the cycleability of all the prepared samples
was just fair, and CD also remained unknown.

He at al., (2013) worked on efficient preparation of biomass-based mes S
carbons for the fabrication of the supercapacitor. From self-prepared pean@, that
was turned to a CB, the researchers came up with the electrode usin ollowing
steps. They molded the electrodes of 89 wt.% mesoporous carboks (MCs), CB
(5 wt.%) with a BET surface area of 550 m* ¢!, and PTFE (6 at 15.0 MPa for
10 s, which they dried at 383 K for one hour under vacuur r fte@ssembled

the button-type capacitor from two carbon electrodes andg separatdr. T t)vo‘gi.)&'rent
cOwpl

separators and electrolytes were; for the 6 M KOH el yte, ghd s¢ ratwused was
V

PP membrane, while for the 1 M Et4yNBF4/PC glect ‘ytﬁt\epara@;s TF4050.

Although the researchers achieved a fascindy ’: carent dendy (20@&5‘) in one of the

results, the number of cycles that the in%ent can\aixi

0 S

which raised some questions about @awg w&)& system.
Another work worthy ofvﬁoni}g 1 isoié\ww is the work done by
O d

Mateyshina et al., (2013) where thfly syatifew fr@,some organic precursors, some

nanoporous carbon ma@an@con\ d it to electrode materials for

supercapacitors. In th%\k. ih the ﬁn&s'af alkali, three samples, namely Kem-1,
%’. N .
Kem-3, and Kep- anoy%c%arboé?haterlals were prepared by carbonization of

organic precus at 700 °C. They @ﬁsed precursors made up of individual organic

nown or disclosed,

compour@e include; the mixture of 1, 2, 3-benzotriazole and urea, hydroquinone,
and LVANiter washing off the alkali excess and dried at the temperature of 105 -
110 °C until reaching a constant weight, the prepared product yielded of nanoporous
carbon material (Kem-1) was 17.3 % mass. Kem-1 was obtained by repeated

carbonization in a muftle at the temperature of 900 °C for 27 min to prepare sample
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Kem-2. Kem-3 was obtained from Kem-1 by carbonization at the temperature of 900 °C
in a flow reactor during 5 min in the inert atmosphere. Similarly, from other precursors,
the samples Kem-4 and Kem-5 were obtained by the researchers. For the fabrlw

study. the researchers used a symmetric two-electrode cell, while an aqueo 10

=

of sulfuric acid (I M H2SO4) and 6 M KOH were also used as the elec&s They

then prepared the electrodes by mixing the carbon powder with CB with ti§ weight ratio

)

of 80:20, and the mixture was molded onto the surface of a grap d. Again, they
deposited 10 30 mg of NCMs on the electrode with the are, tld lagly, they
pressed the two identical electrodes through a separator code js fi

that was soaked with 1 M solution of H2SO4 (or 6 M sol fo) jawltance
of the capacitor in all the cells was promising in. ed, e th‘m%&: which it
operates was small couple with the fact that, d electr su i1l adversely

affect the life cycle of the fabricated super 1tor } t‘(\

S

Lei et al., (2013) reported an o N tﬁe us carbon contact for
the fabrication of the supercapacitor: #)OI‘I y S@red the composite carbon
electrode from a blend of AC o a ﬂ\f I{Itf)@nd of specific surface area of

1000 m?g™!, acetylene, C @ om@ and PVDF. They then mixed all

the chemicals at a welé, }Vﬁb 90:5:5 in I-methyl-2-pyrrolidinone

(NMP) to form a % theygt IZA %a ed.@& slurry was onto an aluminum foil, and

dried in an OVQI 50 °C for two h@’ Their EDLC cells were fabricated using a

3

c
19

symmetric \ode configuration and they placed a soaked-piece of filter paper of

electrglyte placed it between the carbon electrodes to act as a separator. Their
electrode working area was fixed to 2 cm? in all the devices. The device assembly was
sealed in a plastic bag with vacuum and their electrolyte was 1 M TEABFs (Sigma-

Aldrich, purity 99 %) in the PC (Sigma-Aldrich, anhydrous, purity 99.7 %). How this
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work did not give any account of what was achieved as regards to the energy or power
densities, cycleability of the cells as it only concentrated on the internal resistance that
have been identified as a result of the cell assembly.

