CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 Physical Appearances \’z
Figure 4.1 to Figure 4.6 show free standing 3 w PUA gel polymer
electrolytes with different LiClO4 concentration (wt.%). le roIt!st?e successfully

printed using stereolithography technique into th% film polyme e'ecfzq)@és with

consistent dimensions of 1.89 cm diameter and 0. thic‘kn s. The 3%;) inted PUA

. N
GPEs were flexible, and the transparency of the palyme ytes ehanged in each salt

concentration. The incorporation of Li@gM

the GPEs cloudy. However, further

,Tn %yt.% LiClOs results in a

dition of
o N i
counterintuitive trend, as the sam ressively am@re transparent accordingly.

Figure 4.1: 0 wt.% LiClO4 3D Printed GPEs
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Figure 4.8 : Side by Side Compariso_n of All GPEs Sémples_s
The differences in transparency of the 3D-'printéd _GPEs sampl'es are shown in
Figure 4.8 and can be ranked from the cIou_dieSt as follows: 10 wt._:%: 315 Wt.% > 5 Wt.% >
20 wt.% > 25 wt.% > 0 wt.%. This trendssuggests tha’_t' the p_re‘séhce of more gel polymer
electrolyte material leads to increased Cloﬁdinéss. THis obsér_'vation can be attributed to the
formation of micropores within“the matérial. Mi.cropor'e-s-.are small holes or pores within
the gel polymer electrolyte that'can seatter. or‘-_abs:_or.b light. When a higher number of
micropores are present,_‘they can scétter light to _a'gréater extent, resulting in reduced overall
transparency. This fihding is consi‘étent w_ith‘previous research by Tang et al. (2020) who
demonstrated that«the presence of oll.ispersed pores within a polymer can have a light-
scattering é_ffeét and redub‘e transpargncy. Besides, Harshlata et al. (2021) stated that the
white _Célor iéhic liquid based nanocbmposite GPE in their study was because of the porous
naure ®Tthe membranes.
. The porosity or pores within GPEs facilitates the transport of ions between the

electrodes, which is crucial for the proper functioning of the battery. These interconnected
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pores act as pathways for the movement of ions which allow them to flow freely from one
electrode to the other during the charge and discharge cycles. The present ofithe pores

within the GPEs can be seen through the scanning electron microscope.

4.2 Scanning Electron Microscope (SEM)

Figure 4.9 illustrates the microstructure of 3D printed RUA GPEs with different
concentration of LiClO4 from the SEM. The 3D printed Q:wt:% GPES was observed to have
a very smooth surface as shown in Figure 4.9 (a). However, the addition'of, LICIOx into the
system changed the morphological structure as seen in,Figure:4.9 (h)-(f) and-the changes
are seen to be different according to the amount ‘of LiClO4, The GPES surface became
coarse after the addition of 5 wt.% and eearser after 10 wt.% LiCl@sadded. However, the
coarse surface was reduced to 15 wt.%and the becoming Smaother.at 20 wt.% and 25 wt.%.
These changes indicated there weresstructural rearrangements that might occurred within
the polymer chain which could_affect theLi* ions tranSport within the polymer matrix

(Ramesh et al., 2010).
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Fig %Fhe Morphology o??ifferent LiClO4 Concentration PUA GPEs Produced

T SLA Printing. FTIR Deconvolution of LiClO4 Peak (650 - 600 cm-1); (a) O
t.%, (b) 5 wt.%, (c) 10 wt.%, (d) 15 wt.%, (e) 20 wt.% and (f) 25 wt.%
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4.3  X-ray Diffraction Analysis (XRD)

X-ray diffraction (XRD) analysis was utilized to explore the erystalline

characteristics of the polymer material. Figure 4.10 presents the XRD patterns of the PUA

GPEs generated via 3D printing, encompassing LiCIO4 concentrations ranging from 0 wt.%

to 25 wt.%. The XRD patterns offer valuable insights into the structural arrangement and

crystallinity of the polymer material, providing information onyhow the incorporation of

LiClO4 at various concentrations influences the crystallinesproperties of the/GPEs.
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Figure 4.10: XRD"Pattern of 3DPrinted PUA GPEs Samples From 0 wt.% To 25 wt.%
LiClO@zConcentration

According to Figure 4.10,

Broad humps were observed at 15° to 30° for all GPE samples, indicating their

amorphous nature without any crystalline peaks. When 5 wt.% LiClO4 was added to the

PUA sample, a shift to lower angles (leftward) was observed at a 20 angle of 22°. As the

amount of LiClO4 increased, the peak shifted progressively to higher angles (rightward),
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peaking at 25 wt.% LiClO4. This significant shift at 25 wt.% LiClO4 is attributed to the
higher salt concentration. The peak corresponding to LiClO4 was not visible, indicating its
complete dissolution in the PUA electrolyte (Imperiyka et al., 2014).

