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Abstract z '

An electrochemical symmetric capacitor with a modest energy and powe ies has icated using a
commercially prepared carbon nanotubes as electrode and hybrid solid po r efectro pis dptegrated
separator and electrolyte layer is made up of a filter paper, a polyvmyl alc (PVA) ped it? phg&ic acid
at three different concentrations. The electrode material consisted of 9 ga{ The said garb a on& and 10 %

of Poly (Vinylidene Fluoride-Co-Hexafluoropropylene) (PVdF-HFP). T cells wEr thegfassembpted as follows;
cell-A (NOOPVAF-HFP10 |HS0| NOOPVdF-HFP10), cell-B (N9OW—|FP% 90PWgFE-HFP10) and
cell-C (NQOPVdF-HFPlO tH70| NQOPVdF-HFP?O). These as-assefbled MeHic su Wpacitor with an
optimal mass ratio was able to be operated reversibly over a cwtage ge o 0.0—3‘.& depending on the

cell-type. Overall, the supercapacitor fabricated from cell capalﬁ(ity with a capacitance,
energy and power densities of 163.66 Fg™' 822.00 Jg! 1 ectiv and long-term cycling
=

stability of 5000 cycles. \I

Keywords: multiwalled carbon nanotubes, Diff 1a lori (DSC) Analysis, Cyclic
Voltammetry (CV). Charge Discharge (CD), Hybrj lyte%SPE)

1. Introduction \

The disproportionate usage of f(?ssil fuels in carfl @ r Zy requi .

affected the globe, causing climatic changgtue t8he dram ic ingregse CO, emission (i.e. Global 'warmmg).
Hence, in order to decrease our current ce ond? viro nta armful fossil fuels, the socnety. has to
move toward pursuing sustainable and renewble N z A oment, re§earchers and academia have
focused their watch lights on rene\z& rgy pr d.u rom s nergy and wind energy, even though, these

. ; th atic co 0, it ry imperative to devise a means of storing
ral energies are subject to % .
cles " Wei, 2013).
e

electricity when it is available an%iel ng it ded (EJ
orag% s Sony tc‘@ one of the environmentally friendly alternative
1

hemical energy st ‘ |

Eleftr;%:d power sources on#” themf Su aci @are good example of such electrochemical energy

energ re . |
: df degSiti€s | & Rudolf, 2013) than batteries, fast charging and

e systems which hake er p : ’

storage Sy i ?ia

20\

. : (6 J 2010). Hence, they are commercially used in electronic
. rates, long s (Step zey s . o i y

dlsc;}:::fl?gitmer » ‘a 12¥%Wy et al., 2012), ltb)‘r) electric vehicles, (Shi et al., 2013) and other number of
markets, ﬁ s
S

applications. . ‘
Although conducE olymers and transition metal oxide provide higher specific capacitance than
t=4

hemiga aver capacitors (EDLCs), their poor rate capability, high cost and low conductivity, their
BICRIG R ustrial “usaces become limited. The excellent chemical and physical properties of carbon
acade{mc . igh condu-ctivitv, relatively low cost, high surface area, excellent temperature stability, and
matenalS‘ 1 esistance make Ehem valuable candidates for the electrodes of EDLCs, which holds true
good _Cono? raphene and carbon nanotubes (CNTS), which possess the largest theoretical and experimental
especially, orwgml; etal.. 2013 (a)). In view of the above, therefore, this work is aimed at presenting a flexible
Sulrif;c;;;eglél,é Jsing C.‘.T\‘Ts as an electrode material and hybrid polymer electrolytes serving as a separator and
SO

electrolyte.
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2. Methodology

2 | Electrolytic Materials

The main electrolytic materials used here are; the HiPO,, PVA and Whatman filter paper. The H;PO,4 (>85 wt. %
in water, molar mass of 98.00 gmol™, product, number of 1502-80) was purchased in aqueous form from R & M
marketing, Essex, UK brand. while the PVA (molecular weight; 89,000-98,000, 99 + % hydrolyzed) was
purchased from Sigma Aldrich. Both H;PO,and the powdered PVA were directly used as-received wit}@mer
treatment or purification. An aqueous solution of PVA was then prepared by mixing the PVA wit i
in the ratio of approximately 1:10 by volume. This solution is mechanically agitated by magneti
for five hours to thoroughly dissolve the PVA in the distilled water. H;PO, was then mixed wigh
solution in the ratio of 70:30, 60:40 and 50:50 wt. %.

water

(9

The choice of the aforementioned percentage weights was borne out of assurance "®heir respective
conductivities are quite promising even at room temperature. We have since reported thigdevelgpment severally in
(Hashim et al., 2012; Hashim et al., 2014; Sa’adu et al. (a), 2014; Sa’adu et al. (b), 20 r a hybrid polymer
electrolytes at a concentration combinational- ratio of 70:30 wt. %. After the mi ols down to a room
temperature, the resulting homogenous solution of PVA/H;PO, was cast ov pMastic Petri dish. This was
performed, after a cellulose filter paper (Whatman brand) was cut into a 6 cm x (to gfsize that fit into the
Petri dish) and soaked into the segment of the said solution. The period bet 1e castingof't mples on the

petri dish and its drying took about 28 days. ) Y.
N

S
f> 50 nm,

gn tergiam 20

; are 40 m"g" and

1al C@Q/Z“Oﬁ. The

0 pell roduct number of

ual W%P rties of amorphous

ryst@n regions (VdF), can
efal., 2012). Furthermore,

ﬂ% unique, and to be used as

2.2 Electrode Materials and Cell Assembly '
The powdered MWCNTs with the following specifications; content of 0%l wt.9

length of 10-20 pm, purity and Ash are both >95 wt.%, and <1.5 wt.9
Conductivity of >107Scm’' was obtained locally from Malaysian mafet (wi

binder used was p(VdF-HFP) (average molecular weight of ~4Q0%Q0;
ea

427160) was purchased from Sigma Aldrich. Being a co-p l.
domains (HFP), capable of trapping large amounts of Ii
ri

provide chemical stability and sufficient mechanical integrity fo®th
its electrochemical stability and performance, processa nd safety’ma

a binder for fabrication of cells. 0 G}
The cells for double layer capacitor were fabri Tom a mixturedpr o @) of & esinmendially. prepared
multiwalled carbon nanotubes (CPNMWCNTS) an V .t,O/ o el . e g ey
The resulting slurry was cast onto 10 the Alu oil W, llowe? dry for about two hours at room

rry with the view to leveling it and

temperature. Prior to that, an applicator yds uscg to smo h th qure
obtaining a desired thickness which was .12;2; At ?ager ge, the dried sample was then further
a 0 ©

subjected to heat in an oven for overniglt at a téfhpe rward, the solid films were obtained and
then further cut into 2 cm® x 3 cm® e hNgge \VEiElts e films\yere measured by means of a micro-balance
(Santorius, AxX 224) with an accurac 001 m

he rage ts of two electrode films that make a cell was
x Ot abou

approximately 0.224 g. Usinga PN' . !4 cm@'@ cell was set up by sandwiching two electrodes
with the electrolyte and assemb% innpvativ ;? ca or tester.

XRD spectra were obtained % D (BhiligX'Hert X@with Cu K, radiation ofw.avelength 2=1.54056 A for
20 angles between 10° that’s d Ka Qﬁ lon.(/1= 1.5‘406 A) operating at 40 kV and 30 mA.
F hermore, the surfac@y hlogies of 1gns v nvestigated via FESEM (SU 8030 a family member of
L 000; Résolution Rility of 1.0nm / 15 kv,gtn /1 kV and abling magnification of 80x to 2,000,000x).
i Ve spectively carried oy ing a newer battery charger which has been interfaced to a
\nes" (model: ET1850, Rating: 100-127/220-240 Vac, 6/3.15 A (6/3, 15 A), 60/50 Hz)

ter called . : :
Coglgl;mry inst amework. The following symmetric capacitor cells were assembled;

CD analysis and C

a
l1s: Cell A - NOOPVDF-HFP10 | H50 | NOOPVDF-HFP10 \
Coll B - NOOPVDF-HFP10 | HB0 | NOOPVDF-IIFP10 |

§ Cell C - NOOPVDF-HFP10 | H70 | NGOPVDF-HFP10 g

14
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3. Results and Discussions

3./ Microstructure Characterizations
The microstructure of the samples of this work was examined using XRD and FESEM. The spectra of the X-ray i
these samples were obtained from an XRD: a Philip X'Pert XRD model with Cu K, radiation of wavelength ;)’:11“
54056 A for 20 angles between 10° and 80° that used Cu Ka radiation (4= 1.5406 A) operating a g’ "md'
30 mA p=} d

The XRD analysis of the N9OPVdF-HFP10 electrode is shown in Figure 1. As seen in that figu
peaks can be observed and the major diffraction peaks of the CPNMWCNTS can also be cleaﬁ s,ee The broad

diffraction peaks that appeared at 43° and 56.1° can be indexed to the presence of MWCNT: an additional
shapely peak at 26=26° is due to the embedding of the graphitic CNTs (Wang et al., 2013b us, the intensity of
%x
a

the peak observed, could correspond to the high concentration of the as-prepared carbon de (Dong et al
2007; Hashim & Sa’adu, 2014) of the as-prepared carbon electrode. While the first diffggcted Weak at the left han;j,
side @t 2020 1® correspond to crystalline peaks of PVDV (Stolarska et al., 2007). Sifg#lr XRD results we
obtained by (Li etal., 2010: Stolarska et al., 2007). ©
3000
2500

2000

1500

Lin (count)

1000

500

3

3 2 Thermogravimetric Analvsis \
Using thermal analyzer in the %A ge ¢f 50 ° f!)ongunder nitrogen gas (N;) flow at a heating rate of
T S \h

. =

10 °C min on a METTL W 10:00°X%he anflygsis of the temperature stability of the sample were
investigated. We have uscps’ ech?i es igfo P%@“S work (Hashim et al., 2014). The thermal stability of
the samples was discg iy Figur ?Figﬁ_ were (a); 0 wt. % sample (Background) (b); pure
CPNMWCNTSs (¢) N90 dFYAFP10 - Single Scasla(’); N9OPVAF-HFP10 — Double scale. At first, we analyzed
background heatingg clear any ruminant n\ e and for re-calibration. From the traces of Figure (b) it can
be seen that, pure WCNTSs suffered its majorTloss of just 3.1362 % occurring at 596.56 °C leaving a residue
0f 94.3867 %. YWhen 10 wt. % of the binder was added to the as-prepared sample, the results dramatically
change, esp g hien compared with those of the functionalized CNTs. Figure 2 (b and c¢), provided the thermal

ase. the two losses were discovered. The initial loss of 4.1008 % of the total samples

stability rggults. this ¢
occurs at 10gdgk - then the second and major loss was 60.1150 % occurred at 745.83 °C.
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Figure 2. TGA of the electrode at (a); 0 Wi
— Single scale (

3.3 Electrochemical Behavior
The electrochemical behavior NI\'A\ WEN dre @gdﬁti
‘ gated by tl i
charge-discharge (CD) megagremglits ugng v -e&ctr de*system. Figure]e?Ci:\l/lecalzoi;aemrgs/try f(CCVl) -
. 1 . 0 '

(NOOPVF HFP10 |H50] ) o 4 S ﬁdf 19, 50 and 100 mV, within a voltage win§c>lw (;5;'
ODO\; 4 \ : {V): I b§ discerned that the resulting CV curves of the cell at

] - ¥oltaBe wnﬁ'dw, displayed leaf-like and mirror-symmetric indicating a

Lbims s amely gt

—

0.0-3.0 V)and 50 mV (

a scan rate of 50 mV afgw
modest ideal superc My e behavior for the CR CNTs. The specific capacitance of the electrode material
materials

was obtained base he total mass of the two eldirodes in the s i i
: : . ymmetric capacitor by i i
in that Figure using uation: P by integrating the CV curves

0 C,= =
sm (1)

here i is the current difference, m is the mass of the electrode and s is the scan rate

From the calculation, it could be obtained that, the specific capacitance is 154 -l

; k 1Fg™', 288 Fg™! =
scan rates of 10. 50 an.d 100 mV, respectively. The decrease in specific capaCitancge of 1 53 ng ’-fmd ¥ F_gl _l for
indication of the existing relationship between capacitance and scan rate and this could e'éh gb - 17..7 Fg ' isan
the electrode electrolyte interface (Shu et al., 2013). itherbe altributed 1 e

W

slow transfer of ions on
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Furthermore, Figure 4 displays the CV of Cell-B (N9OPVdF-HFP10|H60] N9OPVdJF-HFP10) at scan rates of 10,
50 and 100 mV, (for a voltage window of 3 V) and 50 mV (for a voltage window of 1 V). The specific capacitances
obtained in this cell were 93 Fg™',36 Fe™' and 26 Fg™' for scan rates of 10, 50 and 100 mV respectively. While
Figure 5 shows the CV of Cell -C (N9OPVdF-HFP10 [H70] N90PVdF-HFP10) at scan rates of 10, 50 and 100 mV,
(for a voltage window of 3 V) and 50 mV (for a voltage window of 1 V). These results gave a balance and modest

capacitance and can be considered as better than that of cells A and B. The capacitance recor are
112.4 Fg™',40.0 Fg'' and 32.0 Fo™' for scan rates of 10, 50 and 100 mV respectively. Table 1 symmigrizes the
results of the capacitance obtained in all the three cells and Figure 6 (a) summarizes the capacitgfice ormance
in the combined graph of capacitance against the scan rates for cells A, Band C.