2.8 Literature Review Related to CNTs %\Y.
CNTs - which were discovered by lijima and coworkers in 1991 for s and in
1993 for single-walled CNTs (SWCNTs) at NEC Laboratories, Japa (Nakashima,

2005: Tunckol et al., 2012)- are carbonaceous materials, wi el hollow-tube

structure, excellent electrical conductivity of about 3000-4000 ‘@” 2010),

optical activity, chemical reactivity, mechanical strengthgand hfgh reﬁs@ao
& Zhou, 2003; Akbar & Taimoor, 2009; Tunckol et a 2). T}e je s?n as the
clu ég.and which

he@‘mpound before

their invention). These unique propertles carbon Yu ,ﬁ'@% offer them great

n S
potential for the high-power appllca@ sugercapgcit ®1guelro et al., 2009),
even though their specific capac1ta??~|ela T@)ther areas of applications
may include; molecular electr ; ,

'S
OTICs, che% sbtsoscannmg probes (Dong et al.,

@)
2007), special capillaries @tro@l acn@s (Balasubramanian et al., 2004).

\
Hence, the use of CN cjst %y}oxﬁ@nce of carbon-based supercapacitors

nearly one-dimensional form of fullerenes (largel&' ag

have some properties peculiar to them alon

&
should be a g,ood% 1 9 1 l@am etal., 2014c).

g §

Y-

C NTs l v&some defect and str@ﬂres that exist in different shapes of fullerenes
ranging fron W¥e-types, spheres, tubes to a more complicated and strange one. But
somuo®l portant and best structures are;

(a). SWNTs: this can be considered as long wrapped a graphene sheet having a
length of about 1 10 um and diameter of roughly 1 2 nm (Nakashima, 2005; Tunckol

etal., 2012), therefore their length to diameter ratio is about 1000 (so can be considered
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as nearly one-dimensional structures). SWNTs also consist of two separate regions with
different physical and chemical properties. The first one is the sidewall and the second
is the end cap of the tube. The structure of the end of the cap is similar to or dggived
from smaller fullerenes, such as Ceo. The cylinder is one other structure wh% Ts
are composed of. This can be generated when we wrapped a graphene oﬁktain size
in a certain direction (Daenen et al., 2003; Dai, 2002). Y'

(b). MWNTs: are collections of concentric SWNTs withmehidfdrent diameters.
They are having a length of about 1-10 um and dia@ ro@ySO nm
(Nakashima, 2005: Tunckol et al., 2012), therefore their jgngthYo difimetgy fat? 20 is
| &
about 1000 (so can be considered as nearly one-dimensti stru?u S). oth-&mlength
V

and properties of MWNTs are different from that oc eneﬁ.al., 2003).

Figure 2.8 describes the structure of SWNT \ re é‘ﬂed.

Armchair

(9.7)
Chiral

Figure 2.8 (a) The left hand side is the chiral plane where all possible structures of
SWNT can be formed from the chiral vector lying in the range given by the Figure.
Where n and m are integer and m < n or 8 < 30°. The right hand side is charities in
SWNTs: this can be observed from the open end of the tube: armchair structure, zigzag
structure and the chiral structure (Daenen et al., 2003).
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Figure 2.8 (b) Collections of concentric S wi nt di ters.
There are so many inspirations now@out the of @ﬁ' s as an active
material in supercapacitor fabrication (W ., 2012 ? ;{k

S

0
Recently, much interest has be\ cu ewc‘éggmatenals as electrodes
for EDLCs because of their access1l?'easerf p smoné}nd relatively high specific
‘ : (
surface area (Hsieh et al., 2012). nj‘:&

Starting with the on@mca@ of supercapacitor using carbon

nanotube, is the work y Tﬂ%?, 501)5) In their work, they presented the
performances of @?upchz))ors \s assembled with 200 um thick active
material films @ consist of AC an@ﬂTs mixture in organic electrolyte. The 4 cm?
electrodes w hade by laminating active material onto treated aluminum current
colle@ (which also have conducting paint in its treatment) of the thickness
200 pm. Carboxymethylcellulose (CMC, from Prolabo) and PTFE (obtained from
Dupont de Nemours) were used as binders while the active layer composition is x wt.%

AC, y, wt.% CNT, 3% CMC and 2% PTFE, with x + y = 95. Before they finalize the
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composition to be used, they studied different active material varying from 0 to 50% of
the CNTs content in the active material. The electrode thickness was kept constant at
200 pum. After that, they then assembled the supercapacitor cells with 4 cm? ele

between two PTFE plates in a glove box where water and oxygen are cont K
than I ppm). Their two electrodes were then separated by a 50 pm* porous
polymeric film separator. Stainless steel clamps were used in order to mm the stack
under pressure. The organic electrolyte (1.5 M NEttBF4 in ace e) with water

content lower than 10 ppm were also employed. Althoug ‘rs aghieved a

current achieved was just 0.002 mA cm™.

modest capacitance (90 Fg'), the voltage window w§nown nd the man&ﬁm
’ Y'

Xu et al., (2006) assembled EDLCs using CN € trodeg:d a novel

binary room temperature molten salt (RTMS& :p&ed of li{hy bi@‘ﬂuoromethane

sulfone)imide (LIN(SO2CF3)., LiTFSI) an%amlde a %l @te In their simple
ﬂ

. . )
but interesting work, the electrode w 3 fr%}u c ‘1&7 wt.% CNT, 10 wt.%
%dl p

acetylene black and 3 wt.% PTFE bwres l@ofdlameter 11 mm. After
I

that, the electrodes were allowed d iv m for 12 hours at 120 °C.