The interaction between the lithium salt and the polymer matrix can also impact the
electrolyte's conductivity. This interaction GPEs is primatily through ion-dipole
interactions and coordination complexes. When lithium salt,is added to the polymer matrix,
the lithium ions interact with the polar groups such as oxygen-atoms presentdn the polymer
chains. This interaction leads to the formation of coordination complexes, where-the lithium
ions are surrounded by polymer chains.

This interaction can alter the quantity of free space.within the.polymer, thereby
increasing the amorphous phase of the GPES. The amorphous phase“is important because
it has a higher ionic conductivity than the crystalline-phase. This is because the polymer
chains in the amorphous phase haves-a=greater degree of motion and bond rotation, which
allows ions to move more freely and improve conductivity. An augmentation in the
amorphous phase reducesytheyenergy barrier for Segmental motion in the GPE, which
facilitates the movementsef ions and+leads to an:additional improvement in conductivity
(Johan et al., 2011).

Table 4A%FWHM of 3D)Printed. RUA GPEs with vary LiClIO4 Concentration

Compasitions Centre Area Full width at half maximum
26 (FWHM)
0 wt.9%,LiClO4 22.92 6889.50 9.79
5 wi.%, LiClO4 19.79 22101.93 12.49
10'wt.% LiClO4 20.36 24151.16 13.72
15wt.% LiClO4 20.13 13145.70 9.48
20'Wt.% LiClO4 20.95 11006.64 9.25
25 wt.% LiClO4 22.96 3060.93 7.36
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The correlation between the concentration of LiCIO4 in the polymer electrolyte and
the full width at half maximum (FWHM) of the XRD hump is presented in JTable 4.1 and
Figure 4.11. A high FWHM value implies a significant proportion of amorphous polymer
in the GPEs. According to the FWHM analysis, the FWHM valug_of the XRD hump
increased until the LiClO4 concentration reached 10wt.%, after which,it started to decline
at higher concentrations. This implies that the maximum quantity.0f amorphous material is
present in the GPE at a LiClO4 concentration of 10 wt.%gand"it decreases at.eoncentrations

beyond that point.

FWHM (degree)

0 5 10 15 20 25

LiClO, eencentration (wt.%)
Figure 4.12: PWHM;of PUA GPEs Samples with The LiClO4 Concentration
The FWHM-value, which'indicates the quantity of amorphous material in the
polymer electrelyte, corresponds to the pattern of ionic conductivity measured by EIS. The
ionic conductivity of the electrolyté increases only until a LiClO4 concentration of 10wt.%,
afterwhich it starts to decline at higher concentrations. This indicates that the presence of

acertain amount of amorphous phase is advantageous for the electrolyte's conductivity.
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4.4 Fourier Transform Infrared Spectroscopy (FTIR)

Figure 4.12 depicted the FTIR spectrum for samples of 0 wt.%, 5 wt.%,10 wt.%,
15 wt.%, 20 wt.% and 25 wt.%. The changes of peak intensity and dand shift in the
functional of the carbonyl group (C=0) at 1725-1650 cm™, -NH stretching mode at 3800—
3100 cm™, and ester group (C-O-C) at 1300-1000 cm™ are observed: These functional
groups are chosen because they are expected to be sensitive indicators of the interactions
between Li" ions and the functional groups in the GREs=The lithium ion could have
interaction with nitrogen and oxygen atoms (Chai et al,2020).

The changes in the peak spectrum of these fungtional groups with the addition of
lithium salt are likely caused by the complex interactions_between-Li* ions and the
functional group molecules. These interactions can influence the-strength of the bonds
within the functional groups, which (Can_affect the vipbrationat“modes of the functional
groups and cause changes in the peaksintensity and wavenumber in the spectrum.