One of the criteria in supercapacitor’s fabrication and application is its ability to endu&—term cycling

igure 6 (b)) was
ph of the resulting
A and B, cell-C
% capacitance of its

stability. In this respect, the cycling endurance measurement over 5000 cycles for all the
conducted using the CD test at the working voltage of 1.5 V. The figure displayed the
capacitance retention as a function of cycling number. Of note, compared cel

(NOOPVdF—HFPlO IH70! N90PVAF-HFP10) exhibits the best cycling stability withabou
initial value after 5000 cycles. %

= ceSRIO ]
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Figure 4.CV of Cell =A (N9OPVdF-HFP10 |H60] NOOPVdF-HFP10) at (a); scan rates of 1, 50 and 100 mV, 3 V-
- voltage window (b); scan rate of 50 mV; 1 V — voltage window
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Table 1. Performance of supercapacitor by the CV

Cells Working voltage Capacitance value of different scan rates (Fg™
(V) 100 mV 50 mV 10 mV
A-NOOHS0 3 17.7 28.8 157.1
B-NOOHG60 3

(9%}

C-N90H70

26.0 36.0 93.0
32.0 40.0 112.4 \
Table 2. Performance of supercapacitor by the CD Aj

Working voltage Cy ESR Energy density P nsity
cell (V) (Feh)  @emd) (g W')
A- NOOH50 e 16.4-163.0 3.0-30.0  82.0-822.0 \;.1-5.4
B-N9OH60 1.5 $9-803  0.1-1.0 . .4Y~ 3-53
C-N9OH70 1.5 14.0-139.0  0.2-1.5 . 8-8.4

Galvanostatic CD is considered one of the complimentary procedure of r
that is normally emploved to practically test superc;apacitors and batteri
capacitor device with less effect on high .internal resistance, the consta
straight lines with +1/c and -1/c respectively (Niu et al., 2006). In

cGn@d'{-current
fe, fo constant
ischafg&relations are

itace, power and

energy densities were also investigated lesing the galva.nostatic CDt : s of (a); Ce.ll‘-A
(b); Cell-B and (c); Cell- C were all deplcteq at a working volt £ t current densities
i e. 10,20 and 100 mA. The effective CapaCltanC(E,l power an : lated. In f:ell-A, the
discharged capacitances obtained were 16.36 Fg 32.73& 163.6‘6. e at an apP,hid current
density of 100, 20 and 10 mA: the ca1cula_tec}lenergy and er d% e /1.27 Jg~'s™, 164.40
Jg 12,52 Jg7's™t and 822.00 Jg7/5.38 Jg''s at th rementl g“ ities. For the cell-B, the
discharged capacitances obtained were 8.89 Fg ', 1 an z I ively at an applied current

density of 100, 20 and 10 mA; }he ca[culafd e
Jg™'/2.52 Jg~' 57" and 448.40 Jg 1/12._515 Jgts
capacitance of the cell-C are: 13.95 F¢g ,?7.90 Fg dl
100, 20 and 10 mA; power/energy dens tlesw.%
3887 Jg~'s™ atthe aforementioned c@r sities. @u .
of the dissolution of the active materials in th@electrolgt &ﬂ_ faults of the _electrgc‘ie (e.g. Expansion,
agglomeration and so on) and the imiglance Of . ich can cause.mstablllt_y of the electrc.)de
poTential (Wang et al., 2013). Hen thcNjischarged c f:ltanC%creases'with the increase in current denley,
which could be as a result of the* etrasiomgf iGfs intofhéyinner region of the pores due to fast potential

changes. c (J
4. Conclusion

%4.70 Jg7'/1.26 Jg™t 57!, 89.40
i inally, the resulting discharge
ly at an applied current density of
40.12 Jg™'/1.67 Jg™'s™" and 700.16
1dle in capacitance could be as a result

’ :'(,)

%.perfo hange s n$c supercapacitor based on CPNMWCNTs sandwiched
Wik r ectro% re thr&8ycells assembled, the optimized N9OPVdF-HFP10 [H50|
) shmetric supercapaciq}?ands better to be operated reversibly in a wide potential
‘ndow as high as 3/ d delivers a high cap;—%]‘igi 1ce, energy and power densities of 163.66 Fg™', 822.00 Jg ™'
e 38 Jo's™! ively. and long-term cyclihg stability of 5000 cycles. With the increasing demands on
O \'itl; high energy and power densities, therefore, these results afford a convenient and

ener storage ) :
efﬁc%c):lnt wa struct supercapacitors based on CPNMWCNTs electrode materials.
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r porta le' appligations such as
ed shper c;rs cells, each,
i

Abstract
This paper reports on the development of th.ree pieces of_ supercapacitor
mobile and wearable energy storage. Ina primary embodiment, the three de :
consist of two flexible electrodes fabricated on thin metal base substrategaThe electrofle, m ;iya c@’nerclally
prepared multiwalled hydroxyl carbon nanc?tubes (CPHMWCNTS), san hybrid so é@ separator
doped with an appropriate jonic material acting as an elecFrolyte. The 1.n . rafor a
made of filter paper, a polyvinyl alcohol (PVA) doped with phosph
Three cells were then assembled and leveled as cell-A (C90PV
(C90PVdF-HFPlO |H60] C90PVdAF-HFP10) and c_:ell-C ( \Y
evaluations of these three different electrodes and the.xr subst%
of active material and suitable percentage concentrations ielded optima erca@ or pe.rformance..From
1-B deWvered higher capacitance

. B A v,
11 results of the electrochemical analysis of cyclic vo mem(iu .
e i S K ") and even doubling the

- s ) . H d
60.10 F ! which was higher than the capacnta%ﬂtau}e . .
gipga?:itance obgt',ained by cell-A (42.1 Fg™'). Whereas t%h e-djs®arge ) testscarried out in the cells reveals

elec te layer was
ntc ntrations. The

C90P, FP10), cell-B
0 C dF-HFP10). The
or selectlon of a combination

that, even at the lower voltage window of 1.5V, livered bet@r than A and C with a bal:alnced and
ben;r discharge capacitance of 119.0 Fg“ and l% ergy/p r densiti 597.0 Jg '12.6 Jg"‘s and very

low internal resistance. S
Keywords: supercapacitor, hydroxyl m 'erbon hano ‘bzs,& rential Scanning Calorimetry (DSC)
Analysis, cyclic voltammelry (CV), char% rge (CDY, hy 1} 2‘) olymer electrolyte (HSPE)
1. Introduction \ \ (_)

try across the globe, efegay s be C‘Tl sue o %onal security, especially with the current rise
!n e o Couln g bRAy (Dubhal &t & n of &1 fuels and increasing environmental pollution.
in the globa ecoerw) demands 'n\em rogmemally] s téhfdble manner is currently the most important
Meeting Fhe ell’ [lanﬂc facin (%5 ety oﬁ:v,e evices can efficiently store electricity generated from
g C]czse chhLa wate;. vin wt rm tric, fuel cells, for rcuse at many different scales.
f[?l?:f\g?:flee :l(::frﬁ)’ ;‘Ofﬂﬁ% \ Suclraﬁ)_a);es a ercapacitors, have become a key to society (Shi et al.,
2013).

supercapacitor also
Inagaki et al.(a),
storage device for

n as Electrochemi 1(¥apacitor (EC) or ultracapacitor (Hashim et al., 2014,
- Hashim & Kbhiar, 20!19:\Burke, 2009) affords new, eco-friendly and low-cost energy
Xressive civilization and growing ecological agencies (Dubal et al.,, 2014), their
rism?: a combination of high power density (Wu et al., 2013) and a balanced or reasonable
i | et al.. 2013) with fast response time and almost infinite life cycleability (Zhao et al.,, 2011)
encrgy degaty e devi i tional capacitors and fuel cells. Hence, the ab
ther storage devices such as batteries, conventional capacitors and fuel cells. ence, the above
uitable for use in many applications ranging from applications related to portable electronic

jes make them s : : ‘
Srcz/;i)s;;lf(fperem et al., 2013) UPS, to a hybrid motor vehicles (Inagaki et al.(b), 2014; Qian et al., 2013).
€ ks
lectrochemical Double Layer Capacitors (EDLCs), the charge is stored electrostatically at the electrode—
e [yte interface, so. as a result of this storage mechanism, these devices can be charged and discharged within
elz?rrli )’of seconds (Bockenfeld et al., 2013; Gund et al., 2013; Jiang et al., 2013). Electrodes based on carbon
a 1

tubes (CNTs) deliver an impressive power and energy due to their high surface area, high conductivity and
nano .
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consequently, when functionalized, these electrodes, can deliver up to an optimum level of power and energy
densities (Jiang etal., 2013). Hence, this study focused on the fabrication of supercapacitor based on commercially
prepared hydroxyl multiwalled carbon nanotubes (CPHMWCNTSs). Functionalized supercapacitors are believed to
have some key features due to the functionalization processes that occurs in the CNTs chain. The widening of the
pore sizes of the CNTs (when functionalized) will result in their improvement for the electrolyte infiltration and
ion diffusion throughout the electrode. Other features include the wettability, excellent capacitanc ood
charge-storage properties (Van Hooijdonk et al., 2013). Stability for long term storage is one of t wthe
functionalized CNTs (Capek, 2009).

2. Methodology %
2 1 Electrolytic Materials .‘s

Three different polymer electrolytes which also served as the separators were prepared ws; The H;PO,
(>85 wt.% in water, molar mass of 98.00 gmol", product, number of 1502-80) was obtgined Myaqueous form from
R & M marketing, Essex, UK brand, while the PVA (molecular weight; 89,000-98,0(N % hydrolyzed) was
obtained from Sigma Aldrich. Both H;PO; and PVA were used as-received g further treatment or
purification. An aqueous solution of PVA was then prepared by combining PV stilled water in the ratio of
1:10 by volume. This solution is mechanically agitated b)f magqetic stirring at r ﬁv, hours to thoroughly
dissolve the PVA in the distilled water. H;PO, was then mixed with the PV us solution in th€ ratio of 70:30,

60:40 and 50:50 wt. %. °
These percentage weights were shown to have promising conFluctivities e an amfient t %ran@ We have
reported this development in (Hashim et al., 2012)‘ for a hybrid electr &t 2 combingtiofof :Séwvt. %. After
the mixture cools to a room temperature, the resulting homogenous sglutiofof PV 47/H P as cagt over a plastic
Petri dish. This was done after a cellulose filter paper (“’haman bran c mx5 (sizes that fits
into the Petri dish) and soaked into each of the aforementionegysoluti¥ns. v mi)aq, ook roughly four

yte ( E) that is peeled off

weeks before it dries. Thereafter, the resulting flexible hybricco 13gOlyme

from the Petri dish was used as the separator. \ O
5 2 Electrode Materials and ¢ “ell Assembly \ Py
The Hydroxyl MWCNTs with the following specificatfem@ROH conteit 0 X7 % an outer diameter of > 50

nm, length of 10-20 pm, purity and Ash are both >95 wi¥
and Conductivity of >10° Sem™ was purchased 19
used was P(VdAF-HFP) (average moleCu!ar weig
427160) was purchased from Sigma Aldrich.

use as a binder or even a polymer hos su
performance, processability, and safety.

capable of trapping large amounts of iquid
stability and sufficient mechanical igt : for
ing}

~.400,00 of ~NB,000 pellets; product number of

P)fcopolynigr wa nd to meet all the requirements for
itgr fab a!io to its electrochemical stability and

lym nfas amorphous domains (HFP) which is
&

ry!faﬁ?e regions (VdF) which provide chemical
W et al., 2012). Moreover, P(VdF-HFP) is
eme high dielectric constant (Kim et al., 2013).

proven to have strong electron wit
Therefore, the double layer copg Nﬁs de wwepixtur€ OF90 wt. % of the CPHMWCNTs and 10 wt.% of

VdF'HI;P) mixed inside a 2(‘%‘ e agetohe. u s then cast onto to the Aluminum foil and allowed
f(f deydey about two hours m +@mpergturenPripr to tap an applicator was used to polish the slurry with the
view to leveling it and obai a de thigkness

ire was around 0.127 mm. The dried sample was then

her dried in an oven oyt 12 hotirs g\per of 100 °C. Afterward, the solid films were obtained and

ST her cut into 2 € > W cm? each. The weight® of the films were measured by means of a micro-balance

- fu‘rt e;\x 224) v.l- ccuracy of 0.001 m ¢ average weights of two electrode films that make a cell was

(Samodn(;lsz,zzi ~U ) erspex of about 5 cm x 4 ¢m, the cell was set up by sandwiching two electrodes with the
e . d in an innovative supercapacitor tester.

tained with an XRD (Philip X'Pert XRD with Cu K, radiation of wavelength }=1. 54056 A
n 10° and 80°) that used Cu Ka radiation (A = 1.5406 A) operating at 40 kV and 30 mA. The
gies of all firms were investigated via FESEM (SU 8030 a family member of SU 8000;
bility of 1.0nm / 15 kv, 1.3 nm /1 kV. and abling n}agniﬁcation of 80x to 2,000,000x).

harge-discharge (CD) and cyclic voltammetry (CV) analysis were respectively carried out using a newer battery
GHRiE which has been interfaced to a computer called ‘“e-machines” (model: ET1850, Rating:
?ggrg];r7/220-240VaC- 6/3.15 A (6/3, 15 A), 60/50 Hz) and Gamry instrument Framework (version 5.61). The

following symmetric capacitor cells were assembled;

electrolyte and

surface mor
Resolution capa

31



178

www.ccsenet.org/apr Applied Physics Research Vol. 6, No. 5; 2014

Cells: Cell A - HOOPVDF-HFP10 | H50 | HOOPVDF-HFP10
Cell B - H90PVDF-HFP10 | H60 | HO0OPVDF-HFP10
Cell C - H90PVDF-HFP10 | H70 | HOOPVDF-HFP10

3.1 Microstructure C haracterizations

3. Results and Discussions \?

[n order to examine the microstructure of the samples in this wor.k‘, XRD, and FESEM wer The spectra of
the X-ray in these samples were obtained from an XRD; a Philip X'Pert XR). model with Cu K, radiation of
wavelength A=1. 54056 A for 20 angles between 10° and 80° that used Cu.Ka radiation (4 = 6 A) operating at
40 kV and 30 mA. The XRD analysis of the H9OPVdF-HFP.10 ele.ctrode is depicted inggigurgW . As seen from this
figure, all diffraction peaks can be observed and t_he major d(l)ffractlon peagcs of the CPH NTs can also be seen
clearly. The first two peaks that appeared at in 26= :’26 and 6= .43 which m w.ith (002) and (101)
respectively indicate the presence of the embedded graphlte (;NT, while the last the jlght side at 26=56.1°
might also be considered as part of the CNT. Thus, the intensity of the peak ould dorresgond to the high

concentration of the as-prepared carbon electrode conductivity (Dong et al.;2@07). Furthesgopéffat the left hand
side of the trace, there appeared a diffraction peak at 20=20. 1° which cqrrespom® to fhe crygtlire {?ks of the
PVDF (Stolarska et al., 2007). Similar XRD results were obtained by@ 2010) , .i')

4000 iy \

i 3500

(8] %
w o
[=] [
(=} o

Lin (Counts)
1
o
(=1
o

S}‘E):e shown in the Figures 2-7. The morphological
1 pex(oynance of the cell in order to facilitate the electrolyte
tion and ion diffusign e elec us{Fi , depicts the FESEM images of sample electrode with
Pe"oetra he CPHMWC sample if8 simy regular, entangled and smooth surface morphology with
Ak :1:‘ eter of ~¥¢ ni¥ and lengths of sevaga micrometers. Although, few larger tubes are cited in the
ikt 1ant1ure t tes that, the origin CNT has been functionalized, since the normal sizes does
RBSELE Stgugo n, Nail structures can be seen more clearly in Figure 3, where the FESEM images of
e t?\)/([(i:/eCI\JTs %n at different magnifications of (a); 3.6 mm x 50 k (1 um) (b); 3.6 mm x 100 k (500 nm)
CPdH ); 3.6 X k (300 nm). However, in Figure 4 the FESEM images of HSPE containing 50 wt. % of both
aiclis ’d. PO N2 magnification of (a); 3.5 mm X 35 LM (1.00 mm) (b); 3.5 mm x 150 LM (300 pm) and (c)
P 2) y 100 pm) were all shown. Displayed in the images is the entangling nature of the surface of the
3'5mlin i hich was due to the incorporation of the filter paper. Except in a few spots, all over the surface of the
;ir;;%zr“llooks unique as the Watman filter paper was coated with composites of both PVA and H;PO,.

he same is applicable to Figure 5. Whereas, Figure 6, depicts FESEM images of HSPE with the content of 70 wt. %
The s 0. 30 wt. % of PVA and at a magnification of (a); 3.5 mm x 35 LM (1.00 mm) (b); 3.5 mm x 150 LM
of H3PO4, e (c)' 3 5mm x 300 LM (100 pm). There are some obvious changes in the surface morphology. Several
(:iggein:;(?tted seer'n to have openings almost everywhere, which indicates few flaws in the coating which may
p

FESEM images for the as-pre%@cn de

structure is necessary for th uired elecffoc
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result in lower capacitance. Moreover, Figure 7 depicts the FESEM images of C90PVdF-HFP10 electrode
overlapped on HSPE containing 60 wt. % of the H;POO:; and 40 wt. % of.PVA at the magnifications of x 45 k (1.00
pm). This image was also taken at an angle of 30" in orde.r to examine _the. edge contact at the electrode and
electrolyte and to deduce the required thickness needed during the sandwiching of the electrolytes between the
electrolytes to avoid high resistance.