Furthermore, they assem&\e ‘to pe 1tor with two CNT electrodes

separated by PP men@ a(k?b all in the as-prepared molten salt

electrolyte, in an - glgw b aun LabMaster 130 brand. Although the
working volla@ e capacitance w od (2 V), the capacitance obtained was quite
low (22 - @

@ et al., (2007) contributed in this aspect as well, in their title work
“Electrochemical properties of ultra-long aligned, carbon nanotube array (ACNTA)
electrode in organic electrolyte (Et4NPF6/propylene carbonate electrolyte)” where they

tried to justify that the fabricated EDLC works good in the organic electrolyte than in
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aqueous electrolyte with the argument that, the specific capacitance of the ACNTA
electrode in an organic electrolyte is 24.5 Fg™!, was larger than that obtained in an
aqueous electrolyte. There CNT was developed by themselves and the EDLQQS
fabricated using a 500um of ACNTA, with the 6mm x 4mm apparent area,@was
removed from the silica substrate with a razor blade. A layer of graphite*branded
from DAG-2, Qingdao Xiyou Fine Graphite Chemicals Industry Co Ltmi of 50 um
in thickness was then cast on to a 4.0 cm x 0.8 cm nickel foil and t?&e ACNTA were
pasted immediately on the nickel foil to prepare an electr er pastingg the film
was dried in an oven at 120 °C for an hour. In order to pgye their Work Qg t&@so
to provide a material for comparative studies, they fa&i agother DL\Cyéom an
AC branded by ground apricot stone. The AC powd weﬁ } an@ aded with
3 wt.% PTFE and 5 wt.% acetylene black then paste a r@‘él foil current-

\@s&n @n yielded negative
results as the AC electrode tends to acii®g more ‘s ac ar‘fc&&) that of their prepared
ACNTA and the capacitance as ear enti

ned g \§\mall (24.5 Fg').
In 2008, Ma and co-wor&eapro% hfedgandwiched type of a cell from

Birnessite-type manganes@e (MnOxyghat v\@%oated with CNTs by employing a

4,

collector with the assistance of graphite mi

BZ%

spontaneous direct red@tio &t Iftth‘G\ITs and permanganate ions (MnOs 7).
The three-electro%%’roclp ic fell u@\ were measured in such a way that two
lithium foils Aused as the COUD@Z;(} reference electrodes, respectively. The
working ele ¢ consisted of a mixture of the MnO»/CNT nanocomposite,
a conguctiffmagent and a binder, while either of CNT of 28 wt.% or acetylene black was
used as the conducting agent, and 5 wt.% PVDF dissolved in N-methylpyrrolidone was

also selected as the binder. They then coated the slurry of the mixture on titanium foils,

which was followed by drying at 100 °C for 12 hours and each working electrode with
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a l cm x1 cm area contained 1mg of the dried slurry. The electrolyte was 1M LiClO4
in PC. The authors claimed to achieve a capacitance of 250 Fg™!, however, the number
of cycles recorded and seems suitable for the cell was only 10. Another setbackvy
work is the exorbitant cost of the manganese dioxide, which may not favor ghe Merket
value of the cell. A

Just as in Ma et al. (2008) case, Yan et al. (2009) also used the XZ:omposite

compositions of CNTs and MnO: on one hand and CB on thvr hand. In the

fabrication process, the working electrodes composites congj WE were

mixed in a mass ratio of 75:20:5 and dispersed in ethanol. §gey then dpatedpthe r%suzt'l'ng

(IS

mixture onto the nickel foam substrate (1 cm x 1 cm) wit patulf, highi wa .\llowed
V

by drying at the 100 °C for 12 hours in a%c: ﬁve\xll el&{rochemical

measurements were done in a three electrodw')\ Ni foa ateos‘fth CNT/MnO2

composites as the working electrode, a %lm fo'l\‘}” @r electrode, and a
;} ) L)

1
saturated calomel electrode (SCE) as erenoeg_ele o‘c'le.[& result was promising
t

(even better than that of Ma et al., W, bef;:?w

in terms of capacitance but its cost] atu{ tﬂé@urages its usage.