The presence of LiClQg.salt"in PUA polymer matrix leads to a shift of the -NH
stretching band to a higherwavenumber. This could.be because Li* cations coordinated
with nitrogen atoms inithesN-H group then weaken:the hydrogen bond of the -NH stretching
and form polymer-Salt complexation:“This coordination causes the N-H bond to stretch at
a higher frequency-and results in the\.shift of the -NH stretching band to a higher

wavenumbery(\Whba et al.,2020).
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Figure 4.12: FTIR Spectra of PUA/GPEs with-Different LiClQ4 concentration (0-25
wt.%)

The carbonyl group (C=0) interagtswith'Li* cation in two wavenumbers which are
1723 cm™ and 1666-1658 cm:t. The peakat 1723 cm:! s indicates to free -C=0 groups and
a free carbonyl group refers to a carbenyl-functienal group (-C=0) in a molecule that is not
coordinated to a metal ion. The*peak intensity-increased as LiClIO4 concentration became
higher. This isbecause of the increasing.number of Li* ion that coordinate with free C=0
decreasing the'number of free carbonyl-group thus decreased the peak intensity.

The'peak 1666 to 1658 ¢m* could be assigned as the contribution of coordinated
C=0.groups in PUA. Coordinated carbonyl group is carbonyl group that having dipole
interaction with Li* that forms a stable complex. The coordinated carbonyl group at peaks

1666-1658 cm™* became more intense and shifted to a lower wavenumber which suggests
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that more interaction of the carbonyl group with lithium salts and it weakened the C=0
bond allowing the Li* cation to share electron density with oxygen atoms.

The oxygen ion in the carbonyl group in PUA plays a role as eleetron donor atoms
and forms coordinate bonds with Li* cation in the polymer host structure (Naiwi et al.,
2018). This coordination can happen through the donation of eleetronsfrom the electron-
rich oxygen atom of the carbonyl group to the electron deficient Li* cation, forming a
coordinate bond. The formation of this bond can cause a:deerease in the elegtron density of
the carbonyl group and thus lower its vibrational ‘energy. As a result, the ‘vibration
frequency of the carbonyl group is shifted to a lower'wavenumber in the FFR spectrum,
which is observed as a shift in the C=0 stretching band to alower wavenumber.

There was no peak shift occurredyat 097 cm of-C-O-C stretching band at did not
show any shifting up to 10 w.t% LiClO4, At 15%"w t,.the peak-starts slightly shifted to a
lower wavenumber until it reached@092cm™ for 25:.t%. Besides, the band intensity also
increased with the increasing.salt content.“This behavier can be explained by the strong
interaction of the ether oxygemyin the polymer matfix./PUA with Li* cations. Li* cation is
capable of coordinating with the PUA-polymer, which can weaken the C-O-C groups. The
coordination of Li*™with the ether oXygen (in;PUA can cause a decrease in the electron
density of the @Xygen‘atom from the C-O-C bond, which frees some of the H-bonded ether
groups. This*ean/lead to a shiftsin the-C-O-C stretching band to a lower wavenumber and
an increase in'its intensity.

These findings suggest that adding LiClO4 salt to PUA causes multiple interactions

that ¢can change some of the polymer's microstructure. It also suggests that the LiCIO4 salt
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can affect the hydrogen bonding interactions and the conformation of the PUA polymer,

leading to changes in the FTIR spectrum. \q

Table 4.2: Free lon and lon Pairs of Different LiClO4 Conm%on

LiClO4 content (w.t %) Free lon (%) s Pair (%)
5 94.98 5.02
10 99.9 N oot
15 98.23 Y' 1.77
20 92.09 l 7.91
25 90.94 L 6
@

g
In order to gain insights into the interaction en the paly m&tr.bg‘?nd lithium
. Y ¥ o
salt, FTIR deconvolution was employed. This wm is hspd\ analy%vt e absorption
peaks of the infrared spectra and to separattwrla 'ﬂ]g ks, \&ﬁ& can be attributed

to different chemical groups or interactions.. The "K derived from the

deconvolution of the absorbance p% ca bena!%Qd 0 r&)/&}resence of both free ions

lon Pair

Figure 4.13: Free lons and lon Pairs of LiClO4
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Free ions refer to the ions that are mobile within the polymer matrix and are
responsible for ionic conduction, meanwhile free ion refers to the combina'&&f anions

and cations that exist usually due high concentration of ion within th Wer matrix,
41

