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CHAPTER IV
RESULTS AND DISCUSSIONS

g

The previous chapter highlighted a step by step experimental procedures¢f8foyed in

preparing the electrodes and electrolytes that were to be used for the apacitors
fabrication. In this chapter, full discussion about the result obtained®will be laid.
4.1 Analysis of the Polymer electrolytes i

This section will discuss the results obtained as a result o Xperj nWocedures

oy
of the polymer electrolytes highlighted in chapter I@;iﬁcal slc.t@' will
¥ 4
al

discuss the results for the conductivity studies of th pleNts\ . M and

X
thermal (DSC) analysis. CV "\ é
4.1.1 Conductivity and Chemical ComposMAnaQT

. N
As mentioned in the methodology chapt®the i % mea@ements were carried
4 Q—
out using Electrochemical ImpedancM trQs S) niﬁ"md using HIOKI 3532-
N
50 LCR Hi-Tester which was%zed to CO;piteb he frequency range of the

w

Z

s s

. &
software was 50 Hz - 1 MK&md Sw sly gmlating both real and imaginary
impedance. |
\ l ¢ ? &
agce

Figure 4.1 (QS_QWS mp @s of a sample of the PSPE containing
ot

0, 20, 40. and 75%& the at\r?rm temperatures respectively. At 0 wt.%, of

&
the H3POs, nwg 100 wt.% of PV}}there wasn’t any appearance of the semi-circle

curve. :1&‘ N be as a result of absence of the acid in this sample (Fig. 4.1 (a)). The

calculi Ik resistance of this sample is very high (1.15 x 10® Q) and the conductivity

was very low (2,52 x 10" Sem™) as shown in Table 4.1. However, when the percentage
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concentration increases to 20 until 40 wt.%, the bulk resistance decreased gradually
thereby resulting in the increase in conductivity of the sample.

The semicircles found on the Fig. 4.1(b) and (c) of the samples contgjnin
20, and 40 wt.% could therefore be connected with the impact of the introdu% the
percentage acid and consequently the immobile polymer chain begins t ge. This
also resulted in an increase in their electric conductivities from 7 x 107 to

1.01 x 10° Sem™ and consequent decrease in bulk resistance?y.lo x 10° to
1.70 x 10* Q in the said samples of 30 and 40 wt.% respec@ l
As the acid concentration continues to increaseaso th® codduc 1y,‘t@cby

making the semicircle disappear, which is an indicatio@onit je nd the

V
polymer matrix made resistive component of the {ly'zr ele \y%es to@%'f (Khiar &

=

Arof, 2010; Ulaganathan et al., 2012). Ther& e bulk™reg ancé&btained for the

remaining samples of 50 to 70 wt.% d%allyﬁ;;%s_ y(*hct, at the highest
concentration of H3POs, the bulk res% d ?eas to %3‘5\ Q (as shown in Fig.
4.1(d), while its conductivity incre%Z.Sf x g Scn@etails on the results of all
the samples are listed in the sa%le (qv_};'éyo

Overall, it can bgfgge a @ng correlation between the acid

PP g
concentration (dopant e ‘lorf?v}& cﬂéﬁ’e samples of PSPE, in that, the higher
O
the doping the I@He ?#a or@ the PSPE samples. Thus, in terms of
10°.
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Figure 4.1. Impedance plots of PSPE containing; 7(37) 07wt7% (b) "207»;t.% (c) 40 w;.%
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Table 4.1 Parameters that Determine the Conductivity in PSPE
Coding PVA: H3PO4 t Ry (Q) i(Sem™)

(mm)(£0.002)

PO 100:0 0.009 1.15 x 10° 2.52 xehll
P10 90:10 0.006 1.15 x 10° 1%%-9

P20 80:20 0.011 2.40x 104 . 107
P30 70:30 0.005 2.10x 10° %7 x 107
P40 60:40 0.050 1.70x 10° YTOI x 107
P50 50:50 0.007 1.93x 1 ‘\’ 1.23x10*
P60 40:60 0.026 . GY. ;
P70 30:70 0.020

While Fig. 4.2(a-d) depicts an 1mpedanc

electrolytes which has cellulose (HSPE) mcomorate

50. and 70 wt.% of the H3PO4 at room tem\%

at 0 wt.% (Fig. 4.2 (a)), there affair no anf’s icxrc c léeted bulk resistance
was very high (1.15 x 10° Q), whil ing in a 1=y l lectr1cal conductivity
(3.83 x 107" Sem™) as summarlze%bla'd%\{ unlike in the case of PSPE
samples, when the concentrat the agnd_offtiye % was increased to 10 wt.%

X l &
(Fig. 4.2 (b)), the semm& ed manifgsting @e yquist plot, which might be as

a result of the preser \th7 \§Blilpd-)§zr chain in the blended solution and
porous structure lulys fil "r apefEiu et al. 2014). In this case it was observed
that, the Ry l for the 10 wt. % sed to 8.00 x 10* Q. When the substantive
amount do \\ vas added further to the sample in Fig. 4.2 (c) for the sample with
50 @t e semicircle disappeared, given rise to a better conductivity of
8 64 x 1075 Sem™" and very low bulk resistance of 7.37 x 10" Q compared to 20, 30 and

40 wt.%. The sample in Fig. 4.2 (d) (70 wt.%) delivered an outstanding conductivity of

1.67 x 10 Sem™', due to optimization of the acid concentrations in this sample. Overall,



as it has been said in the case of PSPE electrolytes, that, there exist a positive correlation

between the dopants (H3PO4) and the conductivity of the samples of HSPE, because the

acid concentration increase with the increase in the conductivity. Thus, in t

s of

conductivity of HSPE, it can be conveniently writing as H70>H6. ... .>HO0. c\

2.00E~+

1.00L:

71 (ohm)

S.00E

0.00F -

1.50E 03

1.00E-03

Z1(ohm)

S.00E 02

0.00E + 00

0.00L: -

(a)

07
.
.

1.50E-07

*
E
07 ‘
i

e e |

00
0.00E+00

==y

2.00E+07
Zr (ohm)

SIS

S00E-02  LOOE+03  1.S0E+03

Zr (ohm)

4.00E+07

V? " |

1.20E+05

5.00E+00 | .
1 d

0.00E+00 -r——/ !

0.00E+00 5.00E+00 1.00E+01 1.50E+01 2.00E+0l

Zr (ohm)

Figure 4.2 Impedance plots of HSPE containing; (a) 0 wt.% (b) 10 wt.% (¢) 50 wt.%
and (d) 70 wt.% of the H3POs at room temperatures.
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Table 4.2 Parameters that Determine the Conductivity in HSPE

Coding PVA: H3POs4 ¢ (mm) Ry (Q) i (Sem™)
(+0.002)
HO 100:0 0.013 1.15x 10° 3.83x 1072

H10 90:10 0.018 8.00 x 10* 7.20 )W
H20 80:20 0.016 1.09 x 10° @}0‘8

H30 70:30 0.017 1.10x 10° I'x 10°
H40 60:40 0.020 2.10x 10° y03 x 10°°
H50 50:50 0.020 7.37 x 10 \, 8.64 x 107
H60 40:60 0.019 4.37 10Y~ 1.47 x 10
H70 30:70 0.300 5.73 x kl 1.67 x 107
~d.
| &
4.1.2 X-Ray Diffraction Analysis A
4 X

i \Ohk erele yte films
thCngéscl radiation of

wavelength /=1. 54056 A for 26 angles b hm 8 .\O
he !

analysis, the following results wer
The analysis of the sm‘$;e P g_F}_;'g?% (a); 10 wt.% (b); 20 wt.%

(c); 30 Wt.% (d): 40 wt.% @Wt% (\wt.{o
was shown in Fig. 4.3.(\ J i f' (.)O
t

It can be $ fror

also affirmed tﬁ aMument put acrocg'y (Hashmi, 2013c) about the semi-crystal
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behavior o Al™RVA. The addition of HiPO4 causes the decrease in the degree of the

Cl‘ysw d consequently the increase in the amorphicity of the material and its

conducti™ly. This result was also in consistence calculated values for the degree of

crystallinity of the samples obtained which will be discussed afterward.



81

&
S

Fig :D Analysis of PSPE containing; (a) 0 wt.% (b) 10 wt.% (c) 20 wt.%
(d) 3 (e) 40 wt.% (f) 50 wt.% (g) 60 wt.% and (h) 70 wt.% of the H3POs4.
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Earlier attempts at measuring crystallinity of a samples took place with the work
of L. Segal and co-workers 1959 (Marashdeh et al., 2011; Terinte et al., 2011).
The so-called peak height method, is an empirical method being the most co
simple method to determine the degree of crystallinity. This method has b£
used for the study of crystallinity of native cellulose. A

The crystallinity indices of the PSPE samples were therefore calcated from the
the equation stated earlier in methodology (equation 3.3) and th%ng percentage
of degree of crystallinity is shown in Table 4.3. It can be se et lle thgt, sample

PO has the highest degree of crystallinity of 42.6 %, which is almdst o n,agre@fent
1

with what was obtained by Guirguis & Moselhy (20 ra 1‘90 % PVA. ﬁowever
as the concentration of the acid increases the ce ge \‘hmt%&vhe sample

t fo <%onductlwty of

increase. Hence, this result compliment that &r}uctlwty

the sample that was summarized in the per T ab ? e{l\ver the degree of
crystallinity, the higher the conducti € ws"a con51stent with XRD
pattern of the samples, as the XRD de f th centage crystallinity.