A composition o@ v@n a @acrylonitrile (PAN) based AC

|
electrodes were prese@ a. &009). The PAN-based AC fiber used

thickness of 0.4-QoMy BE}P ur‘fe

ectiveness that MnO» has

N
ar%f 1200 m?g"!, and pore volume of 0.59

Y-

cm’g 'was in m of woven clot@ﬁving. The authors used nickel as the catalyst

for the growt%\ NTs on the carbon cloth. They then deposited the catalyst on carbon

clolh@m X 6 cm using sputtering deposition (performed for 5 min at a working

pressure of 510 = Torr, an argon flow rate of 15 cmmin !

, aradio-frequency power of
50 W, and an electrode distance of 5 cm), in which the nickel target was made up by

99.99 % in purity. After the catalyst seeding, CNTs were grown on the cloth using a
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thermal chemical vapor deposition (CVD) method. Prior to that, they treated the
catalyst on the cloth with 1 atom of H> at the 400 °C for one hour. The growth of CNTs
was performed at 800 °C for one hour under atmospheric pressure, using meth

the carbon source and hydrogen as the balance gas at a CH4/H; ratio of 3/17 %Yhﬁe
supercapacitor assembly and characterization, the two electrode cells, w$n51sted
of 1 cm” carbon cloth, 2M H2SOs as electrolyte at the ambient temperatu%stamless-
steel foil as the current collector were used to examine the electroc val performance

of the carbon fiber specimens. The cells were constructe, Llal pgpcess of

sandwiching a pair of the electrodes with cellulose fiberlter papef as foa;\ e
| V‘ow rkiflg voﬁege and

ted%v

result was, however fair enough in an aqueous solution

capacitance of 117 Fg™', although the cycleability, t c

Ko & Kwang (2009) presented coml\g) A(:é&otube as their
electrode in the supercapacitor fabrlcatlon actwe al uﬁakuded Multi-walled
n S

CNTs which was prepared using che vapor epogtion w@? an aspect ratio (L/D)
of 5 um/20 nm = 250 and other ¥cals. The then d a high purity Ti foil as

P 0

current collector, after which it was es by using a chemical etching

ned g o
solution of the ratio; Ha O \IF @ v/v@ﬁex the etching, they then rinsed

and sonicated the elecl w e fq t,ﬂeashO minutes, and finally dried to obtain
a strong adhesxon t1v jl to 1 f01l As for the activation of the carbon
nanotube the r hers mixed the C 1th KOH at a weight ratio of KOH/CNT = 5.
The mixture eated under the nitrogen gas (N2) flow at a heating rate of 5 °C min !
until @mamtamed for one hour at that temperature, and cooled down at a slow
rate under N2 gas flow. After cooling, the sample was washed with an abundant amount
of water and dried in vacuum at 80 °C. As for other active materials used, the

researcher’s selected 40 wt.% of the CNT anticipating of achieving higher capacitance
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of the capacitor. Having done that, they prepared composite of MnO2/(A-CNT or CNT)
by dispersing them separately in KMnOys solution by sonicating for one hour and stirring
for 15 min so as to ensure good dispersion state of the CNT. Manganese acetate SWA
was added drop by drop for one hour to the CNT-dispersed solution being % and
the stirring was continued overnight. The precipitate was filtered, w* with an
excess amount of water, and finally dried under vacuum at 70 °C forRl;urs. While

3

the fabrication of the aforementioned composite electrode was thsuch a way that
the powdered 90 wt% of the MnO2/(A-CNT or CNT) was%m“lc‘\df?(ru hours
at 100 rpm, mixed with the binder solution of the 10 wt% of P(V DE-HF ),,w L}Was
dissolved in N-methyl-2-pyrrolidone solvent, and ﬁna@-m}l again \f?.inother
\hey @qygpread and

anéen dried under
vacuum at 70 °C for 24 hours and roll-pr% to e%& oﬁ?ct and adhesion to
N
e)

the collector foil. However after caref\ sisof the rd'mi@ result achieved in Ko
X
and Kim work, we observed that h acifanc re ;@'rded (184 -250 Fg™"), but
93 ? S
1

r&@p use of manganese oxide as

O

precursor, 1t’s very clear @o t zjl ex itar@ure of the aforementioned metal
&
oxide may not be wel% Taﬂy ?rch(ﬂ); as one of the aims and objective of
uld

arketed out is to be achieved (affordable)

48 hours at 400 rpm to ensure a well-dispersed % ft

cast it on the pre-cleaned Ti foil and ﬁnall& d ov

introducing any ne verpt A b
and efficient. A ,\c}’

Still \he composite electrode, Yan et al., (2009) considered using
RuOy/car anotube as their choice of electrode for supercapacitor fabrication. In
their work, they claim to develop a simple and efficient way to decorate MWCNTs with
RuO: nanoparticles for use of electrochemical supercapacitor. In their procedure they

synthesized RuO: nanoparticles and later attached it to MWCNTs in the mixture with a
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RuCl; solution by microwave-assisted irradiation. The mixed solution of
nanocomposites was then dripped onto the polished surface of home-made carbon paste
electrode (CPE) and dried under room temperature. Their result indicated a ve W
achievable current (0.0008 A), although the calculated capacitance was quite %N ng.