V7. 7100
. e
.

P S N A TN

s

7§ A S

1112 OV 4 22mim x 150K S0 (L)

Figure 2. FESEM images of sample with 90 % CPHMWNTs showi : : re sizes at the
a magnifications of 4.2 mbg x 130

ST RN e

10 electrode at a magnifications of (a); 3.6
(¢); 3.6 mm x 150 k (300 nm)

el . : both PVA and H;PO, at a magnification of (a); 3.5 mm
i ESEM images of HSPE containing 50 wt. % of ,PO, :
Figure 4. F x 35 LM (%.00 mm) (b); 3.5 mm x 150 LM (300 pm) and (c); 3.5mm x 300 LM (100 um)
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Figure 5. FESEM images of HSPE containing 60 wt. % of H;PO,4 40 wt. % of PVA at a ification of (a); 3.5
mm x 35 LM (1.00 mm) (b); 3.5 mm x 150 LM (300 pm) and (¢); 3.5mm x 300 (100 pm).

Figure 6. FESEM images of HSPE containing 70 wt. % of HaRO4, 30
mm x 35 LM (1.00 mm) (b); 3.5mmx 150 LM (izcz ;M

A at a@fﬂcation of (a); 3.5
X 32< (100 pm).

5 2 OFV x OOK Sk LOOMIM

erlapped on HSPE containing 60 wt. % of H;PO,and
x 100 k (500 nm) and an angle of 30°

G OI 1830__30L

Figure 7. FESEM images
40 wt. §

3.2 Thermogravim@a ysis (TGA) )

wperature stability of the}mple was investigated by thermal analyzer in the scale-range of
nitrogen gas (N;) flow ata heating rate of 10 °C min"' on a METTLER, STAR® SW 10.00.

Mar techniques in our previous work (Hashim et al., 2014). The thermal stability of the samples

igure 8. The Figures were (a); 0 % sample (Background) (b); pure CPHMWCNTs (c)

— Single scale (d); H90PVdJF-HFP10 — Double scale.

he starting, we analyzed background heating, in order to clear any ruminant residue and to enable the
g tion o’f the analyzer. From the traces in Figure 8 (b) it can be observed that, the pure CPCHMWCNTs has
re-calibration O 0522 %% ocourring at 696.58 °C leaving a residue of 88.7270 %, Basically,this results show
the major I\c/)I i Iﬂl Ts have very good thermal stability and consequently, good in application of electrochemical
that, Purewh.le in Figure 8 (b and ¢), it can notice that, when the active material (i.c. the binder) was added into a
d.evgllc:fe.lectrcl)de three losses were recorded. The initial loss of 0.9300 % of the total samples occurs at 274.66 °C,
sin ’

The analysis of
50 °C to 1000 e
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then the second loss of 4.0847 % occurred at 388.95°C and the highest loss of 7.1 % was noticed at 605.36 9C.This

shows that incorporating a binder (of negli

conductivity supercapacitor.

0 | e BASAIAL, B 10D LI
PR et
y e Jresn AP, 1Y N D) 4G
| :

Figu

3.3 Electrochemical Behavior,

The electrochemical behavi

measurement was firstly
specific capacitance O h
Cell A (H90PVdEF-
window of 0.0 — 3, d

CV curves, itcan ®&ned that, the CV f)fmg
shape and mirro etric, indicating an ideal sup

the specifi

curves in't Tow
extend , indicating a ¢
420 Fg™, g and 11.1 Fg

there is a strong COrT
42.0Fg'to 1.1 Fg
(Shu et al.,

.re 8. TGA of the electrode at (a); 0

elation between capac

2013) or due to

FESEM analysis, it also suggests an i
from the CV from the cell at the scan r:

gible quantity) into the pure CPHMWCNTSs does not affect the
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PH|

X NS
Wc
to eyaluath thg ele
trod thfse “cells
50| H90 JFP

); scan rate of 50 2%?

ure CPHWMCNT (c); HOOPVAF-HFP10 —

sﬁvere(ﬂ/estigated by the CV and CD measurements. CV

hemical potential window and adequately quantify the
ng two-electrode system. Figure 9 reveals the CV of
t (a); scan rates of 10, 50 and 100 mV, within a potential
ithin a potential window of 0.0 — 1.0 V. From the resulting
1l at a scan rate of 50 mV and 1 V- voltage shows a rectangular
ercapacitive behavior for CCHMWCNTSs. We then calculated

ce of the electrode materials obtained in the two-electrode system by integrating the CV
e. However, the CV curves are rather in leaf-like symmetric in shape, when the voltage was
losely ideal capacitive behavior. The specific capacitance was obtained to be
! for the scan rates of 10, 50 and 100 mV, respectively. These results prove that
itance value and the scan rate. The decrease in specific capacitance of
| could either be attributed to the slow transfer of ions on the electrode electrolyte interface

he un-uniformity of the coated filter paper by the electrolyte as vindicated in the

35

mproved performance of supercapacitor at the decreasing scan rates. Noting
ate of 50 mV above, the potential window is quite stable for this electrode,
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we can, as a consequence, envision that, an operating cell with 1.5 V can be more stable especially when

assembled in a three-electrode system.

Furthermore, Figure 10 also shows CV of Cell-B (H90PVdF-HFP10|H60] H90PVdF-HFP10) at various scan rates

of (a); 10, 50 and 100 mV; 3 V- voltage WindO\lN, and (b); 50 mV; 1 V —voltage window. The specific capacitances

obtained in this cell were 88.6 Fg™',32.6 Fg™ and 22.7Fg ! for scan rates of 10, 50 and 100 mV respectively.

These results almost double that of cell-A which might be attributed to the increase in ionic condT in the
0

polymer electrolyte of the HSPE. While Figure 11 depicts a CV of Cell ~C (H90PV 10 H70|
H9O0PVdF-HFP10) at (a); scan rates of 1, 50 and 100 mV, 3 V- voltage window, and (b); scan rgfe mv,1V-
ider

voltage window. These CV curves result in a balgnce and modest capacitance value and is@gonsidgred better of
compare to the capacitance of cells A. The capacitance recorded here are 65.0 Fg™',36.6 nd 29.3 Fg'1 for
scan rates of 10, 50 and 100 mV respectively. Table 1 gave a summary results of the capagjgnce obtained in all the
three cells. Figure 12 (a) summarizes the capacitance performance in the combined grap apacitance against

the scan rates for cells A, B y

One important criterion in supercapacitor’s fabrication and application is its ability to Wave long —term cycling
stability. In this respect, the cycling endurance measurem'ent over 5000 cyclesgor aligthe cells (as shown in Figure
12 (b)) was conducted using the CD test gt the working voltage of 1.5 j

capacitance retention as a function of cycling {u{mber. It can bfe seen .
(HQOPVdF-HFP]O |H60| H90PVJF-HFP10) exhibits the best cycling stabill

initial value after 5000 cycles.
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Table 1. Performance of Supercapacitor by the CV

voltage window (b); scan rate of 50mV; 1V -

Working voltage

Cells V)

Capacitance value

m
A-H90H50 3 T \, mﬁ @"'
B-HO0H60 3 2 70) Y
C-H90H70 & 5 Ors.0

Table 2. Performance

Cells

A- H90HS50
B-H90HG60
C-H90H70

@ﬁ 7-448.4  0.04-4.7
Q) 59.8-597.0 1.20-12.6
447-448.4 0.03-03

Capacitance (Farad per gram)
C(Farad per gram)

Scun rate (millivolt per sec. ) |
|

——hooH0 |

100 b e HOOH60
9 | ——— H90HS0
80
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o :\
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40 |

30 _\_
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I;igure 12.(a)s combined gr
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Figure 13. CD graphs of (a); cell- A (b); cell- B and

The galvanostatic CD test is considered a betfer alternative and argu titativé met to evaluate the
supercapacitive nature of an electrode matenz.al comgared to the CV mcfguremgnt tgal 2013), the
capacitance of the cells was measured using this technique. The CD hs of (a)jCell .); @B and (c);
Cell- C were all depicted at a working voltage of 1.5 V and at thy Tc¥ent curfent ieg\l.@. 10, 20 and
100 mA in Figure 13. The effective capacitance, power and energy ties wgrelalc ated_wd the following
results were obtained. In cell-A, the discharged C'flpacxtances w ula 0 90 Faly 17.80 Fg™' and
8928 Fg ' respectively at an applied current Ei|ensnty of _1100 20 akd 10 i calcul eY%nerg?' and power
Jensities are 44.70 Jg /0.05 Jg” s, 89.41Jg7/0.10 Jg R #4840 /2%6 Jg kg respectively, for the
same above mentioned current densities. While in cell-B, ancekgblained were 11.9Fg™,
53.8 Fg~' and 119.0 Fg~' respectively at o agphed curre_l endity of_lO, 20%Mnd 1 A; the calllcu_l]ated energy
and power densities are 59.8 7127004 Jg™' s, 119.5p0g™/ 0 \ 7.0(Jg /1255 Jg™' s7" at the said
current densities. And finally cell-C has the follg sults for the

aditdece; 8.89 Fg™', 17.80 Fg™' and
9.28 Fg™' respectively at an applied current densi , ¥ and 100 mA; er/energy densities are 44.70

1g'/0.023g™ s, 89.411g7/0.05Jg™' s and 4% : 0.25Jg”" s Jat4he afdgementioned current densities. The

w

discharged capacitance decreases with the in sity noticed in each of the resulting

discharging capacitance of the cells, which ¢ s a gesult of the lo netration of ions into the inner region

lfthe: pores due to fast potential changegrGe ally, the ffade i jpa if8ace could be as a result of dissolution of

?he active materials in the electrolytes, 1€al faultstof thg elcc (such as expansion, agglomeration) and
o

imbalance of the two electrodes which can caffse thed Yy &ﬁlectrode potential (Wang et al., 2013).

C
o
4. Conclusion \ ' %
This research demonstrated thg fabriation Q[s used as an electrode for high performance
supercapacitors using HPSE Nn iog as -

elec and a separator. Three cells were successfully
fabricated which were IVl Jeb e WHEPTO |H50| HOOPVAF-HFP10, cell-B (H90PVAF-HFP10
|H60| H90PVdF-HFP10 a

10 H90PVdF-HFP10) with changes in the separator. The
K RD analysis depicts t anyof thg 90PVdF-HFP10 gppearing at 6= 26°_and 6= 43° which
oht be as a result ot agonal s cn}e of ) and (101) respectively, this also an indication that the
- 1 multiwall T have high conducti Again, a wider diffraction at 6=20. 1° which correspond to
z?yr:gfl);ne peaks QP . TGA traces showS\{fat, the pure CPHMWCNTs experienced a major loss of just

0522 %, occu 696.58 °C leaving a residue of 88.7270 %, which also prove that pure MWCNT have very
1O'od them; | and consequently, good, in application for electrochemical devices. From the overall of the
go

trochem Mnlysis of CV results, cell-B delivered higher capacitance of 86.6 Fg™' which doubles the
electr¢ obtIMed by cell-A (42.1 Fg™'). In CD analysis with much lower voltage window of 1.5 V, cell-B
CaP.aCItad B capacitance than cells A and C, delivering a balanced and a better discharge capacitance of
‘lj?gvoe;eg—x with higher energy/power densities of 597.0 Jg™'/12.6 Jg7's™" and lowest in terms of internal resistance.
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Abstract

The nobility of solid polymer electrolyte (SPEs) has made them a subje

interes Jskegain the arena of
: ence and technology and most importantly as they are used as separators in iM@ustrigs and sc'gys for the
scie -

bly of some “few battery types” and supercapacitors. This paper, ights thglnobi ‘E't brid solid
aSslerrr:qeryelectrolyte (HSPE), particularly at room temperature such thaggi®@an be use e QM as well as a
pcf.*);’>ellreltor in supercapacitor fabrication. The hybrid SPES were prodyced n of ptyvinyl alcohol
s ) 5 t ile ¢ hosphori id
(PVA) and Phosphoric acid (H,;PO,), where the PVA samples ml’ ile Aavphosphoric aci

centration was varied at 0, 10, 20, 30, 40, 50, 60, and 7@ Wt. . sho t, the crystallinity
Zonreases as the acid concentration increases and consequengy, is an efiha ent e amorphicity of the
ec

. ] i istic behayiol fvas coffirmed by the analysis of
nsible for the process of ion transport. Thi e & ;

samplfzz reesnri?al scanning calorimetry results. FESEM re ctured the @litanglifghature of the combined
the differ edgmposition of 70:30 wt. %. It

amples. High conductivity of 1.67 x 103 Scm™! was geeorded for \LS{’T
ivas also noticed that, the bulk modulus, Ry of the 73 = e r@
)s P

ioned composition decreases

with the increase in concentration.