4‘)

eas
l
Table 4.3 Degree of Crystallinity QPS E:J

—

Sample PO 230 P60 P70
)

Cryslallinily

(%) 31.1 280 262 23.1

FunhQ the analysis of x@?t:ucture of the HSPE which are all cellulose
111@01]301@d samples for 0 wt.% (a); 10 wt.% (b); 20 wt.% (c); 30 wt.% (d);
050 wt.% (f); 60 wt.% (g); 70 wt.% (h) ratio of the H3PO4 is shown in Fig.
4.4 (a-i). It can be observed from the semi-crystalline peak of the PVA at 20
approximately equal to 22° decreases with the decrease in the crystallinity percentage

and increase in the acid concentration. The behavior of the peaks also is in consistence
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with the earlier argument put across by (Hashmi, 2013c¢) regarding the semi-crystal
behavior of the PVA. The border humps at the left and right hand sides at 26= 14.8,
16.2 and 33.8 (approx.) across all the sample are of the cellulose crystalline fovd

are consistent with the previous report by Qiu et al. (2014). c\

(a)

&

Figure 4.4 XRD Analysis of HSPE containing; (a) 0 wt.% (b) 10 wt.% (c) 20 wt.%
(d) 30 wt.% (e) 40 wt.% (f) 50 wt.% (g) 60 wt.% and (h) 70 wt.% of the H3POs.
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Furthermore, the crystallinity indices of the HSPE samples were also calculated
from the earlier equation and the resulting percentage of degree of crystallinity is shown
in Table 4.4. From the table, it can be seen that, overall, the results of the @f
crystallinity are less than that of PSPE. This is due to the presence of t@ose in
the sample. The decrease in the CI, values from sample HO to H70 wer: iated with
the continuous doping of the H3POys into the sample. Thus, while J<H70, for
the conductivity, conversely, HO>H10... >H70 in the case of xﬁﬂ-‘e crystallinity.
Table 4.4 Degree of Crystallinity of HSPE \d‘
Sample HO H10 H20 H30

hv.ad
Crystallinity NG
\b" T
(%) 243 210 200 19 7.2 3

4.1.3 Field Emission Scanning Electro%oscﬁg‘ \.\n alysis
a ]
Both PSPE and HSPE films have b %min usige diffgient magnifications. The
&
resulting images are shown in Fig. d 4F

N
Figure 4.5 is the FES%f t &%@ges of PSPE containing 0 and
40 wt.% at a magniﬁca@ﬁ 1.0Q¢Mmm) gshown in Fig. 4.5 (a). It can be

&)
observed that, there 15%1 ofvidu flcl(eg)r patterns that is sited in these images,

this is because M%%'allﬁl n F coléTe\ss reagents that were allowed to dry so
nothing can d. These microgr@Y:emained the same for the whole samples of
PSPE. T \ behind their inclusion in this work is being able to observe the
diffgeenc b etween them and those of cellulose incorporated sample and to be able to
ascertain whether or not there is any correlation between the FESEM of the samples

and their electrical conductivity. However, while the micrographs clearly shows that the

two different types of the sample (PSPE and HSPE) differ in the appearances, there is
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no clear evidence that shows the FESEM of the whole PSPE samples has any correlation

with conductivity studied so far.

NAOB20KVX30 LML)  w— 1.00mm

%Q' . é\%&'% at a

In Figure 4.6 the FESEM images ofNQonta\inin ,50@1 70 wt.% of the

AN
HiPO4 was displayed at magnification % n}:AO ; @tulose filter paper 1s
;h

rvnadlaaad

NOB 2.0kV x30 LM(L) 1.00mm

Figure 4.5 FESEM images of PSPE containing
magnification of x30 k (1.00 mm).

Q

7]
comprised of wood—cellulose fibers \ ave a speal$dtio and porous structure
N
ts ac %

capable of allowing the ionic grovenfen je pol\j} r electrolyte.

The micrograph of @ v'v O\nd ; t. % shows an entangling mat
nature, indicating the ;@e ofQellu le fi ‘épaper in those compositions. The
images show an evegdIsty utif] lfe\r(i;?PVA/HﬁO‘;. These images look fairer
suggesting that gfulosé pap@aked in the prepared compositions of the

Y
PVA/HzPO@Iectrolyte was n&(\%ell-soaked” as such, some little holes are sited

in lhcé%iowever. unlike images in Fig. 4.6 (a) and (c), the image of sample in

the y (b) looks darker indicating that the cellulose is well-soaked in the
homogenous solution of liquid electrolyte before drying. Normally, after soaking,

cellulose fibers become coated with polymer, as a result the fibers become thicker and
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also the fibers in the inner layers become less visible as shown in Fig. 4.6 (b). Overall,
although, some diffused features are visible in the uncoated cellulose membranes due
to the presence of some open fibrils, but the fibers are apparently smoothened ﬁe to

the coatingng of the open fibrils with PVA/H3PO4 blends. \

1pral 1
WU 1» /

(c)

were prepared f eral tﬁwzng pieces cut from the polymer film to a mass

N
ranging fron\ 4.24 mg (i0.02)~ﬁ(?r PSPE and 7.08 - 19.82 mg (+0.02) for HSPE.

The t ure range studied was 40 to 300 °C. The heating/cooling rate was
10 QThc aforementioned temperature was selected due to the fact that, the

majority of the DCS analysis of PVA is set to a maximum temperature of 300 °C since
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even the highest transition temperature of PVA will hardly exceed 250 °C, noting the

theoretical value of its thermal transition is 230 °C (Othman et al., 2011).

The DSC technique has been performed to observe the change in traw
temperature that is caused by the doping. Starting with PSPE as s@ d in
Table 4.5. for the sample that is 100 % PVA (P0), the value of 7, was 89 °CYwhich is
nearly in agreement with that reported previously in the 1iter$uirguis &

Moselhey. 2012). However, the value obtained for the 7,, @23 ) is close to the

theoretical value of pure PVA. Furthermore, it can be se Jt W samples
’
ic pegk of ightl&;ve
-

hi€ hpjodicat s¥Mhe huge
N

show a very good thermal transition, (75) with an endot

200 °C (i.e. 221 and 207 for P10 and P20 resp

percentage weight of PVA Is present. Notin

transition of the pure PVA as 230 C, this re S c@y ated Othat, and was in
agreement with that of (Agrawal, 2004% ;ielalslaa%il(hjé[hman et al., 2011).
9 Q
However, probably due to the pN of al &Hem, or intermolecular
N

interaction (Mudigoudra et g, 2!22) fo angbrye and H3POs, the thermal
. . . s s
transition starts to decrease Kht 17 ?asg te& ejature.
It is interestingpto SgQW hoyv n‘e_&)..transition of PVA varies after doping
’
the different conc oS ;f 3P?4. ngR¥Yy aspect is the determination of whether

£
the resulting bl&gd ¥mples result mlcsc)gl'e or not (Guirguis & Moselhey, 2012). The

N
higher the ENg point temperature the more the stability of the molecules therein,

lhu% A has more stable molecules than PVA/H3PO4 composite. So, it can be
seen tha®™he 7. and T. decreases (or even diminishes) as the concentration of the acid
increase. This is a known fact that in homogenized blends, the melting shifts to the

lower level (Othman et al., 2011; Guirguis & Moselhey, 2012). Also the theoretical
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glass transition of the PVA alone is about 85 °C while the composite shows down and
upwards shifts of this temperature. This could not be unconnected with the gradual
increment in the concentration of the acid and instability of molecules of PVA/RgPOs.

S

Table 4.5 Parameters for the Thermometric Analysis in PSPE

Temperature (° -
Coding PVA: Mass (mg) I T T.
H3PO4 (£0.02) Y’
PO 100:0 1.98 89 229\/ 152
P10 90:10 4.48 81 T 166
P20 80:20 7.41 127 | 186
P30 70:30 8.27 11

7
: 2. A
P40 60:40 15.12 116 1 | _{—)
P50 50:50 13.53 ] A 160
\6 \T
P60 40:60 19.48 6 0 EY‘ 150

P70 30:70 24.40 \J ~ 29 g, 79

&
unlike PO which completely PVA dhe CT oseser paper in HO has made its
T, value to be enhanced to 99 ough this }dlt\ho coincides with the T value
N &
of 100 % percent of PVA Neverlthe e obé{ed for the T;, (218 °C) — which is

&

also less than that of BO-Ngcloge fo J OEg.wal value of pure PVA. Differences in
the area of the n and;tilgm ar zﬁﬁoticed. The melting point is a physical
parameter usﬁ%ﬂify the atur‘; &)‘(}Q substance and its degree of purity. The data
in Table indu™g that the melting point (7,) for the blend samples are closing showing

the Q f PVA in the blend. The crystallization (7¢) for the samples H20 to H70,
1apsaue

perl to the increment of the concentration in the sample.
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Table 4.6 Parameters for the Thermometric Analysis in HSPE

Temperature (°C)
Coding PVA: Mass (mg) is Ton
H3PO4 (£0.02)

.
HO 100:0 7.08 98 215 5
HI0 90:10 8.58 81 172 \%5
H20 80:20 14.63 127 165 c’) -
H30 70:30 12.08 118 168 \

H40 60:40 12.08 116 15
H50 50:50 8.65

H60 40:60 19.82
H70 30:70 8.80

8

and 70 wt.% (for PSPE) and imme?g ce[ $per (fo
|
and HSPE showed an excelhs It ot;.‘_u&_};l Qom‘l and 1.67 x 10> Scm™
N Q
respectively at the opti kon@n O@P(M (70 wt.%) in each blend.