Liu et al., 2009 also reported the promising performance of supercﬂ&or using
Nickel hydroxide powder electrode with different carbon conducmd nickel
hydroxide/MWCNT composite electrode. The Ni(OH), was loa o the purified
MWCNT consisting of; an Aldrich brand of Ni(NO3)3‘6H% , l)‘02 ), urea
(DC Chemical Co., Korea) (0.3 M) and | g purified MWQ@NT were M Ogml
of de-1onized water. The solution was heated to 353 l&pt jo tw ho!lﬁg?vith a
stirring (400 rpm speed). When the solution r ac}mg‘n erageg\.;ley then

filtered the solution with precipitate and Was'\% distille er té&utral pH. Then
the solid was dried in oven at 393 K fo%ours. Ml_q @\H(OH)z/MWCNT

4 S

composite was mixed with 10 wt.% @rp, wt? ol‘bi@fs (2.5 wt% CMC and
2.5 wt% SBR) and 3 times on the T\ect'ude ght@éter together. They further
stirred the mixture was at room%erat@i‘fé}w?slurry with proper viscosity.
The electrode was fabrica@oa ute

h lurr)@ 2 cm x 2 cm of pressed Ni foam
\
(110 PPL Jin Cheng B%\,‘ hla?%wkeﬁ%lleetor. The prepared electrode was
1§ a

L
dried in vacuum a<3 for:l h

—

n@ressed again. Their average thickness of
M
the sample elgectifdes was about Z@M (with current collector inclusive). They
achieved a m\capacilance (118-221 Fg'"), however the cyleability was not worthy
of m@.

Liu et al., (2010) also reported what they called “A simple, two-step method for

constructing flexible sheets of supercapacitors fabrication”. Their construction was

based on painting a sheet of flexible plastic electrolyte with a composite material made
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of a conducting polymer and CNTs. The total capacitance of the supercapacitor
consisted of pseudocapacitance produced by the polymer and electrical double-layer
capacitance produced by CNTs. In detail; the two step construction of the ¢

sheet was made in such a way that, the powdered and Sigma-Aldrich-bra \ A)
was mixed with water in a ratio of 1:9 by weight. They then mixed the Aﬂh 85 %
of H;PO4. with a ratio of 1:1 by volume. Later they come up with thm (of about
0.3 mm) of PVA first casting the final mixture on a glass sur ac?&!hen peeling the
cast off from the surface after the water had evaporate y ga@rsed the

purchased 0.1 ml of polyaniline (PANI) in xylene and th ixed 0003 oi S@Ts

(Carbon Solutions) in N-dimethylformamide. Usin mt hu h, ghe regearchers
transferred the PANI-CNT aqueous mlxture on esuﬁf form and
define the shape of a capacitor, then transt an ove 40 “for water to be
evaporated. The two-dimensional siz o capa z{s.ut 5 mm X 5 mm.

&

? ]

Electrical contacts were made by eit ng mesglli @’pper sheets. As for the
measurements, they used a comm Wote’ 108 lo S%/ out the CV of PANI and
galvanostatic charging - disch rg,l%w 23 pacitor sheets. They also used

conventional three- Llectr(@ wi ne €9t Ag/AgCl (3 M KCl) electrode as
the reference electro a pfat t&? as the counter electrode as their
NS

electrochemical ¢ l a mbl} }he V&:mmetry measurements were made with

electrodes nnm& in 0.5 M HoSO@ueous electrolyte. However, the capacitance

rccordcd 16 Fg'' and the cycles of the capacitance quickly diminished (8 Fg')
as it @mly 600 cycles.

Li et al., (2010a) produced a large number of CNTs (of 50 nm in diameter and
characteristic length of more than 10 um) mixture in activated mesocarbon microbeads

(AMCMBs) which was activated by potassium hydroxide in a stainless steel container
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at a temperature of 900 °C. Using buried-protection method with petroleum coke
powders the product was fully protected during activation, they added. The electrolyte
used was 6 M KOH aqueous solution.