“
. . Pwiny! Hlcoh A), phosphoric acid (H;POy),
. hybrid solid polymer electrolyte% » PO ﬁ )
Keywords 1’;);1 Impedance Spectroscopy ( _DMWerengi ing Ca\ metry (DSC) Analysis

Electrochemi

g !;“ z d kerglGo s M2000; Kumar & Sundari, 2010; Zhang et
. 5 lectrolyte by ofjand co-worker, ?u / - Kuma . ’ .7
Thezlg(\)/z?t\l(oar;zfgggy?gaegavendran al., 2604, th Ulaganathan et al, 2012; Kuo et al, 2013;
i;;ng et ;.l., 2013; Noor et al., 201 Nrmar‘lj (
three decades (1973) in the year 201 dev

tiogs
olymer electrolyte.Three ca
oE ') Polyelectrolytes ¥ wHict’h
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legtra¥yte systems have been identified recently. These
ep nt ion-generating groups chemically bond to the

include, : “%n'in rder to maintain the electroneutrali of the salt. These
macromolecular chain an%;t?fi 2? t1 10""* Sem™! in dry conditions, bg in the presence of
types of polymers ha\’i1 . therg: cyviti improve (Ulaganathan et al., 2012). (ii) Solvent Swollen
dielectric solvent suc N4 = In SSPE solvm{?&h aqueous and non-aqueous swells the host polymer live
polymer Electroly e soiutes such a; HgPQ‘@ osted in the swollen lattice thereby permitting the motion of
PVA. S0, e dop%len region of the polymer host. Their conductivity depends on the concentration of the
ions in t.he e N hat is being swollen (Ulaganathan et al., 2012). And lastly (iii) the Solvent Free Polymer
solvent In the : Thise are polymer salt complex, which is formed by complexes between salts of alkali metals

Electrolyte ining solvating hetroatoms, example; O, S and N (Ulaganathan et al., 2012). The complexation
and POIYAQ o lene oxide (PEO) and alkali metal salts is a good example of SFPE. SFPE are sub-classified into
petween po Y mer Electrolytes (SPEs), (b) Gel Polymer Electrolytes (GPEs), and (c)

: Solid Poly ]
three also. Th;)rln:rree’le(cat)rol)’tes (CPEs) (Kuo et al,, 2013; Tripath et al., 2012). GPEs can be simply regarded as

. l . . .
Composite Be lex (Ulaganathan et al. 2012). They are therefore consisted of a liquid
| et lymer-salt complex (Ulag e S 1 :
lasticizers l-ncorggirﬁtzzij};z z polymer matrix (Hashmi, 2013a) and exhibits high ionic conductivity (107 to 107
eleotrlolytes o temperature) and can be obtained by either loading of a liquid electrolyte in a microporous matrix
Scm’ at ambient (eMp*~ fa liquid electrolyte through the addition of a soluble polymer until gel consistency

or by increasing the viscosity 0

—
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is achieved or by mixing a liquid electrolyte with.mo.nomers of relatively 19w {nolecular weight, then curing the
mixture by other means, such as UV polymerization, tl}ermal polymenzatnor} and e.lectron beam radiation
poly merization. They are criticized for having weak mechanical stre:n.gth and.poor mterra'maI prqperties (Qiuetal.,
2004; Hashmi, 2013b). In CPEs, they are normally.prepared by addxtlf)n of high surface inorganic filters like SiO,,
MgO, TiO: and alike so as to improve the mechamgal §Uength an.d ‘stnffness of the .complex systems (Ulaganathan
et al., 2012). Furthermore, SPE is thin films with ionic conductivity when esp_ec:ally an alkali, s icoolves in
polymer matrix. SPE have drawn great attention in the.: df:velopment of science and technglogWof lithium
secondary batteries. SPEs have several advantage§ over liquid, gel or even composite electr teN°. hat, it has
process ability, flexibility, light weight, elasticity and transparency (Zhang et .al.,' 20Q0% irable shape
moldability, being free from leakage, mechanical strength, better stability esgecxally in hig efature, and high
specific energy and power (Lim et al., 2012). Furthermore, use gf use of solld_polyrr}er electrole can negate the

eed for a separator and be amendable to low cast manufacturing technologies (Qiu eRg}*®004). Some of the
. lications of SPE are in Batteries, fuel cell, supercapacitors and other electrochemical 8gvices (Sawada et al.,
;gr())O) and other electrochemical devices (Sotta et al., 2010). &

works published particularly on the hybrid polymer electrolyte characterizat'onsvite minimal. Most of the
le§grol

ublications focused on the characterizations of pure .sol.id polym vie such as those in
it ati et al. (2010) and Ahmad Khiar and Arof (2010). It’s in light of veomthat, this paper tries to offer a
- ag step approach on the conductivity studies of the this hybrid po so asjto deterglihe the specialties
o I'Zr t0 it. in comparison with the pure solid polymer electrolyte and in the suitabifity¥!comgpesition for
peet’ la e in,the supercapacitor fabrication which is the main target of ture wrk. H cf, ¢ | measures
g;evz Sbégen put in place to ensure that, every detail characteristic of t ve materidls eciallyse the PVA (its

molecular weight and its percentage hydrolysis), the type ofthe% d andven t ﬁlt@afper brand were

taken into considerations

2. Experimental V o\ ‘é
2.] Preparation of the Composite PVA Electrolytes % d
The hybrid solid polymer electrolytes (HSPEs) experim pr%o as didewSsed elsewhere by us, in

8 " (2012), Hashim et al. (2014) and by Ji i SO ow effective they are when
Hashim et al. (2012) ere prepared using the active

ctrolytes in the superca
used *}Slzef;,r::,?:eagséi;@ a)rlld PVA. ThepHg i c li while PVA acts as a polymeric
materia Allowing fonic transport while simultafgo as or between the electrodes of the
i acitor. On the other hand, H;PO. (>m i ar of 98.00 g/mol, product, number of
supercap .obtained in aqueous fo fro M Ess%ﬂ( brand, while the PVA (molecular
1502-80) was aMIdrich. Both H;PO,and PVA were used
uffon of PVA is prepared by combining PVA

weight; 89,000-98,000, 99+ % hydrol
echanically agitated by magnetic stirring at

as-received without further treatment or puri
water. H;PO, was then mixed with the PVA

with distilled water in the ratio of 1%/ lum
° hours to thoroughlydiss
60 walition : 0, 60'40/ 0:50, 40:60 and 30:70 wt. % for the HSPE to be
le IO he mixing is done in a drop-wise manner with

b
1¢om§@ely turns to homogeneous solution.

- n S
o]
=3
w

—

aqueous solution in the ratio of
obtained. (This mixture has
magnetic stirring at 60 °C for P R . !

. e is then all 0ol davn tg ar amppent temperature. The resulting homogeneous solution of
The MIKTE. t ov 1 ¥tic Pafftidigh rior is, the Petri dish was scraped off the dust using a tissue
PVA/HPO, IS ¢85 ;PO soluffon liditRS'OmO the Petri dish and upon curing for about 3 — 4 weeks at
nger curing period is nected to its high molecular weight and consequently more
d. Prio, hat also, a cellulose ﬁlterpxper (Whatman brand) is cut into a 6 cm x 5.5 cm and soaked ina
hydrolyzec. '/ \ntionéd solution. The solid layer was easily peeled off from the Petri dish after it dries as a
segment o . =¥ hown in Figure 1. The resulting polymer film was then put in the plastic bags for safe

€

soaked in acetone. Th
room temperature,

freestandi inati rrounding, for further property analysis
i VBid contamination from surrounding, y

keeping,an ty

3. Result scussion

3.1 Conductivity and Chemical C omposition Analysis
; ductivity measurements of the different percentage ratio of PVA-H;PO, of HSPE films were carried out
The Condu dance method that was highlighted by Ahmad Khiar and Arof (2010). The hybrid solid polymer
using an imp® : i hed between a stainless steel, ion-blocking liked measuring device (otherwise known as a
films were sanf Wl(;ace area 2 cm? in radio, in 2 spring-loaded glass holder. The impedance measurements were
rob_e()j’ jsfgyou:il:g Electrochemical Impedance Spectroscopy (EIS) testing machine named HIOKI 3532-50 LCR
carrié
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is achieved or by mixing a liquid electrolyte with monomers of relatively low {*nolecu]ar weight, then curing the
mixture by other means, such as UV polymerization, t}}ermal polymerizatlox? and e.lectron b»,fam rzjndiation

olymerization. They are criticized for having weak mechanical strength and poor interracial properties (Qiu et al.,
I;004- Hashmi, 2013b). In CPEs, they are normally prepared by addition of high surface inorganic filters like SiO,,
MgO’, TiO, and alike so as to improve the mechanical strength and stiffness of the complex systems (Ulaganathan
et al., 2012). Furthermore, SPE is thin films with ionic conductivity when espftcially an alkali, issolves in
polymer matrix. SPE have drawn great attention in thc_t df:velopment of science and techgol of lit‘hium
secondary batteries. SPEs have several advantages over liquid, gel or even composite elecgly that, it has

rocess ability, flexibility, light weight, elasticity and transparency (Zhang et al,, PWlesirable shape
gqoldability, being free from leakage, mechanical strength, better stability especially in hj mptrature, and high

ecific energy and power (Lim et al., 2012). Furthermore, use of use of solid polymer electrdfyte can negate the
SI:aed for a separator and be amendable to low cast manufacturing technologies (Qiu W2004). Some of the
:pplications of SPE are in Batteries, fuel cell, supercapacitors and other electroc% evices (Sawada et al.,

2000) and other electrochemical devices (Sotta et al., 2010).
tio quite minimal. Most of the
€ tror'te such as those in

boWe that¥this paper tries to offer a
er so as & ine the specialties
rtairfthe spitability cvposition for

works published particularly on the hybriq po_lymer electrolyte c}?aracteri
publicatiOHS focused on the chargctenzatnons of puri: .sol‘ld poly
Prajapati et al. (2010) and Ahmad Khlgr.and Arf)f (2010). It_s in llght
step by step approach on the conductivity studms of the this hybrid po
peculiar to it, in comparison with the pure sohd.pol_ymer elec_trolyte a
the usage in the supercapacitor fabrication Wth.h is the ma.m‘target o
have been put in place to ensure that, every detail characteristic o

molecular weight and its percentage hydrolysis), the type of t#?i.

future gvork. Hefice ful measures
taken into considerations

speciﬂ'%x of the PVA (its
2. Experimental V °‘

e fl&tlx'paper brand were
X

2.1 Preparation of the Composite PVA Electrolytes 4‘

The hybrid solid polymer electrolytes (HSPEs) ex;mtal reparati@ was Qussed els.ewhere by us, in

Hashim et al. (2012), Hashim et al. (2014) and by Jfang et al. .( : al how effective t.hey are wh.en

used as separators and electrolytes in the superc 1tg f.‘abr h ‘ s were prepared using the actlYe

materials comprise of H;POs and PVA. The ctnoﬂs as nic , while PVA acts as a polymeric

i llowing ionic transport while simudign ly furtetjoning as a rator between the electrodes of the
i e >8 Syt olar n&ss of 98.00 g/mol, product, number of

citor. On the other hand, H;PO Yo
su%ezr_cga(;))awas obtained in aqueous fo & M| marlggting, , UK brand, while the PVA (molecular
150 ht: 89,000-98,000, 99+ % hydr@y s obtaified fi mlS'@? 'Aldrich, Both H;PO,and PVA were used
wse:,ice’iveci without further treatment Of pugfication agflegugsolttion of PVA is prepared by combining PVA
as-

/A

.+ distilled water in the ratio ofdigl0 by vohm&™Lhi¥soluti mechanically agitated by magnetic stirring at
wltoc for five hours to thorou diSsplve ttie PV in the dislled water. H;PO, was then mixed with the PVA
60 us solution in the ratio 00%,90:1 :30,@ ,50:50, 40:60 and 30:70 wt. % for the HSPE to be
ab;l;?]ed (This mixture h b SuTa‘riz m [Fab, &) The mixing is done in a drop-wise manner with
o g -

agnetic stirring at 60 °C ut onf hour it coffPletely turns to homogeneous solution.
m

ixture is then a cool ownfto Jan #nt temperature. The resulting homogeneous solution of
s lePO is cast dtepa Prastic i Pri this, the Petri dish was scraped off the dust using a tissue
PVA/};? ;etone c /H;PO, sofutio solimes onto the Petri dish and upon curing for about 3 — 4 weeks at
et ratu . longer>curing period(j%ionnected to its high molecular weight and consequently more
room 1eMRe o that also, a cellulose ﬁltaipaper (Whatman brand) is cut into a 6 cm x 5.5 cm and soaked in a
meentioned solution. The solid layer was easily peeled off from the Petri dish after it driesas a

hydrolyzed. B

f the : 2
A s shown in Figure 1. The resulting polymer film was then put in the plastic bags for safe

eestan R ) }
fl;r eping o¥void contamination from surrounding, for further property analysis
Yo 3’
3. Res Discussion

3.1/ Conductivity and Chemical Composition Analysis

he Conductivity measurements of the different percentage ratio of PVA-H;PO, of HSPE films .were .carried out
- .5 an impedance method that was highlighted by Ahmad Khiar and Arof (2010). The hybrid solid polymer
L re sandwiched between a stainless steel, ion-blocking liked measuring device (otherwise known as a
m::e)w :ach of surface area 2 cm? in radio, in a spring-loaded glass holder. The impedance measurements were
I )

rried out by using Electrochemical Impedance Spectroscopy (EIS) testing machine named HIOKI 3532-50 LCR
ca
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Hi-Tester which was interfaced to a computer. The frequency range of the device was 50 Hz - 1 MHz, and
simultaneously calculating both real and imaginary impedance.