\
Furthermore, from the%\l repulds 0 lﬁx&é'ﬁnalysis carried out on both categories
of the samples r &H’ a }e i—cZ's llhéév'seak of the PVA decreases as the acid

4
concentratior} inSea es. Which in mﬁdicated that, there is an enhancement in the
N

the PVA samples kept constant whil%‘

amorphici \le samples responsible for the process of ion transport. Furthermore,

the degMgoY crystallinity calculated from the XRD peaks revealed that, the lower the

degree 0 crystallinity, the higher the conductivity. Hence, the result was in consistent
with XRD pattern of the samples, as the XRD peaks decrease so the percentage

crystallinity. This characteristic behavior was confirmed from the analysis of the
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differential scanning calorimetry results. FESEM result pictured the entangling nature

of the combined samples as a result of the presence of the cellulose filter paper in HSPE

while a clear (no particles sited) in PSPE:
on, the fabrication and characterization of CPCMWCN@.:

In the next secti
and hybrid polymer electrolytes as separators will be discussed. It could be&ed in

chapter 111, which discussed the experimental procedures taken to ensurg an dytstanding

results, it was further explained that, of the three commercial CNY&&. Carboxyl,

Hydroxyl and Normal CNTs), nine different supercapacitor e py ]‘ared three
). This section will provide qgtailed disgussigns of e@
)

of the cells fabricated from each of the electrodes. his gnt ils ain*r the
V

characterization and measurements of all the fabri%‘ls‘ \ EY‘
4.2 Fabrication and Characterizations @percapa \
Mu

Commercially ~ Prepared Carboxyl W 1&
(CPCMWCNTs) and Hybrid Solid Poly, ectrol

. ' “
4.2.1 Microstructure Characterlzatl& } j A‘Q
er, bt§med v@an XRD (Philip X'Pert

cells from each powdered CNTs

d on the
n~ Nanotubes

As it was disclosed earlier, X spogira w

XRD with Cu K, radiation of {vel
80°) that used Cu Ka radi@ = I
¢

The XRD anglyg! thefC90
N .
. aks €l ,‘,The )&) peaks that appear in 26= 26° and 26=

a res&%f the hexagonal structure of (002) and (101)

1 O
df.l‘é"!o electrode as depicted in Fig. 4.7

43° (red verti ) might be as

cates that the Carboxyl MWCNT have high conductivity (Dong

respecti h indi
et al.@n addition, there appeared a wider diffraction at 26=20. 1° (blue vertical

line) correspond to crystalline peaks of PVDF (Stolarska et al., 2007). These results,

also proved well by the same result of the XRD obtained by many researchers such as

(Stolarska et al., 2007; Li et al., 2010).
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Figure 4.7 XRD plot of C90PVdF-HFP10 with d bjadvertical lines.
The red vertical lines indicate the presence of C & g the presence

whle\b
of crystalline PVdF. %
&

1

Furthermore, the surface mo of, t €s ﬁle@ch was investigated
AN

using FESEM for images in Fig. a.nr (b)y df C CNTs of pure (free)
CPCMWCNTs and sample ele% wit t,V:Q} CPCMWCNTs (C90PVdF-
HFP10) are shown. PUIC G ‘\@HS @r, entangled and smooth surface
morphology with the o nTrbf 3 d length of several micrometers. The
few larger tubes re cr the M structure indicate that the original
MWCNTs ha 0x1d12ed there sultmg in the enlargements of the tubes.
However. the M image in Fig. 4.8 (b) although was clearer, but it is not as the

case @ 8 (a), which is as a result of the addition of 10 wt.% binder into the

composition of the electrode.
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N
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NPV N U
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S

)/ §1.0am
A

90 2 OkV 3.6i:nm x150Kk SE(UL) -
T

Figure 4.8 [, images of (a) pure Mree) CPCMWCNTSs and (b) sample with 90 %
CpPC MWI% \ing an average outer diameter of the tubes. The magnifications of
N

the 1\\(6 swere 4.3 mm x 150 k and 3.6 mm x 150 k respectively.

Lastly. Fig. 4.9 depicts the FESEM images of C90PVdF-HFP10 electrode

overlapped on HSPE containing 60 wt.% of HyPOs (i.e. H60) at the magnifications of

2 kV x 45 k (1.00 um). The image was taken at an angle of 30 in order to see the
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boarder where the electrode and electrolyte interface. Here it can be deduced that, the
thinner the electrode the better, so, thicker electrodes will not only leads to bulky
construction of the cell, but also result in higher internal resistance as ions would ngt be
able to diffuse thoroughly from one barrier of the electrode to the other. It wa x
the literature review how different researchers emphasized and recommen%at for a
high capacitance to be realized, especially in a flexible-type cell, mner-liked

electrode should be constructed.

H60C90_30D 2.0kV ".4: Ok SE(UL)

PVAFLFP10 electrode overlapped on HSPE
MWCNTs at the magnifications of 2.0
1d an an 3 30&-

imetric Analysns*(‘@GA)

Figure 4.9 FESE
containing 60 wt.%

kV x 45.0 k (L. :E
4.2.2 Ther

The thcfé metric analysis (TGA) was carried out in the scale-range of 50 °C to

1000 ngder nitrogen gas (N2) flow at a heating rate of 10 °C min™ on a METTLER,
STAR® SW 10.00 thermal analyzer in line with our previous work (Hashim et al., 2014).

The thermal stability of the samples was discerned in Fig. 4.10. These figures include
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(a) 0 % sample (Background) (b) pure CPCMWCNT and (c) C90PVAF-HFP10 -
Double scale.

Before beginning the experiment a background heating was done in or

clear any ruminant residue and for re-calibration (Fig. 4.10 (a)). Trace in Fi
shows the pure CPCMWCNT with major loss of just 11.1 % occurring% .
leaving a residue of 87.9 %. This result shows that the pure MWCNTs hg.very good

thermal stability and consequently, good in application of elem%cal devices.
% ials were all
d

While in Fig. 4.9 (¢), it can be noticed that, when the ater

incorporated in a single electrode, three losses were recorded. inftial 0P2.\Q%
0SS

of the total samples occurs at 307.2 °C, then the secd 055 Y hap@ed at

V
449.5 °C and the highest loss of 11.6 % was noti% 7086‘ \.‘Fhis @ that the

(@)

mgj NORMAL BACKSROUND, OF 12 20130 1256 ; ’ \& 3 i
0.5 Sanpie wenht 'y C‘J | I |
| HORMAL BACHGROUND, 16 468303 q Q

-
(
)
|
w
&
a
2
o
2 |
g
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Figure 4.10 TGA of the electrodx
CPCMWCNT (c¢) C90PVdF-HFP1 VM

4.2.3 Electrochemical Bel\ior:\{}

It can be recalled duringathe ®pnd ' tudié‘ff the polymer electrolytes, it was
‘27 9
: ) : P4 )
mentioned that, thrgeymogt eftgcti am@ in terms of conductivity among the

cellulose incorp %&lectrgl)wjﬁi{S@\were selected for the fabrication of the
a s N

supcrcapacil@w * They are the\;)mples with 50, 60 and 70 wt.% of the

orthopl @ acid, which also coded as H50, H60 and H70 respectively. The

electr ical behaviors of cells constructed by sandwiching the electrode and

electrolyte using two-electrode system is therefore investigated by CV and CD

measurements.
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Figure 4.11 shows CV of Cell ~A (C90PVdF-HFP10 [H50] C90PVdF-HFP10)

at the scan rates of10, 50 and 100 mV, within a voltage window of 0.0 — 1.0 V. It can

be discerned that the resulting CV curves of the cell displayed a leaf-like and nyigor
symmetric indicating though, a modest supercapacitive behavior for CPC s
that uses an aqueous electrolyte of 50 wt.% of H3;PO4 in homogenou tion of
PVA/H;POs.

From the calculation (using the equation 3.4 stated earlier),vx be obtained
that the specific capacitance is 8, 11 and 19 Fg ' for a scan 0 (' and 10 mV
respectively as shown in Table 4.7. From these results it cég be dedu edtktql%ngva
. . %
relationship between the capacitance and scan rate. Thtﬁc Cf;;:ﬁe,(iééeases
V
‘leS 0

from 19 Fg 'to 8 Fg ' which could be attributegd to the sl fer @, n the

electrode electrolyte interface (Shu et al., 2@3 also 1 anénote that, the

lower conductivity of the electrolyte film c%ad to lo\cy_gi$p ;{S}te, The film H50

, ]
which was used as a separator has the\ uctivisy of 8p4'x @Scm'l this is another

S

evidence for the resulted low ca acx'?!oft e ce
i—y N)
0.007 1 : e SRI100
\ (fj) ¢ SRS0
0.000 & '
|

@ SRI10
0.005 A

0.004 1

0.003 4

0.002 1

current (A/em sq.)

0.001 4

-0.002

i
-0.003 J

voltage (V)

Figure 4.11 CV of Cell —A (C90PVAF-HFP10 |[H50| C90PVdF-HFP10) at the scan rates
of 10, 50 and 100 mV.
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Table 4.7 CV Performances of cell-A (C90PVdF-HFP10 [H50] C90PVdF-HFP10)
Cell Working Capacitance value of different scan rates (Fg™)
voltage (V)

100 mV 50 mV

10 mV
A-C90H50 1 8 11 le 5:

Furthermore, Fig. 4.12 also shows CV of Cell-B (C90PVdF-I&P10 [H60)|

)

e window of
0.0 — 1.0 V. Noting from this cell, the electrolyte used in tly ‘ its gpecific
capacitances improved remarkably to 16, 19 and 23 Fg™' fag scanl rat SMO\RTH

10 mV respectively (see Table 4.8). These results almosﬁ&ﬂe ﬂd ofgeell- .khich

C90PVdF-HFP10) at the scan rates of10, 50 and 100 mV for a

Ry

. . . . . . V
might be attributed to the increase in 1onic conduggivitypin er @;olyte of
the HSPE. Unlike the curves of cell A, the re 1:n§ ’FV cu i 1 displayed a
%/e behavior for a

better leaf-like and mirror symmetric indiCa%an idﬁe‘c aby
N
]
CPCMWCNTs that uses an aqueous @te 60 wt. % ()@C:})PO4 in homogenous
o AN\
solution of PV A/H3POs. Y- , S

0.00006 9 j Jﬁ ¢ SR 100

SR 50
0.0005 4 & SR10

0.0004 4

0.0003 A

0.0002 4

0.0001 A

current (:\/cm sq.)

0 A

-0.0001
04002 1Y
20,0003

-0.0004
voltage (V)

Figure 4.12 CV of Cell -B (C90PVAF-HFP10 [H60| C90PVdF-HFP10) at the scan rates
of 10. 50 and 100 mV.
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Table 4.8 CV Performances of cell- B (C90PVAF-HFP10 |[H60| C90PVdF-HFP10)
Cell Working Capacitance value of different scan rates (Fg™')

voltage (V)
100 mV 50 mV 10 r(V\Y#
B-C90H60 1 16 19 &g’)'

Last but not the least, in this category of CPCMWCNTs is Md:f Cell -C

(C9O0PVAF-HFP10 [H70| C90PVdF-HFP10) at the scan rates o gan(i 100 mV for

a voltage window of 0.0 — 1.0 V displayed in Fig. 4.13. This ™est chell, as
| ]
‘ . Ny
it can be noticed from Table 4.9, the capacitance delivejyg ased dra c‘ll,&(rd 94,
Yv

172 and 313 Fg ! for the same scan rates of 100, 50 an! n\/\&{ 1vely€~h€an also

be discerned that, the resulting CV curves of tl@dis

mirror symmetric which indicate an ideal sypercafacigjng b 'or_@r CPCMWCNTs
in an aqueous electrolyte of 70 wt.% of H3 %‘ hm%us @on of PVA/H3POs.
« SR100

SR 50
= SRI10

bet@f-like and

0.0015 7

0.001 4

0.0005 4

current (A/cm sq.)