causing insufficient distance between them caused by as shown in quire 13.
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Figure 4.14: FTIR Deconvolution of LiCIO4 Peak (650 - 600 cm™). (i) 5 wt%, (ii) 10
wit%, (iii) 15 wt%, (iv) 20 wt% and (v) 25 wt%
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Upon the addition of LiClO4 to the polymer electrolyte, the FTIR analysis revealed
new absorbance peaks at 616 and 633 cm™. These peaks were assigned to the présence of
free ions and ion pairs in the electrolyte, as reported by Sim et al. (2010)."Besides, other
studies also proposed varying assignments for the peaks representing free ions and ion pairs
of LiClOa4. In the study by Saikia et al. (2011), peaks at 624 €m™ and 635 cm™ were
identified as free ions and ion pairs, respectively. Conversely,sFuan Naiwi et al. (2022)
assigned 613 cm™ and 614 cm™ as free ions, while 633 em®and 634icm., were assigned as
ion pairs of ClOa4.. These studies collectively suggest that the wavenumbers associated with
free ions and ion pairs of LiClOq lie within the range'of, 650 to:600 cm™. The-variations in
peak assignments emphasize the need for further research and consensus‘among scientific
investigations.

The FTIR deconvolution analysis_results arg visually represented in Figure 4.14,
while the detailed numerical datagandanalysis are» provided in Table 4.2 of the study.
According to the obtained results, the peaks observed at.613 cm™, 621 cm™?, and 623 cm™
have been identified as indieative of free ions,/On the.other hand, the peaks detected at 633
cm™ and 636 cm™ have been attributed to ion pairs. These assignments are based on the
analysis of the absorption peaks andthe comparison with previous studies (Licoccia et al.,
2005)(Sim et al2010).

The area under thelgraph of free ions and ion pairs was calculated using Equation
3.1 and, 3.2"to study the percentage area of each species. Based on Table 4.2, the area
pereentage of free ion at 5 wt.% is 94.98% and increased to 99.9% at 10 wt.% of LiClO4
concentration. The increasing number of free ions is due to the increasing concentration of

LiClO4in the 3D printed GPEs sample. The results of this study suggest that the addition
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of LiClOg4 salt promotes the generation of free ions, which are responsible for an increase
in charge carriers and ionic conductivity.

However, When the concentration of LiClIO4 exceeds 10 wt.%,"an} interesting
observation was made. The proportion of ion pairs increased from 0.01 wt.% to 9.06% at
25 wt.%. This indicates that as the concentration of LiCIO4 increases, the proportion of ion
pairs in the material also increases, while the proportion of ‘free ions decreases. This
phenomenon can be explained by the fact that at highegeencentrations of dithium salt, it
becomes thermodynamically favorable for ion pairs te form rather than for frge ions to
dissociate. Hence, the preferential production of ion pairs over free jons oeeurs when the
concentration of lithium salt is too high.

It was also observed that as the quantity of LiClO4 was inereased, more free ions
were able to dissociate within the same volume of-the.polymer-matrix. This makes sense
since as the concentration of lithium=salt increases, «it becomes easier for free ions to
dissociate from the ion pairs and become mobile. However, when the quantity of LiClO4
reached a certain point, it,became saturated./At this.point, two free ions can merge and
become neutral. ThissiSsthe reason~why the proportion of free ions decreases as the
concentration of LiClO4 increases:.Overall, the'concentration of LiClO4 plays a crucial role
in determiningrthe proportion of free ions/and ion pairs, which in turn affects the overall

ionic conductivity of the material.

4.5mp=Transference Number Measurement (TNM)
The transference number measurement was conducted on 3D printed PUA GPE

films with varying LiClO4 concentrations (0 wt% to 25 wt%) to evaluate the extent of ion
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contribution to the overall charge transport in the system. The behavior of all the samples,
as shown in Figure 4.15, displayed a similar pattern. Initially, the normalized current
decreased rapidly over time until it reached a steady state, characterized™by’a constant
current level. This phenomenon is known as the steady state, where the ionic current across
an ionic-blocking interface declines rapidly with time, indicating the predominance of ionic
charge carriers in the electrolyte (Samsudin et al., 2012)