Figure 1. Showing a prepared HSP

| S
Table 1. Table Showing the Overall Formation of the HSPE Prep on v~§
Coding Measured Quantity PVA  Measu ntig{' PV‘N?‘

in Distilled Water (g) of Hj

" . O
: é—, N

H40 p

H50 2 \

H60 2 :
H70 %ﬁ J L) 30:70
fnjf %

The sample exhibits Debye charglterMgcs, an, the plots, e negative imaginary impedance versus the real
ici ike shape (Ahmad Khiar & Arof, 2010). From the

impedance on the graph shoul le to ay micir
Equation 1, we calculated ttwical Fou oftl@mples;

Q— ) Ol
3 (2)
R,A
Where o is the cgdINIVI®y . Ry and  are 12 vely the thickness, bulk modulus and area of the samples. The
thickness of theQu s measured twice's{different positions of the polymer films and an average was taken
using digital e%ter.

s impedance plots of a sample of the HSPE containing 0, 10, 20, 30, 40, 50, 60, and 70 wt. %

, at room temperatures respectively. The manifestation of semicircle in the 10 wt. %, might be as
esence of the immobile polymer chain that could be found in the filter paper itself. In this case also,
it was obs £d that, the R, value decreases with the ing:rease in concentration. The calculated values of the Ry, are
1.15x10% 1.15x 10°,1.00 x 10¢, 1.50 x 10°,2.10 x 10%,4.30 x 10',7.37 x 10" and 5.73 Qfor 0, 10, 20, 30, 40, 50,
60, and 70 wt. o4 ratio of the H;PO, respectively. Moreover, Table 1 summarizes the relationship between the acid
concentration and the polymer matrix. It was further deduced from the table that, the thickness on each sample, had
some impacton the conductivity of the samples. Hence, while the calculated bulk moduli of the HSPE are found to
pe promising, the thickness of the sample hinders its conductivity. However, in terms of use as separator in

Q
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rcapacitor, the use of HSPE proved to be more acceptable and better as it has been reported by us in (Hashim

2014). Furthermore, the highest conductivity was noticed for the HSPE was 1.67 x 107 Scm™ when the
t. % and the lowest conductivity was noticed at 2.25 x 10"' Sem™ when the H;PO,

supe

et al.,
H,PO, was increased to 70 w

percentage was nil.

| \’Y'

L
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. _ure 2. Impedance plots of HSPE ¢ 0 wt. %Ya); w!. 9@); 20 wt. % (c); 30 wt. % (d); 40 wt. % (e);
ERE ' 50 wt. % (); 60 wt. @ : "/\& at @he H3;PO, at room temperatures
Table 2. Parameters that Detergli Co ivifPin H§
m 5) Ry (Q) o (Sem™)
: - & 85 1.15x 10° 3.83x 107
H10 90:1g Qﬁmslo 1.15x 10° 1.74x 107
120 80:20 4 \‘3'0.01620 1.00 x 10° 5.16x 10?
130 70:30 & 001730 1.50 x 10° 3.67x 10°
80 N 60:40 0.02005 210 10° 3.03x 10°
0«% 50:50 0.01980 437x 10! 1.47 x 107
P60 40:60 0.02000 737 x 10" 8.64 x 10°
30:70 0.30000 573 x 10° 1.67x 107
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3.2 Crystal Structure nalysis

Lan (counls)

i, s KN D 24 . o
2-Theta-scale 2—1'hetaqu-

Lit (countsy

e At [Nl 14

2 Theta <cale

Lin teounts)

\ 5 s M . X oy I, 5
2o lheta-scale ,

Pheti seale

Analysis of HSPE containing 0 wt.% (a); 10 wt.% (b); 20 wt.% (c); 30 wt.% (d); 40 wt.% (e); 50

igun
Fig wt.% (f); 60 wt.% (g); 70 wt.% (h) ratio of the H3PO,

The crystal structure analysis of the solid polymer electrolyte films was examined by a Philip X'Pert X-ray
diffractometer (XRD) with Cu K, radiation of wavelength A=1. 54056 A for 20 angles between 10° and 80°. The
<RD analysis was carried out on the HSPE films. After the analysis, the following results were obtained.
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The analysis of the structure of the HSPE for 0 wt. % (a); 10 wt. % (b); 20 wt. % (c); 30 wt. % (d); 40 wt. % (e); 50
wt. % (); 60 wt. % (g): 70 wt. % (h) ratio of the H;PO, has been shown in Figure 3 (a-h). From the figure it can be
observed that the semi-crystalline peak of the PVA was at 6=20° which also affirmed the earlier argument put
across by (Hashmi, (¢). 2013) about the semi-crystal behavior of the PVA. While the border humps by the left
shows the inclusion of the acid and that of polymer.

3.3 Field Emission Scanning Electron Microscope (FESEM) Analysis T

In this analysis, an ultra-high resolution (UHR) FESEM (SU 8030 a family member of . Resolution
n
h

capability of 1 0onm/15kV,1.3nm/1kV and abling magnification of 80x to 2,000,000x) selected. The

HSPE films have been examined using different magnifications. The resulting images oWn in Figure 4. In
that figure, the FESEM images of HSPE containing 0 wt.% (i); 10 wt.% (ii); 20 wt.% (iii); 30Wwt.% (iv); 40 wt.%
(v); 50 wt.% (vi); 60 wt.% (vii); 70 wt.% (viii) ratio of the H3PO, was displayed at thr rent magnifications;
3.5 mm x 35 k, 3.5 mm X 150 k and 3.5 mm x 300 k respectively. Overall, the intan ing nature of the images

indicates the presence of the compositions in the filter paper. And the cited gross s of the picture from one
sample to another, indicates that, the Whatman filter paper soaked in the p ompositions of the PVA/
H,PO, liquid electrolyte was not “well-soaked” as such, the some samples ghow gbvious holes.
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—

Figure 4. FESEM Images of HSPE containing 0 wt.% (@ ; e® § wt.% (iv); 40 wt.% (v); 50
Wt.% (vi); 60 wt.% (vii): 70 wt.% (viii); ratio of the Hj e magnificg mages taken were at (i) 3.5

mm x 35 k, (i) 3.5 mmpx 150 K'a .
C) A
@ S
&

/4
¥

3.4 Differemia/ Scanning Calorimetry Analysi

The DSC thermal analysis was carried out

tmosphere with 10 °C/min heating rate fr
a havior of the whole samples.therefgpe, vaious para l?te ermal properties such as glass transition
bempera‘“re (Ty), melting tempera of cry, ?lase the polymer electrolytes and degree of
z;erystallinity (T.) can be evaluated from DS Symmarized in Table 3. The samples for DSC

easurements were prepared fro Nral tiny ular pi cut from the polymer film to a mass ranging
iy 19.82 mg for the I-&T e temyperatus€ rang ied was —40 to 200 °C. The heating/cooling rate

]
o2 Me do I&%’ASSI with Star software under N,
30Q°C i er to rve the crystalline and semi-crystalline
etersde
llin
tggid

from 7.08 — | NS
was 10 °C/min. : | (,%J

.

Table 3. Parameters for sfmomefric Ahalpsis i’i&Q{.GPE
% f o <‘ Temperature (°C)
Coding VA PO, Mass (&,Y. T, T T,
0 \ 0 7.08 N 89.43 215.76 165.00
H10 ? 0:10 8.58 125.00 164.81 95.00
H20 80:20 14.63 145.35 172.59 -
H300 70:3 12.08 142.85 68.34 e
H40 60:40 12.08 119.24 159.89 -
H50 50:50 8.65 102.72 117.70 -
H60 40:60 19.82 96.80 150.24 -
H70 30:70 8.80 84.51 111.91 =




195

Www.ccsenet.org/jmsr Journal of Materials Science Research Vol. 3, No. 4; 2014

Figure 5 shows the DSC analysis result for the HSPE containing 0 wt. % (a); 10 wt. % (b); 20 wt. % (c); 30 wt. %
(d); 40 wt. % (e); 50 wt. % (); 60 wt. % (g); 70 wt. %. From that Figure and the Table 3, one can deduce that, only
the HO which has 100 wt. % of PVA immersed with filter paper immerse in it, gave a T, value that is closely
related to the theoretical value. Others have been down and upward shifting in terms of the 7,,. Moreover, we were
unable to detect the 7. for all the samples except in HO and H10. However, since the higher the melting point
temperature the more the stability of the molecules therein, pure PVA has more stable molecules t A/H;PO,
composite. So, it can be seen that the T,, and T, values decreases (or even diminishes) as the efgpceljtration of the
acid increase. This is as a result of the fact that, in homogenized blends, the melting shi &e lower level
(Othman et al., 2011; Guirguis & Moselhey, 2012.). Furthermore, the theoretical glass tran§ition gf the PVA alone
is about 85 °C while the composite shows down and upwards shifts of this temperature. ould be also be as a
result of the gradual increment in the concentration of the acid.

D d aman -
- — vy ane
see wvetveant Var e wp v
s e pREm AmY e B g
P

Crraem
b ¢ a2
.

DTS
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Figurg3S- nalysis of HSPE ini
c
onta\:vm(x;g 0 wt.% (a); 10 wt.% (b); 20 wt.% A
1.% (f); 60 wt.% (g); 70 wt% (h) SRS EEREaS

4. Conclusion

l he i”lportance Ofp lyl l i y I emphas Ze(l ]n th S \V()rk we h
l [¢] ner ¢ eCUOlyte n llowada S technology cannot be ove p i ave
sep ato om the Composition Ofpol V‘Il a C()]l() P \Y : 1 p | ‘.N i P V ’
caci (H] 04) ith the
a ar 5 N A Samples
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e

kept constant while varying the phosphoric acid at 0, 10, 20, 30, 40, 50, 60, and 70 wt. % immerse in a filter paper.
The HSPE shows an excellent, results in term conductivity studies in that, highest conductivity of 1.67 x 107
Scm™' was obtained after the impedance analysis. The XRD analysis reveals the semi-crystalline peak of the PVA
at 6=20° border humps of the left indicating the inclusion of the acid and the crystallinity decreases as the acid

concentration increases. Which in turns indicate that, there is an enhancement in the amorphicity of the samples
responsible for process of ion transport. This characteristic behavior was confirmed from the sis of the
differential scanning calorimetry results. FESEM result pictured the entangling nature of the c% samples as

result of the presence of the filter paper.
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Abstract \d

°
We reported the fabrication of three different supercapacitor cell ing a cofnmerdjal red carboxyl
multiwalled carbon nanotubes (CPCMWCNTS) as electrode, an solid pbly tes (HSPE) of
different electrical conductivities as separators. The Three ¢ then Lopstrygted anveveled as cell-A
0

i
10

Is w
(CQOPVdF-HFPIO |[H50] C90PVdF-HFP10), cell-B (C90PV§W>
(C9OPVdF-HFP10 |[H70| C90PVdF-HFP10). Numbers ©Of an@lysi

e
Nﬁ% PV FP10) and cell-C
S s FE , XRD, TGA and

electrochemical analysis were carried out on both the al CN ato electrolytes. From the
overall results of the electrochemical analysis of cycli etry ( _ -B '@Qgred higher c.apacitan.ce of
60.10 Fg"doubling that of cell-A, and tripling cell-CN s the charg sch‘a CD) tests carried out in the
cells reveals that even at the lower voltage windowgbf 1.5 shahtly better than that of B and C

with a balanced and good discharge capaci
432.22 Jg '/8.37 Jg's™'and less internal resistag

voltage window of 3V.

Keywords: supercapacitor, hybrid solid m T
Differential Scanning Calorimetry (DiC) a 5, cyclic vo
i .

ele
duction
1. Intro s

Experts in the energy and its usagefave tifi

al., 2012), the role of industry. s CLN and itp va sane

them, suggesting and developi w para ich oc
etroleum exhaustion, envir ta. palluti

that, the future energy para indlud® c

¢ burdening the envirgMigentdiwan etal. (AJI these, is in order to pave away to the few prominent
o storage devicegs batterifs a i rtantly “Supercapacitor” which could be one among the
zf;tgzlfﬁciently use inable pia | w\ichﬁ_ could tackle the current paradigm (Choi et al., 2012; Dubal
et al., 2012). : N ‘ ' _
rcapacitor 3 own as ultracapacitb;({?lnagakl et al., 2014a; Hashim & Khiar, 2011; Burke, 200.9) Qr
e apacit S&[e electrochemical energy by accumulating the charge from electric double layer, which is
powe:jcb ’ ic attraction. In this case, the capacity of the supercapacitor is proportional to the electrode
cause? 4 hielectrochemically active surface, where, how much ions are attracted, (Gund et al., 2013; Jiang et
{; 2 .E ochemical Double Layer Capacitors (EDLCs) are possible to be fully charged and discharged in
ok ds ugh their energy density (about 5-10 Whkg™) is lower than in batteries or fuel cells, higher power
o ('10 Whkg") can be reached in a short time (Choi et al., 201). The most attractive advantage of EDLCs is a
dc'an;lt}’ower capability (Ayad et al., 2011; Domingo-Garcia et al., 2010; Snook et al,, 2011;) with the fast
:;Igargg/discharge rate (Zheng et al., 2012; Choi et al., 2012). Moreover, most of the EDLCs are safer against short

. .cuit than batteries in terms of the possibility of self-ignition. They do not contain any hazardous or toxic
:IZnerialS (Aravinda et al., 2013a; Aravinda et al., 2013b) and have the durability during long CD cycles.

er energy/power densities of
the@ells we < abla eliver a modest capacitance at a

PE) boxyl multiwalled carbon nanotubes.
me V), charge discharge (CD)

energy, pattern of consuming energy (Paul et
paradigm change of the globe, with many of
d as a result of the complicated problems such as
ect and climate change. They, however, forecasted

sul‘face, L.

106
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Basically supercapacitors can be represented by two distinct mechanisms describing them: (i) EDLC and (ii)
psuedocapacitor. EDLCs store the charge electrostatically following a reversible adsorption—desorption cycles of
electrolyte ions onto active electrode materials. These active materials might not only be electrochemically stable,
but also have accessible large surface area and with no any Faradaic reaction at EDLC electrode. The surface
storage mechanism allows very fast energy uptake and delivery, and better power performance. However, the
physicochemical process and electrode polarization in EDLC are not enough to apply high energy euiggs. On the
other hand, pseudocapacitors, undergoes reversible Faradaic reactions. Chemically modifiedgcargn materials,
(Inagaki et al,, 2014 b; Inagaki, 2012; Inagaki et al., 2014 c; Inagaki et al., 2014d; Inagaki gt al3 4 ¢), metal
oxide, (Choi et al., 2012; Paul el al., 2012) and conducting polymers (Hsieh et al., 2012; C o%, 2012; Paul el
al., 2012) are used as electrodes. In case of pseudocapacitors, the stability for charge-% CD) cycling is
relatively poor, though, their energy densities are relatively high compared to EDLCs, Furtherthore, the response
time is longer than EDLCs, because it takes longer time to move electrons during the eaction (Choi et al.,
2012). Although supercapacitors can be regarded as “still evolving” into the area gf everggnore energy containing
and powerful devices, they have since been able to address the increasing needs of nic (cell phones, digital
cameras, €etc. (Probstle et al., 2002), industrial (uninterruptible power suppli conditioning, windmills,
cranes, etc.) (Payman et al., 2008; Wu et al., 2012) and in the sectors of tra rtafion/automotive (trains, busses,
cars) (Shi et al, 2013; Tran et al., 2013; Wu et al., 2013; Inagaki et al., 2 Ithodgh supercapacitors have
higher capacity than batteries and capacitors, it may present disadvant: igh raw mategiffl cost and process
difficulty. However the application of thin film processes to the fabrication 0 1g might overcome

the above disadvantage. As a result, supercapacitors in thin film fo nd usingfsolid i:le electralyte)
a@ement devices