-0.001
voltage (V)

Figure 4.13 CV of Cell -C (C90PVdF-HFP10 |[H70| C90PVdF-HFP10) at the scan rates
of 10, 50 and 100 mV.
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Table 4.9 CV Performances of Cell -C (C90PVdF-HFP10 |[H70] C90PVdF-HFP10)
Cell Working Capacitance value of different scan rates (Fg')
voltage (V)

100 mV 50 mV 10 mV

C-C90H70 1 94 174 31\i

At this juncture, it should be reminded that, the amount of elecﬁ&charge

accumulated due to electrostatic attraction in supercapacitor depends,on tR area of the
clectrode/electrolyte interface that can be accessed by the chargg ca Once the area
can be accessed fully by the charge carriers, then the higher ea flhe electrode

material the higher capacitance. However, this is %ways he i ?08511
alw

supercapacitor cells as the higher surface area dges s¥ regllt uvhlgher

capacitance because the capacitance also depend @' refl\(1

the méxgtrlbutlon
and conductivity of both the electrolyte an t1ve ma

«
Therefore, higher capacitance can be achi e%y o@hg
(]

S (@) et al. 2010).
It has been clearly mentioned in the m logy that thi c‘éﬁcially obtained CNTs

d&tﬁe related factors.
is a functionalized one, has an otterWter 'f = §;§ moderate surface area of

43 m°g". Delivering different valu c tﬂ}(}lfferent cell formations (as in

cells A, B and C) shows th ¢ ductlw@e el@ lyte has affected the performance

of the supcrcapautm 1an y. - &a&(ﬂe Pan et al. (2010) has reported a

vertically align d w1 me of about 25 nm and a specific area of

69.5 m’g' w I\AUHC c.apacnanc ust 14.1 Fg! and portrayed an excellent rate

capability,

Qﬁ the criteria in supercapacitor’s fabrication and application is its ability to

endure long term cycling stability. In this respect, the cycling endurance measurement

over 5000 cycles for the cell A (as shown in Fig. 4.14) was conducted using the CD test
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at the working voltage of 1 V. The figure displayed the graph of resulting capacitance
as a function of cycling number. It can be seen from the graph that, the cell exhibits the
best cycling stability with only about 50 % capacitance retention of its initial value%
5000 cycles. Earlier discussions reveal possible factors that hinder the perfo@ of

this cell. Major contributing factor is the low conductivity of the electroly ) used
during the cell fabrication. Q '
] T @( Vulls0
@

®e, '

4
Jé{’//

“ &

N Aj NG
o

hey

Figure 4.14 Cyclic perfon&\esofce@%P\(ﬁHFPlO |[H50| C90PVdJF-HFP10)
for a working voltage of, N O

g t—) : ¢
t \(J

|
’
Furthermoy€, J19w4.1 581 h%'cling endurance measurement over 5000

T 1
S0O00 OO0

cycles for the AB which was carsk@}";l-lt using the CD test at the working voltage
of 1 V. Of \Ompared to cell — A and as shown from the figure, cell - B which has
highdiycap@itance over cell showcased the best cycling stability with about 85 %
capacitance retention of its initial value after 5000 cycles. As mentioned earlier, and

proved by the capacitance value of this cell, increase in conductivity of the electrolyte

compared to cell - A could be the contributing factor for its cycling stability as well.
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apacitance

T
000

evele numbor
Figure 4.15 Cyclic performances of cell-
for a working voltage of 1 V. \

40
est a@ working voltage of 1 V. Unlike

@ 58 % capacitance retention of its

cell — A and B, cell - EW)ug » g
initial value, howev@ capagitange val en at this level (~ 184 Fg'') is quite
’
Fifh

promising. It was§la ated earl at alf{ough all the three aforementioned cells were
X3
made from \yl CNT and shared common characteristics in terms of outer diameter
> mga. T

he separators (H50, H60 and H70) used have considered the major

and s%
contribu factors to their differences in conductivities.
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Figure 4.16 Cyclic performances of cell-C (C90PVdF-
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applications. Most importantly the sar tage r lﬂd sed for testing should

match that used for commercial cglls oul’ re th @ctrolyte s electrochemical
‘ g I
a

window. For instance, an electroch ff‘@ﬁ .0 V to approximately 1.0V,

should be used for aqueou Str lyt@ 0 V\ .5-2.7V for organic electrolytes.

This is because, drivin 1{1}‘1}num operating voltage can lead to an

overestimation of, € an&\ells operated at these levels will have
shortened htelAnd poor ettICIena@ue to the non-reversible reactions within the
cell. Sign @n ors can also be introduced by the method used to calculate the slope

(DV/dg) (Sig¥er & Ruoff, 2010). In a theoretical sense, for a constant capacitor device
with less effect on high internal resistance, the constant-current charge and discharge

relations are straight lines with +1/c and -1/c respectively (Niu et al., 2006). In this

respect, we determined the capacitance of the supercapacitor cell yet using this method.
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Furthermore, Fig. 4.17, the CD graphs of (a) Cell-A (b) Cell-B and (c) Cell- C
were all depicted at a working voltage of 1.0 V and at three different discharge current
(i.e. 10, 20 and 100 mA). The discharge capacitance was calculated from the eung

3.5 mentioned in the methodology chapter.

In Fig.4.17 (a) a typical CD profile of cell — A that is made up of *ectrode
from CPCMWCNTs of the average porous surface area of abou g ' and an
aqueous hybrid polymer electrolyte of 50 wt.% of the H3PO4 of V&lll PVA/H3PO4
blends (H50) is shown. A voltage range of 0.0 - 1. 0 V w4 Mcertam
the significance of the cell at higher voltage. It can be seen the Chp 1lfsi®’ate

from a typical linear variation of voltage with time th o acnor

Yv
The observed non-linearity in this case can be atcw to tﬁ‘e 1 con&@wty of the

electrolyte. It can also be observed that the char 3 an{is ing'sMmes are almost
the same. The specific capacitance of 1 d H) g Pate @ned at a discharge

current of 100, 20 and 10 mA lespectl it h il engrgy and power densities

0f5.25 Whg 'and 0.08 Wg ' regfecti % at aLsc rge ent of 100 mA. The overall

columbic efficiency of 88. 9 1S recor

is @able 4.10 summarizes all the

aforementioned results. T i"ige at the beginning of the discharge
res lt

€ us nature of the electrode and low

N

conductivity of wrolyte Zodld ly-recalled in our earlier discussion that the
N

porosity of eec.trodc can sonitimes influence the performance of the

supercapge g hlS electrode being ~50 nm in outer diameter can hence be an
anrib@tor towards its cell’s voltage drop.

Furthermore, Fig. 4.17 (b) shows a CD profile of cell — B, which has an

curve which wuld

clectrolyte of better conductivity compared to cell — A (i.e. H60). Although, the
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variation of voltage with respect to time is again not linear due to the porous nature of

the electrode materials which is in conformity with the argument put by Pan et al.

(2010), the profile, however, is more perfect than that of cell — A. This could be as a

result of improvement in the conductivity of the electrolyte. Moreso, the r® of
ERS can be attributed to the improvement in conductivity because of then&er nduced
by the functionalization (Pan et al., 2010). It’s charging and dlschw times are

observed to be the same, and the specific capacitance of 2.4, m 18.0 Fg ! are
) . 2h

a|5peciﬁc energy

. -1 i i
and power densities of 5.25 Whg ' and 0.08 Wg " res ge{v;rent

of 100 mA. Its overall columbic efficiency of88.9%

i ' g ¢ @&irge as that
the voltage drop noticed at the beginning of th% s B B9 Smge as tha

of cell A which could be as a result \ﬁboveme inihe 6§ductivity of the
AN
electrolyte. CO
SR
N 0

Unlike cells — A and B, W

large voltage drop, Fig 4.17 sh

of good electrode/electrg interf: %{Q welf-@ned conductivity. In addition, no

: . employed three different discharge
ohmic drop is obse 1w this 'e h€§ ploy

[ ]
€ ti{nee(}?rlier. Again, it can also be observed that
N

currents for the Qu_ enflas
! s a$most the same. The specific capacitance of

the charging4qn chargin@lr
V .
20.3 w 53.0 Fg ' are ob?g?led at discharge current of 100, 20 and 10 mA
¢ energy and power densities of 76.50 Whg ! and 1.00 Wg !

3
res 1%. and a specifl
respSusiely, at the said discharge current of 10

ed for this cell. The introduction of surface

0 are also calculated. The overall
columbic efficiency of 93.8 % is record

carboxyl groups can create more than 3 times larger capacitance due to the increased
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hydrophilicity of MWCNTS in an aqueous electrolyte. This is not always the same case

for the introduction of alkyl groups, as it will result in a marked decrease in capacitance.