Table 4.3: Transference Number ofigFhe'Samples

Transference Number

Samples

ti te Total
5 wt% LiCIO4 0.93 0.07 $.00
10 wt% LiClO4 0.98 0.02 1.00
15 wt% LiClO4 0.97 0.03 1.00
20 wt% LiClO4 0.97 0.08 1.00
25 wt% LiClO4 0.96 0.04 1.00

According to the data presented in'Table™4.3, the' TNM.values in the LiCIO4-PUA
GPEs system exhibited distinct trendsrwith varying concentrations of LiClO4. At 5 wt.%
LiClO4, the TNM value was recorded as 0.93; indieating a relatively high proportion of
ionic charge carriers within the eleetrolyte. The TNM value gradually increased to its
highest value of 0.98%at 10 wt:% LiClO4,.'suggesting a significant dominance of ion
migration in the ‘eharge transfer jprocess. However, beyond 10 wt.% LiClO4, the TNM
values started to decrease, reaching 0.96at 25 wt.% LiClO4 concentration.

These findings strongly suggest that the primary charge carriers within the LiCIO4-
PUA GREsrare predominantly ions. The TNM values, which represent the fraction of total
charge carried by the mobile species, closely approached unity, indicating a high degree of

ionic conduction within the system. Notably, the highest TNM value achieved in this study,
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0.98, aligns with previous research conducted by (Ahmad et al., 2012)(Kai Ling et al.,

2019). \?
The significant value of TNM, reaching 0.98, indicates that t (ﬂ@e transfer
nic m

mechanism in the LiClO4s-PUA GPEs system primarily relies on jonic migration. The
contribution of electrons to the overall charge transfer process4s considered negligible.

These results further highlight the suitability of the GPEs f icwfﬁnduction and support

their potential application in various electrochemical S, suwteries, where
efficient and predominantly ionic charge transport is d. \V'
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4.6  Electrical Impedance Spectroscopy (EIS)

EIS was deployed to investigate the electrical properties (ionic conductivity) of 3D
printed PUA GPEs containing vary concentrations of LiClOs from 0%-to 25 wt.%. The
complex impedance plots of the GPEs were measured at room temperature and were
represented as a combination of the real and imaginary parts of the Gole-Cole plot, Z' and
Z" as shown in Figure 4.16. The interception point of the real"Z' axis was used to calculate
the bulk resistance (Rb) of the samples. The bulk resistance,is often used.to_calculate the
conductivity of a material because it represents the resistance of the entire material, rather
than just the surface or interface. The measured™R, values and the “calculated ionic
conductivity were then presented in Table 44,

From the Cole-Cole spectra plotted frem 3D printed PUA GPEs in Figure 4.16, the
bulk resistance of the samples decreases_ significantly with. the addition of LiClO4 from
59874 Q at 0 wt%. to 68.38 ohm‘at 5'wt%. LiCIQ4 concentration. After addition of another
5wt.% LiCIlO4 to the sample, the bulk resistance reduced slightly to 14.94 Q and further
addition of salt did not reduce.the bulk‘resistance. The bulk resistance and calculated ionic
conductivity results arespresented in Table 4.4. It was observed that the ionic conductivity
of the PUA GPEs.increased with-ingreasing concentration of LiClOs, until it reached a
maximum conduetivity of 1.24/x 10 Sem at 10 wt.% LiCIO4. This conductivity value is
four magnitudes higher than the conductivity of the GPEs containing 0 wt% LiClOa, which
was meastised at 3.96 x 10 Scm™.

However, as the LiClOs concentration increased beyond 10 wt%, the ionic
conductivity of the GPEs began to decrease to 8.83 x 10 Scm™, 6.06 x 10 Scm™, 4.88 x

10% Scm™ for sample with 15 wt%, 20 wt.% and 25 wt.% LiCIO4 concentration
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respectively. This trend can be attributed to the interaction between the quantity of charge
carriers and the number of free ions (Santhosh et al., 2006). At higher salt concentrations,
more lithium cations and perchlorate anions are present in the GPE matrix, Which can lead
to ion pairing. lon pairing occurs when lithium cations and perchlorate anions associate
with each other and form neutral species, reducing the number ofifree ions in the system.

It has been proven by the FTIR deconvolution resultsias the trend in the ionic
conductivity results is consistent with the trend observedsfor the number of free ions and
ion pairs in the FTIR deconvolution results. These findings suggest thatthe number of free
ions is highly correlated with the ionic conductivity Values asthe higher the-free ions, the
higher the ionic conductivity values.