In detail experimentation, they mixed the MCMB with KOH of § :1% wi DI
water to obtain a homogeneous slurry, and then they placed the slurry in Aess steel
container (with a movable cap) before heating at 2 °C min up to 900?;1d held for

N\

two hours in a muffle furnace, in which the sample was protecteyned in petroleum
coke powders (with particle size of ~100 p). After coo@, Jy washed the
produced AMCMB with 10 wt% HNOs3 so as to remove e meltalli imki;{g é)@'DI
water and then dried in a vacuum. In the activation of éon:it‘a.ﬁnd%ed ina

horizontal cylindrical furnace under the protectign of ertﬁa\v (N2X4Y or He), in

which the AC produce could be protected ;nsaair oxi

However, both the high cost of inert gase%the @‘y ﬁ\ﬁ@?\ﬁvation equipment
[} =

are unfavorable for the practical pr ion. Ingrt ggfes, @leum coke was used

acting as an air-insulating surroundwﬂthe 'rep on @MCMB. In order to study
(

the electrochemical performancgp, tl{ &y prepared the as-prepared

AMCMBs/CNTs compou@ele;@nd a@bled into supercapacitor cells by

_ 5 ) N7 O |
firstly, mixing the acu% Stagcd® ’bet)ci@le black and PTFE in the percentage

&
ratio of 90:5:5, w/g/ ethgpdd t ;rm a@'icky slurry, then the slurry was rolled into
L )
a film of 80 unhhickness before @cut it into disk electrodes with a diameter of

10 mm. T@r. the cell assembly of the aforementioned fastener-type symmetric

supeggapalgpr with a pair of disk electrodes divided by a piece of microporous
separator. Finally, they used a Battery Tester to evaluate the capacitance of their
supercapacitor miniature using CV and electrochemical CD. Although the resulting

capacitance was impressive, the achievable current (0.0004 A) is not encouraging.



In 2010. Zhou and co-workers (Zhou et al., 2010) prepared a supercapacitor
electrode from a composite form of Polyaniline/multi-walled carbon nanotube. The
composites were synthesized by chemical oxidation polymerization of
monomers in the presence of MWCNTs treated with concentrated hydro@ acid
under ultrasonic irradiation. The thickness polyaniline layers w&ontrolled
effectively due to the varying the ratio of aniline monomers an C&: They then
filtered the resulting composites and washed with DI water, thenV\mder vacuum at
80 °C for 24 hours. '

The fabrications of the electrodes for supercap éwere Fre%u;& the

resulting composites into the nickel mash current coll unde.v 5 at 6Q°C They

also recorded cyclic voltammograms on a CHI leca‘ 1cal Y(.mg station,

a CH Instrument, Inc. brand in 0.1 M H»S %.IS solut y u@ a Pt wire as the

counter electrode and Ag/AgCl as th e ele ? e Electrochemical
ﬁ

res 1ng @posne electrode were

t
performed in a solution of 0.5 M era %cult potential of 0.5 V in an
AC frequency range of 10 % HQJ apacitance recorded was quite
magical (560 Fg™), ther&\ @es Wl@ore than 29 % of the capacitance

N
: t L
diminishing aiteljust g (')
(J
a\t: 0

Hsmh a composite—type of supercapacitor where

impedance spectroscopy measure r

they 1nw51 a c,omposmongi RuO2 nH2O/MWCNT/Ti electrodes for
supcrcap% abrication. Therein, they grow vertically aligned MWCNTs directly
on 0:111 collector by chemical vapor deposition (CVD). They also claimed that
the presence of hydrous ruthenium oxide in the mixture had resulted in the increase of
surface area and electrical conductivity. However, from the characterization made,

(both CV and CD) we observed that the highest achieving current had been 0.004 A/cm.
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This is because of the composition used. It has been mention earlier that RuO> could

though be a good material in supercapacitor, but the cost implication is higher compare

to other materials.

Still on composite-typed supercapacitor, is the recent work of Chen e&:)
prepared an AC with coated CNT buckypaper, with the CNT buckypa&s firstly
immersed into the PAN/Zn(Ac), DMF precursor solution h different

U

concentrations. The mass ratio of Zn(Ac); to PAN was keYbS:Z, while the

concentration of the solution was controlled by changing @ W%AN and

Zn(Ac)z. Pristine PAN/Zn(Ac)-DMF solution was alséwcast on gla s, b'sg;ge' to

prepare pristine AC as a comparison. They further ca@d (§5 °Cyfor 1 .\min in
\ N

Qﬁ kypa immersed

by. The nanotubes in the buckypaper were ur@ coated Yeida laé%f AC, forming
a core-shell structure. The Bucky paper%oated \N‘b IA‘% after, they added

o S

argon pre-oxidation by air at 300 °C for 120 minQ the ;l

o

e caddnized samples were then

Zn(Ac): was here as a pore-creator @ati reagent, \g&h can be decomposed
'S

into zinc oxide by the process ofwmz:,ion.
immersed in I M HNOs for 4!%0)5 tor ziﬁg:}gdde in the AC layer, and then
they were washed by DI @)r l/er mes@emove the remnant HNOs. After