Overall, it can be observed from all the cells that, the discharged capacitance d S

with the increase in the current applied, which could be as a result of the low

of ions into the inner region of the pores due to fast potential changes.

een tion

oltace (m\

A\
N
N
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1000 -‘

Q00 o
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oo o
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EAERIUY

(c)
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o oo

Fime (s)

120 140 1o0 180

Figure 4.17 CD graphs of (a) Cell-A (b) Cell-B and (c) Cell-C.
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Table 4.10 Performance of Supercapacitor by the CD

Cells Working Cq (Fg'h Energy Power Efficiency
voltage (V) density density (%)
(Whg') (Wg')

A-C90H50 1 1.4-3.5 5.25 0.08
B-C90H60 I 2.4-18.0 9.00 0.50 C&'
C-C90H70 1 20.3-153.0 76.50 1.00 &

So far from the foregoing section, the noble of CPCW@:& as an

electrode for high performance supercapacitors using HPSE araior have been
explored. Three cells were constructed and labeled as cell- 90P 10 ]HSOI
C90PVdF-HFP10), cell-B (C90PVdF-HFP10 lH60l dF- ‘ng\(‘t)ell -C
(C90PVAF-HFP10 [H70| C90PVAF-HFP10) with c 1n s ato \%'e XRD

<

a@ 43 which

1 )_i ectively, which

peaks of the sample electrode C90PVdAF-HFP1 @ed

might be as a result of the hexagonal structure (OOQ@

also indicates that the carboxyl Multiwa s éavenlgh @’ductlwty and can be

used as an electrode material for thMlC ' e s@rcapacitor cell. Again, a
ongftol

=

wider diffraction at  26=20. 1 iC® corre c@alline peaks of PVDF. TGA

's &

traces shows that, the puxe rienc (aJmajor loss of just 11.1 %, which

occurred at 611.8 °C Ng, ares Z’)& which also shows that, the pure
MWCNT have ver hen al ?a jlit ég\&d consequently, good in application for

clcctrochemlcal emgks. Thls su e\’?ﬂ gets better when the active material was

C-,
added. Fro \overall results for ;he electrochemical analysis of the CV, cell - C

& est capacitance of 313 Fg~' by more than 3 folds over cells A and B. This
result, ¢ entioned earlier, is attributed to the remarkable increase in conductivity of
the electrolyte used (H70) which has the highest conductivity over H50 and H60 used

in the assembly of cell A and B respectively. This was further proved by the CD
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analysis where cell — C shows perfect linear characteristic implying a formation of good
electrode/electrolyte interface with a well-defined conductivity. In addition, no ohmic
drop is observed in the profile delivering the highest specific capacitance of 153.00 Fg '
and a specific energy and power densities of 76.50 Whg ! and 1.00 Wg ! res &Yl:
and attained the overall columbic efficiency of 93.8 %. In the next secti(&%cation

of supercapacitor using yet another functionalized carbon nanotube ( CNTs)

will be explored. Several test analyses will also be conducted aﬁm capacitance,

power and energy densities will be analyzed. é
4.3 Fabrication and Characterizations of Supe acitor] Ba (.) Yt-he
Commercially  Prepared  Hydroxyl Multiw. Carlo #aﬁlbes
(CPHMWCNTS) and Hybrid Solid Polymer Elec (HSP b &

V

4.3.1 Microstructure Characterizations

The XRD analysis of the HYOPVdF-HFP10 NQ i
seen that, all diffraction peaks can be o %
.%e

CPHMWCNT can also be seen clea&

. ‘ D
20= 26" and 43" which matchetWIWZ) d (1§1 @tively that the presence of

' 3 5 1.e‘.‘@# 56.1° (also red vertical lines)

~

MWCNT, while the last po1

w I

might be also consideredéd th '
The intensity %peal a'l.

2007) of the as- %'carb‘ovdé’tro%_ urthermore, diffraction peak at 26=20. I*

(the blue vegll ine), at the begin@; left of the trace, which correspond to the

crystall'n%& of the PVDF (Stolarska et al., 2007). Similar XRD results were
)

obta Stolarska et al., 2007; Li et al., 2010b). The dispersed green vertical lines

all over the trace are attributed to the functionalization of the CNT (-COOH).
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Figure 4.18 XRD plot of CPHMWCNTs rede,m y@wemcal lines. The
C

red vertical lines indicate the presence ! s t@presence of -COOH

while blue indicating the presence of g “« Q
N b o
, S

As for the FESEM al Sz: Fig. j4.1 ® (b), FESEM images of

&
CPHMWCNTs of pure C Pl& s' ple &rode with 90 % CPHMWNTs

were respectively presex& this\? 'th thé{vo samples exhibit similar regular,
¢
C—; l £ 9

entangled and 51“0@ acewlzh Og}@th the outer diameter of ~28 nm and
length of severaj I meter{. ug@v larger tubes can be seen in the FESEM
SN
1

structure w w icate that the orig?i%l MWCNT has been functionalized since the
uteg di

ameter does not exceed 50 nm. In terms of clarity, sample in Fig. 4.19

norma
(a) sh¢ arity of sample (b) due to the addition of 10 wt.% of the binder.

4

o]

Q
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FH 2.0kV 4.2mm x150k SE(UL)

60.6nm

F [N TR T TR T IR TR T (N T |
H90 - %'/ 4. 3mm x150k SE(UL) ' F‘ 300nm
Figure 4.19 FESEM images of (a) pure (free) CPHMWCNTs and (b) sample with
90 wt.% of CPHMWNTs showing the average outer diameters of the tubes. The
magnifications of the two samples were 4.2 mm x 150 k and 4.3 mm x 150 k

respectively.
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Moreover. Fig. 4.20 depicts the FESEM images of H8OPVdF-HFP20 electrode
overlapped on hybrid electrolyte containing 60 wt.% of the H3PO4 (H60) at the
magnifications of 2.0 kV x 100 k (500 nm). This image was also taken at an angle of
30" in order to examine the edge contact at the electrode and electrolyte. As N ed
carlier the reason behind the image taken is to deduce the required nee %g the

sandwiching of the electrolytes between the electrolytes to avoid high N¢sistance and

consequent low conductivity of the assembled cell. V

HB0H80_30D 2.0kV x10Ck SE(UL)

Figure 4.20 FESE}Nm q HFP20 electrode overlapped on HSPE
containing 60 wi. g OWg3POgp 80 YL HMWCNTs at the magnification of 2.0
KV x 100 k (500aMghd an anBof30"g

4.3.2 T@'avimetric Analysis (TGA)

It ha@’i ed earlier that, the analysis of the temperature stability of the sample was
investigated by thermal analyzer in the scale-range of 50 °C to 1000 °C under nitrogen
gas (N2) flow at a heating rate of 10 °C min"' on a METTLER, STAR® SW 10.00. The

thermal stability of the samples was discerned in Fig. 4.21. These figure include (a) 0
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9% sample (Background) (b) pure CPHMWCNT (c) H90PVdJF-HFP10 - Single scale
(d) H90PVdF-HFP10 -~ Double scale.

At the beginning, we analyzed background heating, in order to make way with
any ruminant residue and for re-standardization. From the trace in Fig. (b) Q;
understood that, the pure HPCWMCNT with major loss of merely 10.1 ‘%&ming at
696.6 °C leaving a balance of 88.7 %. Basically, these results show that p§e MWCNTs
has very good thermal stability and consequently, goodweiiegApplication of

electrochemical devices. While in Fig. 4.21 (b) and (c), it can ced lhat, when the

active materials (i.e. the binder) was added into a singlgelectfde thr\l'gﬁs yere
‘ ‘ | &
recorded. The initial loss of 0.9 % of the total samp ccurs it 7 0C®€n the
V
second loss of 4.1 % occurred at 388.9 °C and th%ig st lo 1 %ﬁ'noticed at

605.4 °C. This shows that incorporating a b@ neghi g ua@‘) into the pure

CPHMWCNTs does not affect the conduc% super \am$ y ,‘&'\
o S

=~
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Figure 4.21 T the el(m ) 0 % sample (Background) (b) pure
CPHMWCNT, 0OPVdF-HFP10 1§buble scale.
~

4.3.1 ‘ochemical Behavior
Earlic s reported that, of the eight different formations of the polymer electrolytes
using cellulose filter incorporated in an aqueous electrolyte, which were prepared in a

percentage ratio from 0~ 70 wt.% of PVA/H3POs4 blends three, with the highest
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electrical conductivity are selected for the fabrication of the supercapacitor cell. They

are the samples with 50, 60 and 70 wt.% of the orthophosphoric acid, which also coded

as H50. H60 and H70 respectively. The electrochemical behaviors of the cells

ng the electrode and electrolyte using two-electrots‘%tc

constructed from sandwichi
is therefore investigated by CV and CD measurements. A

CVs are performed to estimate the electrochemical properties of?ﬂmmetric

olytes at the scaniwgte 10, 50 and

supercapacitors in these three different electr

om 0.0 - 1.0 V. The results for 1 - 1} (H90PVdF-

100 mV with the voltage range fr

HFP10 [H50| HOOPVAF-HFP10) are shown in Fig. 4.8 I0Ren y¢ fom thatthe

. | | &
age range exhibit sim eaf-lll:'e alfjoug Ssiown

%\ ith s% current

supercapacitors in their volt

capacitife b

rectangular) and mirror symmetrical modest

responses on voltage reversal at the two end \tg!!, i

of electrolyte used (i.e. H50 which has %owes

. el
clectrolytes). \ &
A\
From the calculation, it cmvt()bta € th

%

™ o)

Fiom these results it @ed Jed tht, thg/éls the relationship between the

capacitance and scan %\"e petif] y’acﬁé‘ﬂge decreases from 46 Fg ' to 18 Fg !

sl ceonildl s %;d p the @sfer of ions on the electrode electrolyte
v a2

2013). It is also@g(;rtant to note that, the lower conductivity of

/4
7

interface (Sl i3

N

flie elepta lm can lead to lower capacitance. The film H50, which was used as a

sephgator Yl the conductivity of 8.64x 107 Scm’', this is another evidence for the

resulted low capacitance of the cell.
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Figure 4.22 CV of Cell A (H()OPVdF-HFPN&Q H90P FP&.M the scan
rates of 10, 50 and 100 mV. \ Pl
S
]
Table 4.11 CV Performances of Cell - dE-HFPY0YH 30RH90PVdF-HFP10)
Cell Working Capa V. iffe{&?’scan rates (Fg™')

ce
voltage (V) ' @ %
0mV | [ 5Qw 10 mV

A-H90H50 1

/) 22 46
=

Furthermore, %} i&bf Cell-B (H90PVAF-HFP10 |H60|

H90PVdF-HFP10 %suan ratés o IQJVO and 100 mV for a voltage window of

0.0-1.0V. Nhom this cell, the electlolyte used in this cell (H60), its specific
0

-oved remarkably to 48, 56 and 89 Fg ' for scan rates of 100, 50 and

capacitanO8gt .
10 mV resp@ively (see Table 4.12). These results almost double that of cell-A by two

folds which might be attributed to the increase in ionic conductivity in the polymer

electrolyte of the HSPE. Unlike the curves of cell A, the resulting CV curves of this cell



displayed a better leaf-like and mirror symmetric indicating an ideal supercapacitive
behavior for CPHMWCNTs that uses an aqueous electrolyte of 60 wt.% of H3PO4in

homogenous solution of PVA/H3POs..