Besides, this trend also could be explained by numberamorpheus proportion within
the GPEs from the FWHM in XRD analysis results. The sample that has the highest
amorphous proportion was determined-at 10 wt.%:having<he highest ionic conductivity
value and the other sampletesults also“show same. pattern. This proves the direct
relationship between amogphous proportions and“ienic conductivity as the higher the

amorphous region, the.higher the ionie.conductivity.
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Table 4.4: Bulk Resistance and lonic Conductivity of SLA Printed PUA GPEs

LiCIO4 (Wt %) Rb (Q) o (Scm)
0 59874 3.11 x10 !
5 68.38 2.72¢x10™
10 14.95 1.24%407°
15 21.06 8.83 x10
20 30.71 6.06 x10™
25 38.09 4.88 x10*

The ionic conductivity of the samples also can be determined by, using/number density (n)
and mobility (u) of charge carriers as shown in equation belew where e‘is'electran charges
(constant).
(4.1) o = nue

Based on the results from Figure 4'18(a), it swggests that increasing the
concentration of LiClO4 can enhance the number-of charge carriers within the GPEs, as
expected. However, Figure 4.18(b,C)vindicates that this enhaneement has a limited effect
on the ionic conductivity, only upsto 10 wt.% Li€IlO4 concentration due to the decrease in
mobility and diffusion coefficient of the charge cartier. This decrease in mobility and
diffusion coefficient is explained hythe higher rate‘of ion collision caused by the greater
number of free ions ‘within the GREs {Shamsuddin et al., 2017). In other words, when the
density of chargesearsiers is incréased, the 4ons become more crowded and collide with
each other more frequently. This colliston slows down the movement of the charge carrier
and reduces'its diffusion coefficient; which ultimately results in limited enhancement of the

ionic conductivity.
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4.7  Dielectric Studies

Graphs in Figure 4.19 and Figure 4.20 illustrate the changes of dielgctri¢ constant
(g,-) and dielectric loss (&;) with frequency at room temperature for variousconcentrations
of LiClO4 in 3D printed PUA GPEs. The results showed that the values of &, and &; were
higher at low frequencies and decreased as the frequency increased. The observed higher
values of &, and ¢; at lower frequency can be attributed to a gombination of ion polarization
(Khiar et al., 2006) and space charge effect (Pradhan etals*2008).

lon polarization is a phenomenon that occurs_in materials ‘coptaining mobile
charged particles, such as ions, in the presence of an electric field. When an-electric field
is applied to such a material, the charged particles tend tg move and align'themselves with
the field direction, causing the material t@,become polarizeds This-polarization leads to an
increase in the material's &, and ¢;.

At lower frequencies, the eleetric’field oscillates more-slowly, allowing the charged
particles in the material moretime, to mave and align themselves with the field direction.
This results in a greater degree,of ion polarization and a higher value of ¢,and ¢;.As the
frequency increases, the electric field oscillates.more rapidly, giving the charged particles
less time to move.and,align themselves, resulting in a decrease in ion polarization and a
correspondingcdecrease in le.and &. Therefore, the higher values of ¢,.and ¢&; observed at
lower frequencies are due to the greater degree of ion polarization in the material.

Meanwhile, the space charge effect is a phenomenon that occurs in materials with
mobile charged particles, such as ions, when an electric field is applied. As the electric field

is applied, charged particles within the material begin to move towards the electrodes,
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creating a region of charged particles near each electrode. This region of charged particles
is known as a space charge region.

The presence of space charge can distort the electric field within the"GPEs that lead
to a non-uniform distribution of the electric field strength. This distortion can affect the
apparent dielectric constant measured in the material. The space ,charge region can
effectively change the local dielectric constant, leading,to am overall change in the
measured dielectric constant of the GPEs.

Besides, the movement of charged particles in‘the space charge region-can lead to
energy dissipation, resulting in dielectric loss. This loss smechanism sis- particularly
significant in materials with high ion mobility such'as GPES:-Ihe presence of space charge
can enhance the dielectric loss of the GRE ‘due to the inergased mavement of ions in the
presence of an electric field.