(Wang et al., 2013) are gaining increasing interest in the field of li ght, ultrathin ¢
for wearable electronics (Dubal et al., 2012). So far most of the cuMgpt supgpcapacigfrs us iquid electrolyte
which could have side effecton the environment in terms of its h ; theshQuisi the fter the sealing of

the electrolyte could also be another issue (Wang et al., 2013, the Rgason whyyy hose Yo'rmer sisthiof farihe

cell fabrication.
Recently, number of researchers have diverted their% towards ve;d{‘m of slivanced dissirods
sed

materials, which could replace the most commonly u (sugh as ated on (AC)), by mainly using
Carbon Nanotubes (CNTs) networks or graphgfie as ﬂe?u i r high-performance flexible
supercapacitors. CNTs, especially MWCNTs e igh ity, ﬂexibility,‘ c.hemical g
mechanical stability, and larger surface area p i ity (Paul etgly 201 @d can operate within the voltage
window of 3 'V or more. Furthermore, their& i avors the quick accumulation and
transport of electrolyte ions so as to increase th uick eharge and discharge under high currents
(Zheng et al., 2012). This will be vindicate.

abrication highlighted in this paper. In
order to reduce the toxic effect to t

, (Dumortier et al., 2006) functionalized
CNTs were selected for this purpose. rgpsaid 18 be stable for long-term storage, are soluble
in aqueous solution, have low toxgi

while fnQYeasing more reactivity at their surface walls
(Prato et al., 2007; Mittal, 20140, i
widened up, thereby increasingthesggnce

when s are functionalized, their pore sizes will be
supercapacitor(Van HooijdgnK8gal., 2
2. Experimental

2.1 Electrolytic Materj &
d i

Hybrid Solid Polymgr Mecprolyte (ﬁiwz&s pr%d from a percentage ratio of 70:30, 60:40 and 50:50 wt. %
XA s

ectively of P "PO, with cellulose paper immersed into it. The H;PO, (>85 wt.% in water, molar
resss of 98.00 gido oduct, number of 158-30) was obtained in aqueous form from R & M marketing, Essex,
e g&PVA (molecular weight; 89,000-98,000, 99 + % hydrolyzed) was obtained from Sigma

UK brand, w ) ( ' .
Aldrich. B 4 and PVA were used as-received without further treatment or purification. An aqueous

lution as then prepared by combining PVA with distilled water in the ratio of 1:10 by volume. This
S(c)>luti is magpanically agitated by magnetic stirring at 60 °C for five hours to thoroughly dissolve the PVA in the
s

‘stille H,;PO; was then mixed with the PVA aqueous solution in the ratio of 70:30, 60:40 and 50:50 wt. %
oy entioned above. After the mixture cools to a room temperature, the resulting homogenous solution of
as\/:/HJPO‘, was cast over a plastic Petri dish. This was after a cellulose filter paper (Whatman brand) was cut into
. 6 cm x 5.5 cm and soaked in a segment of the aforementioned solution. The above mixture took rOL.xghly four
?;veeks pefore it dries. After which it can be able to peel off was used as the separator and at the same time as the

HSPE.
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2 2 Electrode Materials and Cell Assembly

The carboxyl multiwalled CNTs with the following specifications; -COOH content of 0.49 wt.%, an outer
diameter of > 50 nm, length of 10-20 um, purit?/ and Ash are both >95 wt.%, and <1.5 wt.%, respectively, Surface
area of >40 m’g’ and Conductivity of >10° Scm™' was purchased locally in Malaysia (with material code
MC8/21/20). The binder used. was P(VdF-HFP) (average molecular weight of ~400,000; Mn of ~130,000 pellets;
product number of 427160) was purchased from Sigma Aldrich. So, the double layer capacitor e with a
mixture of 90 wt. % of the CPCMWCNTSs and 10 wt. % of P(VdF-HFP), mixed inside a 20 m| qf théfgcetone. The
slurry was then castonto to the Aluminum foil and allowefi to dry for abopt two hours at roo giure. Pn‘or. to
that, an applicator was used to polish the slurry with the view to leveling it and obtaining a dgsifed Jhickness which
was around 0.127 mm. The dried sample was then further dried in an oven for about 12 at a temperature of
100 °C. Afterward, the solid films were obtained and were further cut into 2 em?x 3 cigl each. The weights of the
films were measured by means of a micro-balance (Santorius, Ax 224)‘with an accurac 2001 mg. The average
weights of two electrode films that make a cell was around 0.224 g, Using a P_ersp . of abut S cm x 4 cm, the cell
was set up by sandwiching two electrodes with the electrolyte and assembled in an in ive supercapacitor tester

(see Figure 1).

Figure 1. Cross-section oftNlca d_supckea acito&e s in our laboratory

T >
The surface morphologies of all fil vestigated vj FES

(SU 8030 a family member of SU 8000;
Resolution capability of 1.0 nm /15 kV nm\Qﬁ(D . d ﬁ)@magniﬁcation of 80x to 2 000 000x). XRD
spectra were obtained with an X ilip X with
angles between 10° ar}d 80°) th‘ d
and CV were respectively caw by u

' radiation of wavelength A=1. 54056 A for 20
«e-machines” (model: ET% atinj:
instrument Framework (ygggton J61).
The following symme% acitor gelfs w?e

6 A) operating at 40 kV and 30 mA. CD analysis
% 4

which has been interfaced to a computer called
N
lls:CellA- C dF-HFP10 | H50 | C90PVdF-HFP10

ac, 6/3.15A (6/3,15A), 60/50 Hz) and Gamry
\ CellB- C90PVdAF-HFP10 | H60 | CO0PVdF-HFP10
% CellC- C90PVdF-HFP10 | H70 | C90PVdF-HFP10

3. Results and Discussions
3.1 Microstructure Characterizations
. arlier, XRD spectra were obtained with an XRD (Philip X'Pert XRD with Cu Kq radiation of

| 54056 A for 20 angles between 10° and 80°) that used Cu Ka radiation (A =1.5406 A) operating
0 mA. The XRD analysis of the C90PVdF-HFP10 electrode is depicted in Figure 2. As seen from

As mention €

wavelength =
at 40 l\V and 3
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this figure, all the diffraction peaks can be observed and the major diffraction peaks of the CPCMWCNT can also
be seen clearly. The XRD peaks that appear in 6= 26° and 6= 43° might be as a result of the hexagonal structure of
(002) and (101) respectively, which indicates that the carboxyl multiwalled CNT have high conductivity (Dong et
al., 2007). In addition, there appeared a wider diffraction at 8=20.1° which correspond to crystalline peaks of
PVDF (Stolarska et al., 2007). This also results proved well with the same result of the XRD obtained by many

researchers such as (Li et al., 2010; Stolarska et al., 2007). T
- 28500 |

2000

2
2

Lin (counts)

|
|
|
oo |
|
|
i

[n Figure 3 (a, and b), FESEM images of 100 9 %WV \%pl el Qde with 90 % CPCMWNTs and

10 wt% of P(VdF-HFP) were shown. P s re  entangled and smooth surface
orphology with an average outer diamete% nm an of s | micrometers. The few larger tubes
1 Fi:vere cited in the FESEM structure ingjigate Mat t igma MW has been oxidized thereby resulting in
that nlargements of the tubes. Howey, ,T%EM ifnage igu, ), although was clearer, but it's not as in
1 ere 3 %a) which is as a result of th itidh of 10 % binder iﬁtmécomposition of the electrode. This could be
5;5111] even more clearly in Figure 4, wghre the ifh of CPCMWCNTs were taken at different
magniﬁcations of (a); 3.6 mm X 1 pm) 00 nm) and (c); 3.6 mm x 150 k (300 nm).
On the hybrid polymer electro

e FESEM images of HSPE containing 50 wt. % of

poth PVA and H,PO, at a maghgfcatfon of H (1.00 mm) (b?; 3.5mmx 150 LM_(3Q0 pfn) and (c)
3.5mm x 300 LM (100 p entgnghin surface of the image was a clegr indication of the

' ence of the filter pa Excépt in @ fe , ver the surface of the polymer look unique as the Watman
pres er was coate posit V Avaitd H4PO,. The same can also be said to Figure 6. However,
el image E the content of 70 wt. % of H;PO, 30 wt. % of PVA and at a

in Figure 7 where th

magnification of (a 1.00 m N'S); 3.5 mm x 150 LM (300 um) and (c) 3.5mm x 300 LM (100

obvious changes in rface morphology. Several places spotted seem to have openings
indication of flaws in the'toating. This could result in obtaining a lower capacitance as, the
.lectrode and the electrolyte could only lead to leaving wider pore sizes that are not in good
other. Lastly, Figure 8 depicts the FESEM images of C90PVJF-HFP10 electrode overlapped on
60 wt. % of H;PO,, 40 wt. % at the magnifications of x 45 k (1.00 pm). The image was taken at an
order to see the boarder where the electrode and electrolyte interface. Here it can be deduced that,
e electrode the better, so, thicker electrodes will only result in higher internal resistance.
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e

FC 2 Ok 4 mim x150k SF i S vi50k SE(ul)

Figure 3. FESEM images of 100 % CPCMWCNTSs (a); and (b); sample with 90 MWNT and 10 wt. % of P
(VdF-I—[FP) showing average diameters of the pore sizes. The magnificatiofi@ef tRe twq samples were 4.3 mm x
150 k and 3.6 mm x 150 k respective

Figure 4.

Figure 5. ESE iag P aini wt &5df both PVA and H;PO, at a maniﬁcation of (a); 3.5 mm
'8 X 50.@! (300 pm) and (c); 3.5mm x 300 LM (100 pm)

Y-

,,,,,

: ¢ 5. £ F ¢ ’.‘ .. g . s RNy [ b
Figure 6,S images of HSPE containing 60 wt. % of H;PO,, 40 wt. % of PVA at a magnification of (a); 3.5
= mm x 35 LM (1.00 mm) (b); 3.5 mm x 150 LM (300 pm) and (c); 3.5mm x 300 LM (100 pm).
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Figure 7 FESEM images of HSPE containing 70 wt. % of H;POy, 30 wt. % of PVA at a mad ation of (a); 3.5
mm x 35 LM (1.00 mm) (b); 3.5 mm x 150 LM (300 pm) and (¢); 3.5mm x 300 LMY100 pm)

] . . '
GO OO B0 @2 OV = Ok SEUIL) 1 OO

Figure 8. FESEM images of C90PVdF-HFP10 electr thg 60 wt. % of H;PQ,, 40

ve RE co
wt. % at the magnifications oE x 45 TNel. ; an an 30°

e 0 S
3.2 Thermogravimetric Analysis (TGA) q Q
The thermogravimetric analysis (TGA) was m ut on th rang &ISO °C to 1000 °C under nitrogen gas
(Ny) flow ata heating rate of 10 °C min™' TTLER, R®S .00 thermal analyzer in line with our
revious work (Hashim et al., 2014). Jhe W stabflity olfthe s s was discerned in Figure 9. The Figure
Svere (a); 0 % sample (Backgrou Woure Chewpick C90PVdF-HFP10 - Single scale (d);
C90PVdF-HFP10 — Double scale. F g '3 &)
Before beginning the experimen grountl h was ¢ cted in order to pave way with any ruminant
sidue and for re-calibration. T& igu (b)esifows tl'% e pure CPCWMCNT experience a major loss of
re leav} jue 8979109 %. This result shows that, the pure MWCNT

just 11.0719 % occurring at &
have very good thermal st
ti

Figure 9 (band ¢), it can hewgoticghl thatfwh

alf, g n application for electrochemical devices. While in
cti aterials were all incorporated in a single electrode, three
losses were then recor 2022 of the total sampl:s occurs at 307.24 °C, t?en thc? second
{oss of 5.9640 % was the Mighest loss of 11.629 % was noticed at 708.84 °C. This shows

that, the introductioﬁf ‘e material®to the p@T’CWMCNT will work well in the supercapacitor fabrication
proCCSS. \(')

N
S
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Figure 9. TGA of the electrode at (a); 0 % sample (%;oun
Single scale (d); ; ? -WF
3.3 Electrochemical Behavior \
The electrochemical behaviors of C\WT W
measurements using two-electrode igure_40
of 10

C90PVdF-HFP10) at (a); scan rates 0

esgig y cyclic voltammetry (CV) and CD

of Cell —~A (C90PVdAF-HFP10 HS50j

an 3 3 %ltage window (b) scan rate of 50 mV; 1 V —

voltage window. It can be discer Nat a sgax 50 d 1 V- voltage window, the EDLC curve look

more rectangular in shape. The ific apagjtance offthe el de materials obtained in the two-electrode system

was calculated by integrating % ' i si formula;

(—) i
L

M

where i is the curren iff@ence, m is the mass e electrode and s is the scan rate.

the specific capacitaﬁ&’)s 30.1 Fg™', 13.5Fg™", and 11.2 Fg™' for scan rates of 10, 50 and
. This gives an explanation of the relationship between the capacitance and scan rate. The
ecreases from 30.1 Fg™'to 11.2 Fg™' which could be attributed to the slow transfer of ions on
rolyte interface (Shu et al., 2013). It can also be due to the un-uniformity of the coated filter

13

the elect : '
paper the trolyte as vindicated in the FESEM analysis.
Furtherm igure 11 also shows CV of Cell -B (C90PVdF-HFP10 |H60| C90PVdF-HFP10) at (a); scan rates of

1. 50 and 100 mV, 3 V- voltage window (b) scan rate of 50 mV; 1 V — voltage window. The specific capacitances
teained in this cell were 60.1 Fg™', 28.0 Fg™'and 21 Fg™' for scan rates of 10, 50 and 100 mV respectively. These

obtai . . > . L S
results almost double that of cell-A which might be attributed to the increase in ionic conductivity in the polymer

electrolyte of the HSPE. And Last but not the least, is the Figure 12, depicting the CV of Cell -C
(Cg()PVdF-HFPIO |[H70| C90PVdF-HFP10) at; (a) Scan rates of 1, 50 and 100 mV, 3 V- voltage window, (b) Scan
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———

te of 50 mV; 1 V — voltage window. This result represent weakest of all the three cells with the lowest
e itance delivery of 24.0 Fg™!, 5.6 Fg™' and 2.9 Fg' obtained for the scan rates of 10, 50 and 100 mV
capa:ctively. It can be recalled that FESEM analysis of HSPE of this cell shows the poorest coating of the
relzsgtrolyte as a result very high internal resistance recorded. Table 1 gave a summary report of the capacitance
ebetained in all the three cells and Figure 13 (a) summarize the capacitance performance in the combined graph of
N acitance against the scan rates for Cells A, B and C while Figure 13 (b) revealed the cyclic p neces of
caﬁ A (C90PVdF-HFP10 [H50| C90PVdJF-HFP10), cell-B (C90PVdF-HFP10 |H60| CO90PVAF-KEPIQ) and cell-C
c(629-0PVdF-HFP10 |H70| C90PVdF-HFP10). Cell-B show a more stable capacitance at abouff35 Py up to 500.0
f; cles, however, both cell-A and C were shown to maintain their cycleabilities at arou g™! only. This
digradation is attributed the high internal resistance that both the cells exhibited.