8.001:-04 1

0.00E-04

4.00E-04 A

2.00E-04 4

current (A/em sq.)

0.00E+ 00 1

2.00E-04 / > V
-4 00E-04 \) «
voltage (V)
% —3''S
Figure 4.23 CV of Cell B (HI0PVdF IHQO| H vadéﬂmo) at the scan
rates of 10, 50 and 100 mV. \ A
N

Table 4.12 CV Performances of
Cell Working

voltage (V@ (,.0‘\\ s
B-H90H60 \ " w cg Q" IR 10 mV
- ‘B 9 56
Qc?_ . ke 89
& v S

Last but nﬂk least, in this Cat@y of CPHMWCNTs is the CV of Cell -C

(H90PVdF-HF 70| HOOPVAF-HFP10) at the scan rates of 10, 50 and 100 mV for

a voltagg wi 7 0f 0.0 1.0 V displayed in Fig. 4.24. This is best performed cell, as
it can be noticed from Table 4.13, the capacitance delivery increased dramatically to
52. 62 and 92 Fg ' for the same scan rates of 100, 50 and 10 mV respectively. It can

also be discerned that the resulting CV curves of this cell displayed a better leaf-like
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and mirror symmetric which indicate an ideal supercapacitive behavior for a

CPHMWCNTs in an aqueous electrolyte of 70 wt. % of H3PO4 in homogenous solution

of PVA/H;POs.

0.002
|

0.0015 A

0.001 1

0.0005 A

current (:\/cm sq.)

-0.0005

NN A
= 0

Figure 4.24 CV of Cell -C (HO0PVAFNG) ,

rates of 10, 50 and 100 mV.

Table 4.13 CV Performances of C¢

Cell Working &C apai \fferent scan rates (Fg™)
voltage (V& e
N
\ : (—S > S0mv 10 mV
C-H90H70 Q? 2 ééj 62 92
The obse ifferences of the @ehaviors for the supercapacitors in various

electrolytes gb \orementioned three cells (cells A, B and C) could be attributed to,
the ioniagradi@wof the electrolytes, the radius of ionic hydration sphere of electrolytes,
the conductivity of the ions and the mobility of the ions. It is a known fact that, the ions

would be surrounded by the water of hydration when the water is used as the solvent.
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Thus, the electric double layers will be built by the ionic hydration sphere of electrolytes
(Zhang et al., 2012).

It is of utmost importance to mention here that, one of the criteria¥
supercapacitor’s fabrication and application is its ability to endure long term%\g
stability. In this light, the cycling endurance measurement over 5000 cycles&e: cell
A (as shown in Fig. 4.25) was conducted using the CD test at the wo ilgo.ltage of
1.0 V. The figure displayed the graph of resulting capacitance as,a an of cycling
number. It can be seen from the graph that, the cell exhibits st cy%?bility

[ ]
with only about 42 % capacitance retention of its initial v@er 500 cy s, It&g.
-

earlier revealed that possible factors that hinders the Qer omMmancefaf thy ce&?{)uld
t

w

lower conductivity of the electrolyte (H50) used du

capacitance (Foe)

Joan 000 £ 4000 3000 6000
nunlnY'
faY,
g,

\
Figure 4.25 &rfonnances of cell-A (H90PVAF-HFP10 |[H50| HOOPVAF-HFP10)

for a workin eof 1 V.

Fu ore, Fig. 4.26 displayed the cycling endurance measurement over 5000
cycles for the cell B which was carried out using the CD test at the working voltage of

1 V. Of note, compared to cell A and as shown from the figure, cell B which has higher
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capacitance over cell showcased the best cycling stability with about 60 % capacitance
retention of its initial value after 5000 cycles. As mentioned earlier, and proved by the
capacitance value of this cell, increase in conductivity of the electrolyte comparecV

cell A could be the contributing factor for its cycling stability as well. c\

coens aus, \,Y'

=
( -—
*‘I;:f

el

Figure 4.26 Cyclic performances g celNB (H90 Vd @160] H90PVdF-HFP10)
for a working voltage of 1 V. 2 2 Xy

Lastly, Fig. 4.27 displayQtghe dur, measurement over 5000 cycles
|
for the cell C carried o s:mathe l D{e a’th(jvarking voltage of 1.0 V. Unlike cell
% NS
A and B, cell C dis bouf ﬂpa@lce retention of its initial value. It was

N
elaborated earli\ although all the*&?ee aforementioned cells were made from

hydroxyl hared common characteristics in terms of outer diameter of >50 nm
and sur agga of 43 m?g’!, the electrolytes (H50, H60 and H70) incorporated in the
sandwiching, having different conductivities are considered the major contributing

factors to their differences in conductivities.



119

& 1190170

oaeBe l‘“

T
1000

cvele namber

Figure 4.27 Cyclic performances of cell-C (H90PVdF-HFP1
for a working voltage of 1 V.

The galvanostatic CD test, as earlier Wd, i

alternative and arguably better quantitative met 0 w\al

nature of an electrode material compared to a mesTTerpe t(@et al., 2013).
3

Q’
Following the already mention%v v[ S ec1f§pa01tance energy and
power densities, and efficiency o 1ls mgde f £;1' MWCNTs and polymer

electrolytes (H50, 60 and 70) Mlculﬂte ing C%nalysm

Fig.4.28 (a) a typic prflle ofielf '— é"tnat 1s made up of an electrode from
CPCMWCNTs of thayer®ze pér rfac ea of about 43 m’g™! and an aqueous
hybrid polymer Ayte of 50 wt. % H3PO4 of the overall PVA/H3PO4 blends
(H50) is sho rder to ascertain the significance of the cell at higher voltage, a
voltage @O 0 — 1. 0 V was selected. It can be seen that the CD profiles deviate
from a typical linear variation of voltage with time that is known for a supercapacitor.

This can be associated to the low conductivity of the electrolyte. It can also be observed

that the charging and discharging times are almost the same. The specific capacitance
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of 9.8. 20.0 and 60.0 Fg ' are obtained at a discharge current of 100, 20 and 10 mA
respectively. with a specific energy and power densities of 30.00 Whg 'and 0.11 Wg'!
respectively at a discharge current of 100 mA. The overall columbic efficiency of 9

o4 is recorded for this cell. Table 4.14 summarizes all the aforementioned result S
is an IR drop at the beginning of the discharge curve which could be as a ra&f the

porous nature of the electrode and low conductivity of the electrolyte as Win the

earlier discussions. 5

Based on the CD profile of cell — B depicted in Fig. ) it 's'gvidv that,
{ 2
the profile exhibited perfection over that of cell — A. is atfribut d't&(ﬁ'
improvement in the conductivity of the electrolyte. Agay % : R@l be

attributed to the improvement in conductivity be

’4

functionalization (Pan et al., 2010). It’s charging 1schargin

é&’ “Iare obtained
"J g

Yol
at a discharge current of 100, 20 and 1 wi&‘ﬁ/speciﬁc energy and
&

power densities of 46.5 Whg : zcd 0. ' % t a discharge current of
{1i J

100 mA. Its overall columbic

However, the IR drop notiw\a&te b ' scharge curve is not as large as
that of cell A which gauld sfa " ihprovement in the conductivity of the
L S
’ <>

electrolyte (i.e. HOQ) b 4 Y
NV
9
Fig. 4._\ depicts the CD profile of cell — C, showing a better linear

characteristgwMich imply that there is a formation of good electrode/electrolyte
interface with a well-defined conductivity. In addition, the ohmic drop is not as obvious

as it in other type of cells. It was also be observed that the charging and discharging

times are almost the same. The specific capacitance of 13.2, 47.0 and 99.0 Fg ' are
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obtained at a discharge current of 100, 20 and 10 mA respectively, and a specific energy

and power densities of 49.50 Whg !

and 0.13 Wg ! respectively, at the said discharge
current of 100 mA at the said current applied are also calculated. The overall columiy

efficiency of 92.5 % is recorded for this cell (see also Table 4.14). c\

From the overall results of all the cells, it can be observed from all the cel[g that,
the discharged capacitance decreases with the increase in the appliedsgurgght, which

'oWe pores due

could be as a result of the low penetration of ions into the inner reg

to fast potential changes.

TO00 - o

voltage (mV)
<]

Lime (v)

T T T T T ~
) 30 10 o N 100 1200 140 160

Time (v)

Figure 4.28 CD graphs of (a) Cell-A (b) Cell-B and (c) Cell- C.



122

Table 4.14 Performances of Supercapacitor by the CD

Cells Working Cq (Fgh) Energy Power Efficiency
voltage (V) density density (%)
(Whg™") (Weg'h)
A-H90HS50 1 9.8-60.0 30.0 0.11 9%
B-HO0H60 1 12.4-93.0 46.5 0.1 @
C-H90H70 ! 13.2-99.0 49.5 0.13 *2 5

Y.

This section demonstrated the fabrication of a CPHWMCI\NSed as an

electrode for high performance supercapacitors using HPSE hcno‘mn as an

electrolyte and a separator. Three cells were successfully fabricat®gawhi hwbeled

as cell-A (HOOPVAF-HFP10 [H50] HOOPVAF-HFP10, ce@O ,L@O

H90PVAF-HFP10 and cell-C (H90PVdF-HFP10 | 9 FP w1th

modifications in the separator. The XRD ana1y51s te ':i'\ep' the@s of the

sample electrode C90PVdF-HFPI10 appearingat 2 2 h_i&h might be as a
result of the hexagonal structure of (002) @ réspec 'v“ Y, v@h is an indication

N
that, the hydroxyl Multiwalled CNT hav i y. A«%n, a wider diffraction
aks i’

at  26=20. 1° which correspond\% lline

\@ TGA traces shows that,
the pure CPHMWCNTs exper a m']o of Ju O 1 %, occurring at 696.6 °C

leaving a residue of 88.7 h1c é@ppure MWCNT have very good

thermal stability and ¢ ntly, oo ﬁe'atlon for electrochemical devices.