PG
being dried, freestandil%\(y p&?a;e'd &C were obtained. (Energy and power
. Q= &
densities were no% D). 2 4\

' X
Jiang Q:o-workers (Jian@ al., 2013) made a fascinating work on

nanocom;@m used as a simple and portable supercapacitor device which they
rc('et@

s double-layer and triple-layer electrodes. The fabrication included an
active layer made of a nano-composite of PVA and MWCNTs which were both
synthesized by a multi-step methodology which first involved the preparation of an

aqueous solution of PVA. The solution was prepared by dissolving the PVA powder in
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DI water in 1:10 ratio by weight at 80 °C with magnetic stirring. There PVA of
molecular weight 10,000 13,000 was obtained from Sigma Aldrich and was used for
the purpose. They then mixed simultaneously the MWCNTs with acetone ir
resulting mixture was then sonicated in an ultrasonic bath for an hour to %\e the
MWCNTs further and then heated at 60 °C till the acetone evaporated tow%n powder
of dispersed MWCNTs. The powdered, dispersed MWCNTs were mixedwith the PVA

aqueous solution in the ratio 1:10 by weight at 60 °C with sti Tirwch then resulted

in the formation of a homogenous blend. The PVA/MWC n @cated for

60 min, followed by de-aeration to remove any aiflbubbles fntro ed ’ag' the
[

aforementioned step processes. They then came uMywith Ja'tna con&usite of

V
X
Moreover, in the triple-layer conﬁgu‘@w researCiyers xr@‘use of the three

active layers, namely: silver nano-parti l% PVM éuo-composite, and a
[} *;
c1t

layer of solely MWCNTs. They then\ heref the tz;'n& teel or aluminum base

substrate and coated it on one idw sil -p @e ink - the silver nano-ink
C; NS

was solution cast on the substrate gid cu@ oﬂt‘tj;nperature to yield a solid layer

— and they coated over th@dllv ' an arti@k layer, the PVA/MWCNT nano-

composite by a meth%e cglled mn& asting method” and allowed to cure

%’ N
overnight at roogt j¢ erapvb_),yleld&lid layers. Furthermore, they formed a
L

“an only” M I's layer at the pigwling step, over the PVA/MWCNT layer by

dispersin@ated mixture (in acetone for one hour in ultrasonic bath) and then the

mixigge Wawdispensed over the electrode substrate using a pipette and allowed to dry

/.

PVA/MWCNT that they used in the electrode faan. g‘

g

€r n

N

for five hours to evaporate the acetone. So, all in all, the configured three cells;
(1) The silver nano-particle ink and PVA/MWCNT nano-composite layers, made

by the processes discussed previously;
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(i1) The silver nano-particle ink and MWCNT only; and

(i11) The PVA/MWCNT nano-composite layer and MWCNT only. However, the
capacitance achieved was smaller just as the authors also reported only 250 ¢
the achievable cycleability of the prototyped-supercapacitor. %y\?

Aravida et al. (2013c) had in one of their promising work of the yﬁ& 3, made
a contribution in the ZnO/carbon nanotube composite in the supercapacit¥ domain. The
authors come up with what they called “a facility, green and high &wnt method for
the decoration of CNTs with ZnO™ which was developed t t1 n'of binder-free

composite electrode for supercapacitor applications. T$o ompjosit ,s 5@&
nt. T}i wagto t .\care of
3

by using reactive magnetron sputtering in Ar/O2 enviro

usual-uniform coating with tunable thickness, W\hl; mqit\he t@' affect the

performance of the electrochemical perfom\ éo,the nan 1p@ electrodes. As

for the electrode, it was prepared by san(%hing %\ebe?tr d{éymmetrically, and
(]

)
were then separated by a thin PP@M w 0..FM 'Q@KPC/DMF (tetra butyl
%j AN
ammonium perchlorate in dimethwln t' elegir lyté@fter that, they studied the
tEe ; su]

(
electrochemical properties of eg}@des were obtained using CV,

id
per%
galvanostatic charge—di@ @1611’[@1(1 electrochemical impedance
spectroscopy (EIS) an%\otl 1‘1%mgzacsimzments. The optimum current density
N

achieved for the %kne of de“ Waéuite good  (0.002 and 0.003 Acm™) and
Y-

could be wort , emulation. c}’
%‘\n .