SR100
e SRSU
SRI0

0.0035

Lare
E o
Z 0.002 :
E 2
= <
< N
3 =
E o
: :
£ 0.0005 :
(>

voltage (V)
-0.001

Figure 10. CV of Cell ~A (C90PVdF-HFP10 [H50]

0.006 -
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-
3
w
E
R
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E
“
=
2
0 B
\’ ! voltage (V)
i -0.0005 -
-0.002 i ;
o voltage (V) \c‘) |

\

11,C : _B (C90PVdAF-HFP10 [H60] C90PVdF-HFP10) at (a); scan rates of 1,50 and 100 mV, 3 V-

Figureo voltage window (b); scan rate of 50 mV; 1 V - voltage window
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Table 2. Performance of Supercapacitor by the CD , A‘—)
Cells Working Voltage (V) Cq(Fg') ESR (Qcm*)  Ener ensit*(lg') “s")YP‘ower Density

A-C90H50 1.5 8.6-86.1 0.15-1.5 Y\_v' 0.8-8.4
B-C90H60 1.5 7.7-76.7 0.2-2.0 \' 0.6-6.3
9) . 1-46 0.02-0.1

C-C90H70 1:5 8.9-89.3 6.6w6\

The galvanostatic CD test is considered to be an altem%nd argua\bete‘ @ative method to ev_aluate the
supercapacitive nature of an electrode material comp he, meaggire er@ﬁl}u etal., 2013). In this respect,
we determined the capacitance of the supercapac et, th Figure 14, the CD graphs of (a);
Cell-A (b); Cell-B and (c); Cell- C were all de a

wor tages .5 V and at three different current
densities i.e. 10, 20 and 100 mA. In additi ect i poWwer and energy densities were also

a

calculated using Equations 2, 3 and 4. f 0
: 4 F &

For effective capacitance, &\ @ (J

\ 5 | 1§ )
'
Where i is the applied cu At a Azar the ges in time and current respectively. For energy and

'.'..'Iliiii

power of the capacitancglwe Mg the fplldwig Eqs.;

4
A \E- Loy
N S w 3
L/E
i = @)
4mESK
ESR deno ivalent series resistance, m is the mass of the electrode and V represents the applied voltage (or

voltage window). In cell-A, the discharged capacitances obtained were 8.60 Fg™, 17.71 Fg™' and 86.06 Fg™'

ectively at an applied current density of 100, 20 and 10 mA; the calculated energy and power densities are
“35‘30 Jg'/0.84 Jg7's™, 86.42 Jg'/1.67 Jg™'s™ and 432.22 Jg™'/8.37 Jg™'s™" at the said current densities. In cell-B,
4hé discharged capacitances obtained were 7.67 Fg™', 1535 Fg ™' and 76.72 Fg™' respectively at an app}ieiil current
o of 100, 20 and 10 mA; the calculated energy and power densities are 38.77 Jg™'/0.63 Jg™'s™!, 77.54
j{gers/lltyzé 1g™! s"l and 385.31 Jg'/6.28 Jg™' s™" at the said current densities. And finally cell-C has the following
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results for the capacitance; 8.89 Fg™', 17.80 Fg™' and 89.28 Fg™' respectively at an applied current density of 100,
50 and 10 mA; power/energy densities are 44.70 Jg7'/0.02 Jg7's™!, 89.41 Jg7'/0.04 Jg™'s™" and 448.40 Jg'/0.19
J g"s—' at the said current densities. From the overall results, it can be observed that, the discharged capacitance

decreases with the increase in current density, which could be as a result of the low penetration of ions into the
inner region of the pores due to fast potential changes.

3. Conclusion

In this work, we have explored the noble of CPCWMCNT used as an electrode for N formance
supercapacitors using HPSE as a separator. Three cells were constructed and leveled as cell- dF-HFP10
|H50] C90PVdF-HFP10), cell-B (C90PVdF-HFP10 |[H60] C90PVdF-HFP10) and cell-C ( VdF-HFP10 |H70|
cgoPVdF-HFPIO) with changes in the separator. The XRD peaks of the sample electrode 0PVdF-HFP10
appeared in 6= 26° and 6= 43° which might be as a result of the hexagonal structure of (0 101) respectively,
which also indicates that the carboxyl multiwalled CNT have high conductivity. Again\a wider diffraction at
9=20. 1° which correspond to crystalline peaks of PVDF. TGA traces shows t e pure CPCWMCNT
experience a major loss of just 11.0719 %, which occurred at 611.76 °C leaving a resi £87.9109 %, which also
shows that, the pure MWCNT have very good thermal stability and co ly, good in application for
electrochemical devices. This result, even gets better when the active material ed. From the overall results
for the electrochemical analysis of the CV, cell-B delivered higher ca e of 6Woubling that of
cell-A, and tripling cell-C. Also in CD analysis with much lower voltage Wgadowl of I gell:A delivered

slightly better than B and C with a balanced and better dischargefagpacitancefof 8 6'Fg‘;§ ith higher
energy/power densities of 432.22 Jg'/8.37 Jg"'s”" and lowest in ter infrnal reist
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Abstract
Solid polymer electrolyte (SPEs) has drawn great attention nowadays, cularly, i
applied science, specifically, those used as separators in industries ang rese
«classified batteries” and super capacitors. In this report, we prese
particularly at room temperature, such that, it can be applied electrolyt]
supercapacitor fabrication. The SPEs were produced from the compagi
Phosphoric acid (H;PO,), such that, the PVA samples were kept co hi
10, 20, 30, 40, 50, 60, and 70 wt. %. After the experimentatigp, the Jure
conductivity, in that, it has recorded a conductivity as high % 107
Aside that, we also observed that, the bulk moduli (Ry)ga reases
pure solid polymer electrolyte (PSPE) recording 2.5 Q at jBhest compog

Keywords: Pure solid polymer electrolyte (PSP, polyviny
Electrochemical Impedance Spectroscopy (EIS). E o

w of science and
emb of some
i Sféxﬁre type),
el]a&k@ separator in
lyyhyl algohol (PVA) and
phoric*agid was varied at 0,
how Yﬁent results in term
the ¢ ositions of 70 wt. %.
in ¢ in concentration, with

&}Phosphoric acid (H;PO,),
S

1. Introduction

9 %
The year 2013 marked the complete three decN 73) o entionéf”polymer electrolyte by Fenton and
co-workers (Gu et al., 2000; Kumar & Sundagi ; Ziang
Tripath et al,, 2012; Ulaganathan et al., @012; uo et al. J2013;
theg,

, 200 \lang, 2004; Ragavendran et al., 2004;
eln% ., 2013; Noor et al., 2010) and Armand
sear®i on polymer electrolyte has become very

elaborate. (;Q
Research has shown that, there are mmﬁcltion poly ectrolyte systems, namely (i) Polyelectrolytes
(PEs): - which have an independentNgn-genghating gifoups #mically bond to the macromolecular chain and
resence of counter-ion in or Nain in't cfo &r} ity of the salt. In dry conditions, they have low
gonductivit)/ of about 107'°— 16 “bftinth ncedf dielectric solvent such as water, there conductivities
v
e

do improve (Ulaganathan ., 2012). (i) tS n Polymer Electrolytes (SSPE): - In SSPE, solvents,
poth aqueous and non-agheo well?x ho
the swollen lattice thege itting t m

(Ragavendran et al., 2004; Zhang et al., ver si

me us, the dopant ionic solutes such as H3PO, is hosted in
ions in the solvent swollen region of the polymer host.

Their conductivity depeRds the compactness o solvent in the region that is being puffed up (Ulaganathan et
al., 2012). And las e Solvent Free PolymgRElectrolytes (SFPE): These are polymer salt complex, which is
fo.r,med by comp tween salts of alkali metals and polymer containing solvating hetroatoms., example; O, S
and N (Ulag al., 2012). The complexation between poly ethylene oxide (PEO) and alkali metal salts is a

PE. SFPE are sub-classed into three also. They are; (a) Solid Polymer Electrolytes (SPEs), (b)

good examfigQ : (
olytes (GPEs), and (¢) Composite polymer electrolytes (CPEs) (Kuo et al., 2013; Tripath et al.,

Gel Polygoer
2012).
GPEs can be only considered as plasticizers incorporated polymer-salt comp]e.x (Ulagan.athan et al,, 2012). Th‘?y
re therefore consisted of a liquid electrolytes immobilized in a polymer matrix (Hashmi, (a), 2013) and _exhlbxts
e h ionic conductivity (107 to 107 Scm™" at ambient temperature) and can be obtained by either loading of a
lilquid electrolyte in a microporous matrix or by increasing the viscosity c?f a liquid electr.olyte through the add_ition
of asoluble polymer until gel consistency is achieved or by mixing a liquid electrolyte with monomers of relatively
jow molecular weight, then curing the mixture by other means, such as UV polymerization, thermal
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polymerization and electron beam radiation polymerization. They are criticized for having weak mechanical
strength and poor interracial properties, (Qiu et al., 2004; Hashmi, (b), 2013). In CPEs, they are normally prepared
by addition of high surface inorganic filters like SiO,, MgO, TiO, and alike so as to improve the mechanical
strength and stiffness of the complex systems (Ulaganathan et al., 2012).

SPE is a thin film that has jonic conductivity, especially, when an alkali, salt dissolves in polymer matrix. SPE
have drawn great attention in the development of science and technology of lithium secondary batteri s have
several advantages over liquid, gel and even composite electrolytes in that, it has process ability Alexylity, light
weight, elasticity and transparency (Zhang et al., 2006), desirable shape moldability, being fie leakage,
mechanical strength, better stability especially in high temperature, and high specific energy afjd poygr (Lim et al.,
2012). Furthermore, use of use of solid polymer electrolyte can negate the need for a separa be amendable to
low cast manufacturing technologies (Qiu et al., 2004). Some of the applications of SPE @igin Batteries, fuel cell,
supercapacitors and other electrochemical devices. (Sawada et al., 2000) and other electr&ﬁcal devices (Sotta

et al., 2010). N

Although number of works have been carried out on the characterizations of SS ethose of Prajapati et al.,
(2010) and Ahmad Khiar & Arof, (2010), this piece tries to offer a tone bygstep §proach on the conductivity
studies of this transparent polymer in order to ascertain the suitability tion Jfor the usage in the

supercapacitor fabrication which is the main target of our future work. | mgaSures dpave been put in
place to ensure that every detail characteristic of the active materials, especia thelPV AN ‘olecular weight

and its percentage hydrolysis — were taken into considerations. ' G}Y.
2. Experimental -

2.1. Preparation of the Composite PVA Electrolytes § 4 Y—

\oNp super, %‘cors fabrications
), Ha@%t al.,(2014) and by
prise, ;PO, and PVA. The
meric mathpd, all ionic transport while
citpr. H;P0, (>85 wt. % in water,

1&0 m, from R & M marketing,
zed) was obtained from Sigma

The pure solid polymer electrolyte (PSPE) which can also be servedas sep
have their laboratory preparations discussed elsewhere by us, nﬂe 5?‘ et
Jiang et al., (2013). But for the purpose of elaboration; th% matex]

H,PO, functions as an jonic liquid, while PVA actsm
simultaneously functioning as a separator between the glectrod® o

molar mass of 98.00 g/mol, product, number of 1502%;15 obtain
Essex, UK brand, while the PVA (molecular weight; 8,000£98 :

Aldrich. Both H;PO, and PVA were used as-roggi ithout fu t or purification. An aqueous
solution of PVA is prepared by combining PVA ith Wystilled igthe r f1:10 by volume. This solution is
mechanically agitated by magnetic stirring a ° r f} o thor ly dissolve the PVA in the distilled

water. H;PO; was then mixed with the BYA agffedus sollition e a@of 100:0, 90:10, 80:20, 70:30, 60:40,
50:50, 40:60 and 30:70 wt. % for the P% btained (thi
P04 ed,

ad beemsummarized in Table ).
[n order to vary the percentage of the H;

tl\e{ gf@;la was used;
N
i . 0 gl

Where x is the percentage of agid 3}!4 760, and 70 % wt), and # is the value of H;PO, in

grams. (J
The mixing is done in a dgop mangeff wit ne@(irring at 60 °C for about one hour or thereabouts until it
ompletely turns to ho us soldti pargin this case). The mixture is then allowed to cool down to
° ambient temperatur esulting homogeneoq\?glution of PVA/H;PO, is cast over a plastic Petri dish. Prior
a:this the Petri di raped off the dust usi tissue soaked in acetone. The PVA/H;PO, solution solidifies
! t0 tl,le Petri di upon curing for about 3 — 4 weeks at room temperature. This is due to its high molecular
. ieht and co v more hydrolyzed. The solid layer was easily peeled off from the Petri dish after it dries as
w;;gesmnd' |3%c. The thickness of the solid layers formed in this procedure can be controlled depending on the
’ mposigion t ave been enumerated above and as shown in Figure 1. The resulting polymer film was then put
f: the pla for safe keeping, and to avoid contamination from surrounding, for further property analysis.

h

3. Result and Discussion
3.1 Conductivity and Chemical Composition Analysis

Conductivity measurements were carried out on both the solid and hybrid polymer electrolyte films which are also
omposed of all the different percentage ratio of PVA-H;PO, an impedance method which also was highlighted_by
;hmad Khiar and Arof (2010). The solid polymer films were sandwiched between a stainless steel, ion-blocking
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liked measuring device (otherwise known as a probe), each of surface area 2 cm? in radius, in a spring-loaded glass
holder.

The impedance measurements were carried out by using Electrochemical Impedance Spectroscopy (EIS) testing
machine named HIOKI 3532-50 LCR Hi-Tester which was connected to the computer. The frequency range of the
device was 50 Hz - 1 MHz, and simultaneously calculating both real and imaginary impedance.