From the o %esults of the e@chemlcal analysis of the CV, cell — C
\
delivered hlghé acitance of 92 Fg ' by more than 3 folds over cells A and B. This

result, as mingoNed earlier, is attributed to the remarkable increase in conductivity of
the electrolyte used (H70) which has the highest conductivity over H50 and H60 used
in the assembly of cell A and B respectively. This was further proved by the CD analysis

where cell — C shows a better linear characteristic implying a formation of good
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electrode/electrolyte interface with a well-defined conductivity with a very little IR drop
observed in the profile, and delivering the highest specific capacitance of 99 Fg ! and a
specific energy and power densities of 49.50 Whg ' and 0.13 Wg™! respectively, *i

attained the overall columbic efficiency of 92.5 %. c\

In the next section, fabrication of supercapacitor now using an un—funﬁlized
commercial CNTs (CPNMWCNTs) will be explored. Three different t)%Y'cells will
be assembled with three different kinds of electrolytes (H50, H60 ndvm of different
electrical conductivities as separators. Furthermore, all the d%iza id(&yother

{ 2
measurements that were conducted to the foregoing cells fawgations pwill 3s ,vi&ﬁ'

carried out in this CPNMWCNTs. Notable among th the\ CD&Bere
effective capacitance, power and energy densities, ] ienE‘/ of the cel YIH all be
&
analyzed. \ .\O
A

4.4 Fabrication and Characterizafi f Super xwac' \Based on the

Commercially Prepared Normal Multx Carbgn Nanot: (CPNMWCNTs)
and Hybrid Solid Polymer Electroly,%~ PT N

4.4.1 Microstructure Character: l 0

v/
It was earlier stated that, the ectl#a obtai’q with an XRD (Philip X'Pert
o N
XRD with Cu K radlatlorchel ngt —",|548§6¢A
80°) that used Cu Ka Qﬂn (~ j A) rating at 40 kV and 30 mA.
:

In Fig. 4.2R¢heNKRD analysis ogtyg as-prepared commercial MWCNTs is

for 26 angles between 10° and

{-)
shown. It can Ned from this figure that all diffraction peaks can be observed and
the major atwon peaks of the CPNMWCNTSs can also be clearly seen. The first two
points, ;&t appeared at 26= 26" and 26= 43 which matched with (002) and (101)
respectively that the presence of MWCNTs, while the last point on the right side, 1.e.

20=56.1" (also red vertical lines) might be also considered part of the commercial CNT.
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The intensity of the peak also indicates that, this as-prepared MWCNTs has high
conductivity (Dong et al., 2007) and can be used as carbon electrode. While the first
diffracted peak left hand side at 26=20.1° (blue vertical line) correspond to :Eg
crystalline peaks of PVdF (Stolarska et al., 2007). Similar XRD results were ojpta
%Ts

by (Stolarska et al., 2007: Li et al., 2010). It can be recalled that this powd

has been identified by suppliers as having high conductivity of 10* Scm™. Y’

) HM W CNT Y.

3100

caHBe888888

ith and blue vertical lines. The red

Figure 4.29 XRD plot o%PM

vertical lines indicate t@, nce : VK‘LD‘: blue lines indicate the presence of

PVdF. % 2 A é

X

For the W{ analysis, Fig. b (a) and (b), shows the images of pure

CPNMW ree) and a sample with 90 wt.% of CPNMWCNTs (i.e. N9OPVdF-

HFP10) tively. In the case of Fig. 4.30 (a), the image can be said to exhibit

similar, regular, entangled and smooth surface morphology with the outer diameter of

~20 nm and lengths of several micrometers. However, when 10 % of a binder was
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added to the sample. the agglomeration of the mixture CNTs/binder made the entangling

nature of the CNT not to be noticed, which is an indication that, the Normal MWCNTs

is more easily mixed with other active materials than the two other functionaliﬁ

CNTs. \

FN 2.0kV 4:4mm x150k SE(UL)

o T Ay
B 2.0kv 4.3mm x150k SEfUL 300nm

Figu‘e 4.30 FESEM images of (a p'{lrme (free) CPNMWCNTs and (b) sample with
90 wt.% of CPNMWCNTs (N9OPVdF-HFP10) showing an average outer diameter of
the tubes. The magnifications of the two samples were 4.3 mm x 150 k and 3.6 mm x

150 k respectively.
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Moreover, Fig. 4.31 depicts the FESEM images of N9OPVdF-HFP10 electrode

overlapped on cellulose HSPE containing 60 wt.% of the HiPOs4 (H60) at the
magnifications of 2.0 kV x 100 k (500 nm). This image was also taken at an an{Y~

30" in order to examine the edge contact at the electrode and electrolyte. As lﬁrhd
earlier the reason behind the image taken is to deduce the required neede ess
during the sandwiching of the electrolytes between the electrolytes iwr to avoid

high resistance and consequent low conductivity of the assembledigell’ emie, in order

to overcome above problems, the thickness of the electrode nee be k t&gﬂ mum
[ ]

Ng

microns. so that ions would be able to diffuse thorough ong b edo‘fhe

clectrode to the other. It was stated in the literature rewﬁnowwl{\f res@;&iers
emphasized and recommended that for a high capcw to l;a reali¥ed, é@cially in
co% 0]

a flexible-type cell, a thinner-liked electrode shou

HBO0NSO0_30D 2.0kV x100k SE(UL)

Figure 4.31 FESEM images of N9OPVAF-HFP10 electrode overlapped on HSPE
containing 60 wt.% of H3POs, 90 wt.% of CPNMWCNTs at the magnifications of 2.0
KV x 100 k (500 nm) and an angle of 30°.
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4.4.2 Thermogravimetric Analysis (TGA)

Using thermal analyzer in the scale-range of 50 °C to 1000 °C under nitrogen gas (
flow at a heating rate of 10 'C min™' on a METTLER, STAR® SW 10.00, the an@
the temperature stability of the sample were investigated. This optimum tem&re of

1000 °C was selected knowing that a conventional commercial CNTs shoumable to

adapt to a temperature greater than 800 C. Similar techniques een shown
elsewhere in (Hashim et al., 2014). The thermal stability of t dlS me
in Fig. 4.31. These figures include (a) 0 wt.% sampl Backgr (,) or‘)‘)E.
NPCWMCNTs (¢) N9OPVAF-HFP10 — Double scale. 2 é
\ N
In order to clear any ruminant residue and al' Q) the%&ground

heating was analyzed. From the traces in Fig @), it ¢ seeé&at the pure

NPCWMCNTs with major loss of just 3.1 % %‘rmg - M%Tng a residue of
N
0 )
er

94.4 %. However, when the 10 wt.% of

(
functionalized CNTs. Fig. 4.32 %1 ), prowi hé {ﬁg’mal stability results. In this

case, the two losses were dlsc& T@oss\ .1 % of the total samples occurs

|
at 108.5 °C, then the seco@m’or’l s 30 % occurred at 745.8 °C.

N &

e s 40 “v}o" o @
i ,“M LDI\IJ L, Y- o o -
L \C}’ P

gyd 'fo s-prepared sample,
the results dramatically ghang,e es l L;I:? ?d with those of the

o

| ,/

.//
s
-

‘-'/,
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AT

1

4.4.3 Electrochemical B%I\I‘ '

The electrochemice 1awiors B¢

electrolyte usi@_

measureme

of PVdigHF

o=

/
v —,I.-—w R v -
o T O o i

TGA of the elec'trod;)th(’ N &
CPNWMCNT (¢) NQOPVdFJQLO = @
|

A)f%?ple ’(Background) (b) pure

N _
con ted by sandwiching the electrode and

electrode systelkC;"e therefore investigated by CV and CD

e clectrode being a slurry of 90 wt.% of CPNMWCNTs and 10 wt.%

n the other hand, the electrolytes are the three most effective samples,

in terms of conductivity among the HSPE that were investigated at the beginning of this

chapter. They are the samples with 50, 60 and 70 wt.% of the orthophosphoric acid,

which are also coded as H50, H60 and H70 respectively.
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Fig. 4.33 shows CV of Cell —~A (N9OPVAF-HFP10 [H50] N9OPVdF-HFP10) at
the scan rates of 10, 50 and 100 mV, within a voltage window of 0.0 - 1.0 V. It can be
discerned that the resulting CV curves of the cell displayed a leaf-like and mygror
symmetric indicating though. a modest supercapacitive behavior for CPN Y
that uses an aqueous electrolyte of 50 wt.% of H3POs in homogenous.%on of
PV A/H3POs. The specific capacitance of the electrode materials obtain%’he two-

electrode system was calculated by integrating the CV curves in

equation that has been stated earlier, in the previous chapter. It ¢

the calculations that, the specific capacitance (C.) of this cell is 30¥50 gnd @ Qy
. | | &
the scan rates of 100, 50 and 10 mV respectively as sh 1n Table §.1 Fro@}hese

results it can be deduced that, there exist a relano@mw \he ca@lce and

scan rate. The specific capacitance decreases f@ Fg'! W g“léhich could be

attributed to the slow transfer of ions on thefElectrode \QW’YC @pface (Shu et al.,
N
C—,

2013). Since the electrolytic, film used cell fabri ﬁon@of low conductivity

(H50), this may be evident of the cel naice. ‘e\
U000 { 0 —o— SR 100
: ’ & SRS50

@ SRI10

0.004

0.002

-0.002

current (A/cm sq.)