According to the Figure 4.29-and'Figure 4.20; the values of &, and &; were observed
to be highest for the 10 wt% LiClO4 concentration compared to the other concentrations.
However, the values of e1andve; decreased beyond 10 wt% LiCIO4 concentration. This is
because the 10 wt% LiCl@4 concentration has the-highest value of free ions, charge carrier
mobility, and diffusien coefficient,which coniributes to ion polarization and space charge
effect, resulting in higher values of &, and’s;. The values of &, and ¢; decrease beyond 10
wt% LiClOs'eoncentrationsdueto atdecrease in the number of free ions, charge carrier

mobility, anddiffusion coefficient:
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Figure 4.21 and Figure 4.22 provide summaries of the changes in the real electrical
modulus (Mr) and imaginary electrical modulus (M) at various concentrations @f LiClO4
as a function of logarithmically scaled frequency. Notably, both M, and M; exhibit a notable
increase that becomes significant within the frequency range of 4.5 Hz to 5 Hz. This
indicates a distinct change in the electrical behaviour of the system within this frequency
range that effected by different LiCIO4 concentrations.

The rapid rise in the values of M, and M; beyondsSHz and 4.5Hz respectively can
be attributed to the emergence of ion polarization andspace charge effects, which become
more prominent at higher frequencies. At lower frequencies,sthese effectsihave minimal
influence on the dielectric properties of the material, However, as the frequency increases,
the ions within the material align themselyes with the electric fields.fesulting in increased
polarization.

Additionally, the accumulatien-of charged particles:atinterfaces between different
regions of the material gives.rise to’ space charge effects. These phenomena contribute
significantly to the valuesiefsM and M; at higher frequencies, leading to a sharp escalation
in their magnitudes beyend approximately 5Hz-and 4.5Hz, respectively. According to
Khiar et al., (2006), the findings suggest that the PUA GPEs samples produced through 3D
printing exhibitthe ability to function as.ionic conductors as there were presence of charged
particles that'are erucial inignhancingsthe overall ionic conductivity of the material.

At low frequencies, the values of both M and M; were observed to be close to zero,
accompanied by a prolonged tail in the response. This behaviour can be attributed to the
materfal having sufficient time to adequately respond to the applied electric field, resulting

in little to no phase shift between the applied electric field and the material's response.
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Additionally, the presence of a long tail suggests the presence of a significant capacitance

associated with the electrodes, which is indicative of a slight polarizatio@n the

material. (Tuan Naiwi et al., 2022).
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Figure 4.23 displayed a,plot, illustrating the relationship between the tangent of
conductivity (tan o) and the logafithm of frequency. Each concentration of Lithium salt
exhibited distinct peaks onthe graph where the'maximum peak can be determined. These
peaks were utilized to.calculate the relaxation time (t) associated with each concentration.
The presence of relaxation time indicates the:existence of a relaxation parameter within the
GPEs, suggesting=the occurrence of relaxation processes within the material (Pradhan et
al., 2008).

The graph exhibited notable peaks at higher frequencies, with the 10 wt% LiClO4
concentration displaying the highest peak. It was observed that as the frequency increased,

the_corresponding relaxation time decreased. The relaxation time signifies the duration

70



required for ions to diffuse between electrodes. In essence, it is a measure of the time

necessary for ions to travel from one electrode to another. \q

The relaxation time, as summarized in Table 4.5 for the 3D primj&&s revealed
intriguing findings. Remarkably, the lowest relaxation time of 6.37 x10%s was recorded
for the 10 wt% LiCIO4 concentration. This aligns with the GRE achieving the highest

conductivity among the tested samples. Consequently, it armferred that a shorter

X~

relaxation time corresponds to enhanced ionic mobility, n uct@in the GPEs.
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Table 4.5: Maximum Peak tan o and relaxation time (t) of the GPEs derived from

Figure 4.23
LiClO4 (Wt %) Maximum Peak (Hz) T, (8)
5 4.20 9.9x10°°
10 6.40 6:37 X108
15 6.04 1.45 x10°%7
20 4.85 2.27 x1070°
25 4.97 1.71 x100

4.8  Thermogravimetric Analysis (TGA)

TGA was used to determine the thermal stability“ef the 3D printed GPEs, the
temperature at which the electrolyte begins to decompose, and the amount of weight loss
due to thermal degradation. According to Figure 4.,24'and Table 4.6, the decomposition of
the 3D printed GPEs for all the samples happenedwithin twostemperature ranges. The first
decomposition (d1) occurred in temperature of 50°C “up tq 294°C and the second
decomposition (d2) which was alsoythe/major“decomposition occurred in temperature
started from 294°C up to 336°C.