A\
¥

Figure 1. Showing a prepared an

qﬂex 5 L=
Table 1. Table Showing the Overall Formation of the PSPE rdtion
Coding Measured Quantity PVA \fe Quantity

in Distilled Water (g)

r 3

PO 2 (—) A

P10 2 ‘e 6022, 7 @‘ 90:10
P20 /) \ 5 A‘(} 80:20
P30 2 N 70:30

\ 1 O
The sample exhibits Debye ¢ i e fcﬁ of the negative imaginary impedance versus the real
impedance on the graph s able t§ displa squircle-like shape (Ahmad Khiar & Arof 2010). From the
Eq. 2, we calculated th% tivj ples;
A\ 3 )
N N TR 4

Where o isgt tivity itself, / and 4 are respectively the thickness and area of the samples. The thickness of
the sample Nesured twice at different positions of the polymer films and an average was taken using digital
micro ,
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Figure 2. Impedance plots

of PSPE containing 0 wt.% (a); 10 wt.% (b); 20 wt.% (c); 30 wt.% (d); 40

wt.%

(e); 50 wt.% (f); 60 wt.% (g); 70 wt.% (h) ratio of the H,PO, at room temperatures
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Figure 2 (a-h) shows the impedance plots of a sample of the PSPE containing 0, 10, 20, 30, 40, 50, 60, and 70 wt. %
ratio of the H;PO, at room temperatures respectively. For the sample with 0 and 10 wt.% of the H3POy_ it can be
observed that the point of the graph was dispersed, which clearly indicates the meager or absent of acid in this
sample.

The semicircles found on the Figure of the samples containing 20, 30 and 40 wt.% could however be connected
with the impact of the introduction of the percentage acid and consequently the immobile polymer ¢ gins to

which is an indication that, ions that move around the polymer matrix made resistive com the polymer
electrolytes to exist. (Ahmad Khiar & Arof, 2010; Ulaganathan et al., 2012).

emerge. \
As the acid concentration continues to increase, so the conductivity, thereby making the e% disappear,
Esent

The calculated Ry for all the eight samples above were obtained from the frequency inte on each and every
plotted graph. We also observed that, the R, value decreases with the increase in goncerfgation. The calculated
values of the Ry are 1.15 x 10%, 8.00 x 10%,2.40 x 10*, 1,70 x 10%,2.10 x 10%, 1.93 x Ns x 10" and 2.58 Q for

0, 10, 20, 30, 40, 50, 60, and 70 wt.% ratio of the H;PO, respectively. The highTuctivity of PSPE sample
eae
ails

was observed at 2.56 x 103 Sem’™ when the H;PO, was increased to 70 wt.% lowest conductivity of the
sample was noticed at 2.25 x 10" Scm™' where the H;PO, percentage was nil. out the average values
of the conductivity of PSPE is summarized in Table 2. On a general note} be said\that, sample of PSPE

performed wonderfully well in terms of both bulk resistance calculation and onductivi gwhale.

As mentioned earlier, that conductivity is dependent on the concentrati he H;PD,. Table]2 ptoided us with

the information that, there is a relationship between the acid conce and the golymer matfi* n addition to
igpact oRthe conductivity

of the samples. Hence, because of the thinner nature of the film SP,

that, it also be deduce from the table that, the thickness on each s% o hadd®
promising. V 0\

Table 2. Parameters that Determine the Conductivity in P O
Goding PVA: H,PO, [ @ag-0.005) ){@ o (Sem™)
PO 100:0 0f91Q, " 1d3x 10° 225x 10"
Bl 90:10 0.006 “ &poxot 720 x 10°
P20 80:20 \ 041 $2.4o x 10* 1.46 x 107
P30 70:30 T 0ps400g 0 1.70 x 10° 1.01x 107
P40 60:40 % SUY 5 S 2.10x 10° 8.87 x 107
P50 50:5\ NS 193 x 10' 1.23x 10
P60 & O.ozélzg 1.26 x 10" 6.61x10*
P70 : P02 2.58 x 10° 2.56 x 107

e ‘o

3.2 Crystal Structure An $

ig of th;s 1 ym% ectrolyte films was examined by a Philip X'Pert X-ray
diffractometer (XRD) i K, radiation of wayelength A=1. 54056 A for 26 angles between 10° and 80°.The
XRD analysis wa out on the PSPE ﬂ.L#, After the analysis, the following results were obtained. The
analysis of thes e of the PSPE for 0 wt.% (a}; 10 wt.% (b); 20 wt.% (c); 30 wt.% (d); 40 wt.% (e); 50 wt.% (f);
60 wt.% (g); 70 wi ) ratio of the H;PO,4 was shown in Figure 3.

It can be 0 om the semi-crystalline peak of the PVA (6=20°) which also affirmed the argument put across
by (Has i, ( 013) about the semi-crystal behavior of the PVA. The addition of H;PO, causes the decrease in
the degree€ crystallinity and consequently the increase in the amorphicity of the material and its conductivity.
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Figure 3. X mMysis of PSPE containing 0 wt.% (a); 10 wt.% (b); 20 wt.% (c); 30 wt.% (d); 40 wt.% (e); 50 wt.%
(f); 8. 23%e); 70 wt.% (h) ratio of the H;PO, and (i) A combined graph containing all the percentages.

3.4 Dijferential Scanning Calorimetry Analysis

The DSC thermal analysis was carried out using the DCS machine (Mettler Toledo DSC A851 with Star software)
under N atmosphere with 10 °C/min heating rate from 40 to 300 °C in order to observe the crystalline and
semi-crystalline behavior of the whole samples, therefore, various parameters related to thermal properties such as
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glass transition temperature (T,), thermal transition (T,) of crystalline phase of the polymer electrolytes and
degree of crystallinity (T,) can be evaluated from the DSC data. Samples for DSC measurements were prepared
from several tiny rectangular pieces cut from the polymer film to a mass ranging from 1.98 -24.24 mg for PSPE
and 7.08 — 19.82 mg for HSPE. The temperature range studied was —40 to 200 °C. The heating/cooling rate was
10 °C/min.

Table 3. Parameters for the Thermometric Analysis in PSPE z
Temperature (°3

Coding PVA: ;PO, Mass (g) T, Ti T.
PO 100:0 1.98 98.11 223.56 152.00
P10 90:10 4.48 80.78 221. Y. 16627
P20 80:20 7.41 127.31 20 ON 186.45
P30 70:30 8.27 117.63 56. -
P40 60:40 15.12 116.89 ' °

P50 50:50 13.53 101.13 64.5 \d 160.05
@
P60 40:60 19.48 63.28 160.0 Ay 15000
P70 30:70 24.40 79.41 129. | _{') 7941
3 =
Figure 4 shows the DSC analysis result of PSPE containing 0 wt.% f); 10 Wi ; 20 wipd{C); 30 wt.% (d); 40
wt.% (e); 50 wt.% (f); 69 wt.% (g); 70 wt.%. From the Figur e 3 iftan bepeen thug the first three samples
show a very goqd T, with an endothermic peak of sligh ¢
and P20 respectively) which indicates the huge percenta eight
value of the thermal transition of the pure PVA as 230 2
with that of (Jelinska et al., 2010; Agrawal, 2004: O ,

chemical content, or intermolecular interaction (
thermal transition starts to decrease with the incn

The higher the melting point temperature the nN, o& .
em ules therein, as such, pure PVA has
more stable molecules than PVA/H;PO, co : T e segihhat the 7, and T decrez\ses (or even

i . 4 Sof it ¢
diminishes) as the CIOHCelntratlon of the agid incMase. Thidis a v E@ at, in homogenized blends, the melting
shifts tO the lower level (Othman et al. uirgui hsyh s 012.’). The other unusual hu;nps cited in
€

this fesu to that, and was in agreement

0s
tal., 2 V gi,‘m‘obably due to the presence of

among PVA and H;PO,, the
7] &

especially PO and P60 could be as a result o

o . Pr € re inside the samples. Also the theoretical
glass transition .Of thel dPVAbalone l jis 85 4 (B the comisite shows down an}zi upwards shifts of this
temperature. This could not be un ectdd with'the grddual 1\ ment in the concentration of the acid.
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e

—

Figure 4. DSC Analysis of Soli&
(c); 30 WE. d);
4. Conclusion

In this study, we have i uc the oo fe pur€ solid polymer electrolyte at room temperature used as an
electrolyte as well as a r from the Piec ofP\E'and H,PO, such that, the PVA samples were kept constant

while the phosphori was varied at 0, 10, GBY30, 40, 50, 60, and 70 wt. %. The PSPE results in higher
. 10 Scm™, at the compohions of 70 wt. %, in addition to that, we also observed that, the
es with the increase in concentration, recording 2.5 Qat the highest composition of 70
Wsis reveals the semi-crystalline peak of the PVA at 8=20° border humps of the left indicating
acid and the crystallinity decreases as the acid concentration increases. This result was

SC analysis.

conductivity of 2.5
bulk modulus Ry
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ABSTRACT

The supercapacitors are characterized by faster gise

demand is predicted to be most extensive in fr ncy fegulation lic The oth f
o . a.s. e other area for
significant growth is in regenerative braking for gridc ted@ighy r “& P In thi J
. . . 'l Systems. [n this research
we fabrtcated a Supercapacitor using a co i w . i\q%d b hich -
carbon which was size
tes Wion@)lymer electrolyte polyvinyl

3t i ; —_ an i ative supercacitor tester. The
result indicates a relatively high effi .
Yy hig and exhibited long cyclability of life

time under different voltage wiﬁowg:
Key Words: Supercapacito&ctiv d cayb&
INTRODUCTION \& Q

alcohol (PVA) and Phosphoric acid (I

arge; cycle-voltammetry.

$
¢ | (,gJ
’
The current purs nergy suSaitfabili ave made electrochemical supercapacitors or
-') y

devit tmo portance owing to their superior characteristics

ultracapacitors
unmatched by Ser harge storage deviee@?éuch characteristics include; high power densities (6-
wely Mgh energy densities‘ﬂ‘;?s than that of lithium ion batteries (2)) and long cycle life

d also broader range of working temperature(// ), high coulombic efficiency (high

revéigl ). environmental friendliness (no heavy metals used) (2, 3).

This paper is aimed at introducing yet another easy but effective method of fabricating an

optimized supercapacitor which is being incorporated with activated carbon and solid polymer

electrolyte (SPE).
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MATERIAL AND METHODS

Commercial activated carbon (Carbon 50) of reasonable pore-size distribution was selected for this
study. The electrodes were pressed from a combination of 70 wt% of activated carbon and 30 wt%
of polyvinylidene floride (PVDF). A 20mL of acetone was added to the mixture in grdellor the
solution to be easily blended in the laboratory blender. The resulting mixture of eleqffo s then

poured in aluminium foil with a measured thickness of 2.5um and then dried in!ﬂ owim for 14
hours at 100 °C.

The polymer electrolyte was prepared from2 gramof polyvinyl alcohol in & of distilled water
and then .Stin‘ed at 70 °C for 8 hours. Phosphoric acid (H3POs then added to the
aforementlor.xed solution at different percentage rate (10 %-50 %) in icle £ 10 until a desired
percent.age 1s reached and achieved (i.e. 50 %), this was s Thie "tim ettty
ascertained. The sample was then dried for 14 days at room tegperat¥e *
121

eflon .6\ ge -1ik%ype system
red p r Was use the separator

Two electrodes of lem? sizes were built in a newly modifi
€
with steeled current collector. A 4 cm? of the already pr

inside the Teflon Swagelok-liked type system. The

vigtetric®¢apa ce ressed in Farad

(F) per gram of carbon material was estimated| galv charke-discharge (C-D) at
constant current of 1mA using Multichannel ch& harge mad@ee (M : g

THEORY AND CALCULATION % " A\T §

9 &-
As a background, the capacitance is dehas i char@positive) stored Q to the applied
voltage V; T

2 &

A
For a conventional capac& dir c'ly
inversely proportional Ewl ance

the surface area 4 of each electrode and
odes.

(3.2)

C= 505%
: . . .
Where &€, :e tant of proportiona . as dielectric constant or “permitivity” of free
space :mE\sE the dielectric constant of the insulating material between the electrodes. So, the
(3

pacitance of the unit cell was calculated from the equation given below

M x AV
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Where C is the specific capacitance, / is the discharge current, M is the weight of the electrode and
AV and At are voltage variation in time (with exception of IR drop) and discharge time

respectively.

RESULT AND DISCUSSION \z

Figure (1) shows both galvanostatic charge discharge and cyclic voltammefr c%s of the
supercapacitor with polymer electrolyte. Using Gamry instruments (Fig, d), 1 the cyclic
voltammetry (Fig a-c), the scan rates were set to be the same (10m V/s) by different voltage
window and cycles. In Fig (a) it can be shown that the cyclability of rcapacitor is very
perfect even though the maximum current was set to only 0.5 mA agd 1 age window, but still
the perfection of the curve was satisfactorily good when the current Y:asi to 1 mA (as in Fig

b). The electrochemical properties of the cell can therefore b aSgooddboking at the
effectiveness in the cyclability such as that in fig (c) with 10 cggl

@
es. ’ O}Y'
Multichannel charge-discharge (MCCD) machine (Fig,¢) wiyused p analyfe andz-élculate the
19Mees (g and@.

capacitance of the 1 cm’ supercapacitor. From the profil\8F the

shape of the curve with less internal resistance

4
£
3
@
°
=g
)
2
o
5
o

vgltage

efficiency of the supercapacitor. The charging n%\arging g o S iEicapAditor iES
calculated to be 34.7 F/g and 38.39 F/g respec of the charging and

discharging capacity of the supercapacitor ‘%l % an eStively. The value of the

capacitor was calculated to be 0.1 2F Py
e '}j &
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() charge-discharge circle at iImA for 1V
1.50
2
o 1.00 |
an
8 050 /_\
2 o000 ¢

0 20 40 60 80 100120140160180200220

Charge-discharge cycle at 1 mA for 1V

Voltage/V
[y

120 240 360 480 600 720
Time/s

Fig.1. cyclic voltammetry using Gemry instrument software at (a) Maxiggu \M
m cu 0

cycle and voltage window of 1V (b) 1 mA, Icycle and 1V(c) wv a dw]
ny o

(f) 1 cm’ electrode (g & h) C-D at voltage window of | Vw es at differ
e

CONCLUSION \T

(—) Y Q?\
Supercapacitor has been fabricated ;Emmﬁvanﬂ&rbon (carbon 50) and polymer
electrolyte from polyvinylidene flory F Jn PRogphorieeid (H3PO,)into a newly designed
Teflon Swagelok-liked type SY% for te ﬁ 48@6 of the supercapacitor. From the
b

N
%&.n rate of 10 mV/s, |
ar

instrument () MCCD

aforementioned discussions, it can ggFseen at A supercapacitor was able to achieve an
average efficiency of 89. Nboth'cha g1t and dWrharging. Though the capacity value was
low, this can be achie nha quali the polymer electrolyte and reducing the

thickness of the elect% 0 | (_)(J
%
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Appendix C
EIS Device

- " W

“-” wOm saTesTen

EIS Device - (a) the Hioki tester and (b) the probe used for EIS measurements.
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Appendix D
XRD Machine

] —— —

oo ke S S

XRD machine - Full view.
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XRD Machine

e interior view containing the sampie under analysis.

machine —
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Appendix E
FESEM Machine

FESEM Machine — A complete setting of the FESEM system.
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