-0.004

-0.000

-0.01

voltage (V)

Figure 4.33 CV of Cell —-A (N9OPVAF-HFP10 |H50| N9OPVdF-HFP10) at the scan
rates of 10, 50 and 100 mV.
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Table 4.15 CV Performances of cell-A (N9OPVAF-HFP10 |H50| N9OPVdF-HFP10)
Cell Working Capacitance value of different scan rates (Fg™")
voltage (V)

100 mV 50 mV 10 mV

A-N9OH50 1 30 50 1 m\v

Furthermore, Fig. 4.34 shows CV of Cell-B (N9OPVd1TIO [H60|

N90PVdAF-HFP10) at the scan rates of 10, 50 and 100 mV for a volta ndow of 0.0

~ 1.0 V. Noting from this cell, the electrolyte used (H60), i g'ﬁc'capacitances

improved remarkably to 50. 74 and 158 Fg ! for scan rate 105 .00 mV

\
respectively (see Table 4.16). These results almost do t of cgll- I’ic‘might
’ 'S

be attributed to the increase in ionic conduct1v1ty 1

HSPE. Unlike the curves of cell A, the resulting %Mr

leaf-like and mirror symmetric indicatingga mode ci_tge behavior for a

A

: 3 O4 in homogenous
solution of PVA/H3POs. \ IA} \A

@® SR 100
@ SR S50
® SRI10

kG

0.0012 1

0.001 1

0.0008 1

0.0000 1

0.0004 1

0.0002

0

current (A/cm sq.)

-0.0002

-0.0000

-0.0008 k
0.00( voltage (V)

Figure 4.34 CV of Cell -B (N9OPVdF-HFP10 |H60| N9OPVdF-HFP10) at the scan
rates of 10, 50 and 100 mV.
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Table 4.16 CV Performances of cell-A (N9OPVdF-HFP10 [H60| N9OPVAF-HFP10)
Cell Working Capacitance value of different scan rates (Fg™')
voltage (V)

100 mV 50 mV 10 mV
B-N90H60 l 50 7 1@

The CV of Cell -C (C90PVdF-HFP10 |[H70] C90PVdF-HF the scan

rates of 10, 50 and 100 mV for a voltage window of 0.0 - 1.0 V dis;w in Fig. 4.35.

This is best performed cell, as it can be noticed from Table 4.17fgg aci?"ance delivery

increased remarkably to 59, 91 and 229 Fg ' for the same rat SW.SO and

\
10 mV respectively. It can also be discerned that the @g CV gu Jf.].{f? cell
’ 'S

displayed a better leaf-like and mirror symmetric ir@n N supeiMpacitive
w

behavior for CPNMWCNTs in an aqueous @yt ;“ to% HPO; in

homogenous solution of PVA/H3POs. \ £
$)<
=) —e— SR 100

0.005 4 : =

==@= SR 10

0.004 4

0.003 41

0.002 1

0.001 4

current (A/cm sq.)

-0.001

-0.002 ¢

-0.004 )
- voltage (V)

I
Figure 4.35 CV of Cell -C (N9OPVdJF-HFP10 [H70| N9OPVdF-HFP10) at the scan
rates of 10, 50 and 100 mV.
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Table 4.17 Performances of Cell -C (N9OPVdF-HFP10 |[H70| N9OPVdF-HFP10)
Cell Working Capacitance value of different scan rates (Fg™')
voltage (V)

100 mV 50 mV 10 mV

C-N9OH70 1 59 ol 5 Y-

As earlier stated, that, it is one of the benchmarks in supercapacitoﬂ%rication

and application to have the ability to endure long term cycling stability. :Riew of this,

Fig. 4.36 shows the cycling endurance measurement over 5000 c r the cell - A

which was conducted using the CD test at the working voltdc Whe Fig.

displayed a graph of resulting capacitance as a function @f cycling fumiggr’ It’c{w'be
| &
Y

tabiliy ithgonl %ut 30

N
% capacitance retention of its initial value after 5Q00 c¥gles, \oogh t@face area

seen from the graph that, the cell exhibits the best cycli

of this electrode is not small (43 m’g™"), the o agheter as veﬁm the FESEM

result was about 20 nm. All these, coupl

ﬁ'\\%’(y of the polymer
S

e@" h
(|} L .
electrolytes could possibly be some \ ctwlﬂde&@e performance of this

&N
cell. 1 d :ul § @190\
o 4 .‘ \ &

Y

capacitance (1 ¢y

b T T T T T 1
o 00 1000 000 [

ovele mmnber

Figure 4.36 Cyclic performances of cell-A (NYOPVdF-HFPTO [H50] N9OPVdE-
HFP10) for a working voltage of 1 V.
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While, based on the graph in Fig. 4.37 which displayed the cycling endurance
measurement over 5000 cycles for the cell - B, conducted using the CD test at the
working voltage of 1.0 V., it can be seen that, compared to cell — A, cell - B whicl'v.

higher capacitance over cell showcased the best cycling stability, losing abou@of

capacitance after first 2000 cycles and about 30 % capacitance retention of 1Minitial

value after 5000 cycles. Although the conductivity of the separator is % compared

to that of cell — A, this result still shows that the inability of the jon rffuse through

the cell. E ; , .S
- &

capacitance (1g)
@
@
@
@

1
]

Figure 4.37 CyohigQgrformances of cel

Q—Q‘N%PVdF-HFP 10 |H60| N9OPVdJF-HFP10)
for a working eof 1 V.

ordwer, Fig. 4.38 displayed the cycling endurance measurement over 5000
cycles for the cell - C carried out using the CD test at the working voltage of 1.0 V.
This cell started well in the first 1000 cycles, losing less than 5 % of its capacitance.

However, after 2000 cycles the cell capacitance retention lowered to about 20 % of its
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initial capacitance. Overall, the cell displayed about 38 % capacitance retention of its

initial value. As mentioned before, the effect of pore size on this electrode and ionic

transfer through the interface of the electrode/electrolyte are the contributing facthS of
e

the cell instability. It could be recalled that, the functionalized CNTs displaye(tt

extent, better capacitance retention due to their wider pore sizes, thereby ic%mg the

smooth movement of ions at the electrode and electrolyte interface. q

@\l 70
i : l
e

capacitance (1w

SISI8I8)

Figure 4.38 Cyclic performances of, FP10 [H70| N9OPVdF-

HFP10) for a working volle&mv.
/¢ Q |
Furthermore, to Ml e th:, lltanc@'alue and observed the behavior of
CD curve, a galvano ws pEfe
'
A (b) Cell-B and 11

’
- C wer G%pi{?d at a working voltage of 1.0 V and at three

A

ekﬁh Fig. 4.39, the CD graphs of (a) Cell-

different dis Mcun‘ent (re. 10, 20\a1d 100 mA). Furthermore, power and energy
densitie ficiency of the cells are also calculated.

2.4.39 (a) a typical CD profile of cell - A that is made up of an  electrode
from CPCMWCNTs of the average porous surface area of about 43 m’g" and an

aqueous hybrid polymer electrolyte of 50 wt.% of the H3POs of the overall PVA/H3PO4
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blends (H50) is shown. A voltage range of 0.0 — 1. 0 V was selected in order to
determine the significance of the cell at higher voltage. It can be seen that the CD
profiles deviate from a typical linear variation of voltage with time that is known for a
supercapacitor. The observed non-linearity can be attributed to the low condugtiigg®f
the electrolyte. It can also be observed that the charging and dischargixﬁ?s are
closely the same. The specific capacitance of 13.4, 33.5 and 100.5 Fg! mained at

Xy and power

a discharge current of 100, 20 and 10 mA respectively, with a specifi

large IR drop at the beginning of the discharge curve ¢

nature of the electrode or low conductivity of the electr&yte \l\ SY.

Furthermore, Fig. 4.39 (b) shows a I%e 0
variation of voltage with respect to time is % not Mw 'éqhe profile looks
N
|

better than that of cell - A. This could b sult'of impreve in the conductivity

N

AN
of the electrolyte. The specific capach of lr. v an$4.5 Fg ™! are obtained, at

[ ?
a discharge current of 100, 20 an%\A respgectiyflye 22) a specific energy and power

i e

densities of 62.5 Whg ! an@v g "'lresp tivel a discharge current of 100 mA.

g
Its overall columbic e@y f 87 %'isuggorded (as shown in Table 4.18).
| 9]
However, the vol%' p nft

edgat h@ginning of the discharge curve is as

Y-

significant as iA case of cell — A(gshich could be attributed to the significant

\

improvement conductivity of the electrolyte.

Qt not the least is the CD profile of cell — C depicted Fig 4.39 (c) showing

perfect linear characteristic implying a formation of good electrode/electrolyte interface

with a good conductivity. Again, no ohmic drop is observed in this case. Three different
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applied currents for the measurement have been employed. It was also be observed that
the charging and discharging times are almost the same and better than those of cell —
A and C. The specific capacitance of 18.8, 47.0 and 141.0 Fg' are obtained

discharge currents of 100, 20 and 10 mA respectively. While the specific enr d
power densities of 70.50 Whg ! and 1.00 Wg ! respectively, at the sa&charge

current of 100 mA are also calculated. The overall columbic efficiency Rthis cell is

90.2 %.

Lime )

@

Yoo 40 60 RO 100 120 4o Teo 180

Fime (s)

Figure 4.39 CD graphs of (a) Cell-A (b) Cell-B and (¢) Cell-C
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Table 4.18 Performances of Supercapacitor by the CD

Cells Working Cq (Fgh Energy Power Efficiency
voltage (V) density density (%)

(Whe'") (Wg')
A-N90OH50 1 13.4-101 50.25 0.08 5
B-N90H60 1 16.6-125 62.25 0.13 \1;

C-N9OH70 1 18.8-141 70.50 1.00 -&20.2

To conclude this section, a fabrication of CPNMWCNTS/PVIJ;ed as an

electrode for high performance supercapacitors using HP gthree different

conductivities (H50, H60 and H70) was discussed. All the thrSagells eWssfully

fabricated and were labeled as cell-A (H90PVdF-HFP10 |[H S0PV F- P,lO “odll-
B (N9OPVAF-HFP10 [H60] N9OPVdF- HFPIO) and -HFN}'|H70|
N90PVdF-HFP10). Several analyses such as FE d el ochemlcal
analysis were carried out. From the overall\e @ ic 1Qa1ys1s of CV
results, cell-C delivered the highest capa01 @or the CD analysis
of all the cells conducted within a volta mﬁ% also delivered better

discharge capacitance of 144 z th hi hes? eheg@s and power densities of
11 ef

70.50 Whg ' and 1.00 Wg @twely yncy was calculated to be 90.2
&
% S
\ : (')

L

S
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&
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