Rece e use of Carbon nano Onion (CNO) - another family of the fullerense
in tl@apacitors fabrications started attracting the attention of researchers with
Gao et al., (2013) presenting the miniature of the supercapacitor from a chemically
activated CNO. In their work, electrodes were fabricated by electrophoretic deposition

(EPD) into Ni foams with 95 % porosity, 500 gm™" surface area density, according to
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the supplier (MarkeTech International). CNOs were dispersed in ethanol containing
0.03 0.05 wt.% of AI(NO)s for stabilizing the CNOs. They then applied a DC voltage
of 80 Vem'! was then between a Ni foam and a gold electrode to deposit the :
After the EPD process, CNO electrodes were dried at 80 °C in a furnace fo;%&?rs.
Using three electrode configuration, electrochemical measurements, inc& CV and
galvanostatic charge/discharge (GCD), were carried out in a 2 Mol/Il Iwelectrolyte
on a CHI 760D (Shanghai Chenhua, China) electrochemical worlY'bn. They also set

the assembled 1 x 1.5 cm® CNO/Ni foam electrodes, a plati e l‘ctro e, and an

citaxye ac eved?.ias only
V

fair enough (about 100 Fg™') and the voltage win%xs \ (1e$€5}. 0.4V)in
all the cells. \") O‘<
Markoulidis et al. (2014) investig%e perfo\cm%?e f@ercapacitor cells if
@

S

a small amount of MWCNTs is a@ AC ele o?ies‘&he electrode structure
investigated comprised AC, four dwm'l ty;f

PVDF or PVA. In the sample prepa¥atiog, g s&é}@d the MWCNTs in  l-methyl-

2-pyrrolidinone (NMP) (@tel@PV@der) and sonicate it for half hour
N\, &)

and then they vigorou% edjit Yo ?Pl(élif)lt 15,000 RPM using a Wiggenhauser

Homogenizer. Afzr tk theya the NT solution into either of the AC/PVDF

Y-

binder-NMP @n or the AC/ PV:\@‘ﬁer-water solution. The slurry from which the

However, after the measurement characterization, th

Ag/AgCl electrode used as the work, counter, and refesgnce electfpde sp'eQKHEly.
| &
e

N

v

=
ha

above in@ were mixed was then coated onto aluminum foil using a Film
Applicat e coating was dried in an oven at 120 °C for four hours; they however
varied the spacing of the applicator to 30, 60 and 120 pum in order to obtain different
coating thicknesses. Furthermore, the employed two different types of binders namely:

PVDF soluble in organic solvents and PVA, a water soluble binder. Therefore, all
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porous electrode coatings contained AC, 0.15 or 1 wt.% MWCNTs, and 5 wt.% binder.
For the fabrication of the cells, they prepared them using either of the 1 M of
TEABF4/PC electrolyte or 1.5 M TEABF4/AN electrolyte, and a separator from

tissue. After the cell fabrication and sealing, they tested them as just sea er a
weight of 2.26 kg or in other cases they was immersed cell in the electrcﬂkpmained
in the “bag”, with a feed-tube to replenish the electrolyte supply if thxg arise, and
they clamped it between two Perspex plates. Although they have ndmg results of
the power and energy densities, and also the capacitance 1@11 ‘ne agthors did
not-give an account of the cycle life that cells mlg,ht to attair I 0}

2.9 Chapter Conclusion ?

N

The just concluded chapter reviewed the literatu s 0 he gf X CN%&'d different
fabrication approaches towards attaining %smg SUPoE pa@%’ device. Most

A

importantly, the chapter discussed the cla tlons 0 capde]tors; symmetric and

f=,~
asymmetric and approaches towalds ma kl'n%g g ted The next chapter
will focus on the experimental p res ,ake pr ce both the electrode and
electrolytes used for the fabricatiogbf su{
N ,Q] S
’ (:"
b.) $

}_«
‘25(/

S
&
$
S



	Image00036.jpg
	Image00037.jpg
	Image00038.jpg
	Image00039.jpg
	Image00040.jpg
	Image00041.jpg
	Image00042.jpg
	Image00043.jpg
	Image00044.jpg
	Image00045.jpg
	Image00046.jpg
	Image00047.jpg
	Image00048.jpg
	Image00049.jpg
	Image00050.jpg
	Image00051.jpg
	Image00052.jpg
	Image00053.jpg
	Image00054.jpg
	Image00055.jpg
	Image00056.jpg
	Image00057.jpg
	Image00058.jpg
	Image00059.jpg
	Image00060.jpg
	Image00061.jpg
	Image00062.jpg
	Image00063.jpg
	Image00064.jpg
	Image00065.jpg
	Image00066.jpg
	Image00067.jpg
	Image00068.jpg
	Image00069.jpg
	Image00070.jpg
	Image00071.jpg
	Image00072.jpg
	Image00073.jpg
	Image00074.jpg
	Image00075.jpg
	Image00076.jpg
	Image00077.jpg
	Image00078.jpg
	Image00079.jpg
	Image00080.jpg
	Image00081.jpg
	Image00082.jpg
	Image00083.jpg
	Image00084.jpg
	Image00085.jpg
	Image00086.jpg
	Image00087.jpg
	Image00088.jpg
	Image00089.jpg