The first decomposition‘mainly occurred because of DMF evaporation from the 3D
printed GPEs. Meanwhile, thessecond.decomposition represented the degradation of PUA
polymer chain. The value of d2 shifted:to lower.temperature as the concentration of LiClO4
in the GPEs sampleyincreased as“shown in This happened because of the weakening
carbonyl group due to decreasing humber of electron density of oxygen in the C=0 bonds
that assaciate with Li* ions that farm’complexion (M. L. Digar et al., 2002) .

Therdecreasing D2 values over the increasing concentration could be due to several
reasons: Firstly, higher LiClO4 concentrations increase the number of lithium ions available

promote more ionic interactions with the polymer matrix which weaken the polymer chains
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and reducing overall stability. Secondly, LiClO4 can act as a plasticizer that lowers the glass
transition temperature (T4) of the polymer and increases the molecular mobility which
makes the polymer more prone to degradation at lower temperaturesy Lastly, complex
formation between LiClIO4 and the polymer chains can disrupt the polymer structure. The
decreasing D2 value indicates lower thermal stability of 3D printed PUA GPEs as it cannot
withstand higher temperature.

Besides, the decreasing mass loss of the sampleswith'the increasing/LiClO4 is due
high decomposition temperature of LiCIO4 At higher LiCIO4 concentrations, more
decomposition products of LiCIO4 might interact with the pelymer matrix-and forming
more stable residues. These residues could remain behind ducing the analysis, leading to a
lower overall mass loss compared to samples with lower-LiClO4.e0ntent. From the TGA
analysis, it can be concluded that the @ddition of iClQ4 into 3D-printed GPEs decreased
its thermal stability as less temperature-is needed ta:decompose the polymer matrix of the

GPEs.
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4.9  Differential Scanning Calorimetry (DSC)

Figure 4.25 and Table 4.7 shows the thermal analysis of a 3D printed polymer
electrolyte in the form of DSC thermograms. The polymer electrolyte, samples were
prepared with varying concentrations of LiClOa, ranging from 0 wt.% te 25 wt.%. The data
obtained indicates that the polymer electrolyte sample without LiCl@4 (0 wt.%) exhibited
a glass transition temperature (Tg) of 18.60 °C, which aligns, closely with the T4 value
reported for PUA in a previous study (Liao et al., 2012). Notably, all thessamples including
the one without LiClO4 demonstrated a singular Tq value and an endothermic.melting peak,
while no exothermic crystalline peaks were observed:*These.findings strongly suggest that
all the samples possessed an amorphous structure, consistent with the XRD data. The
incorporation of lithium salt into the polymerelectrolyte led'to an inereased T value across
all samples.

The inconsistency of thesDSE; result pattern compared to the ionic conductivity,
FTIR deconvolution and FEWHWM XRD could’be because of the temperature differences
during the testing. All the results were abtainéd- ‘1/room temperature meanwhile the Tg
were detected at temperature below -15 °C. This situation might affect the consistency of
the results as the‘magnitude or type of interaction between the ion and polymer matrix of

two differenttemperatures'might be different.
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Figure 4.25: DSC thermograms of 3D Printed PUA GPE With Different LiClIO4
Congentration

The rise in Ty value resulting from«the-tatroduction of Li salt into the 3D printed
polymer electrolyte can be_elucidated through twe.underlying mechanisms. Firstly, the
coordination between Liscations and-thepolyether.oxygen atoms in the PUA chain restricts
the mobility of polymer“segments;-consequently promoting a higher number of cross-
linking interactigns within the, system.( This increased cross-linking contributes to the
elevated Tgwalue observeds-Secondly, the ion-dipole interaction between Li ions and the
polyester‘oxygen atoms of PUA~iAduces a stiffening effect on the polymer chain. As a
result,thespolymer chain exhibits reduced flexibility, leading to an increase in the T value.

Thesesmechanisms align with a previous study that reported a similar correlation between
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the addition of Li salt to a polymer electrolyte and an elevated T4 value (Lee et al., 2017)(M.
Digar et al., 2001)(Mohanlal Digar & Wen, 2000).

Table 4.7: Tg and Trm Values of Different LiClO4 Content 3D Printed PUA GPEs

LiClO4 Content Ty (°C) Tm (°C)
0 wt% -18.60 95.01
5 wt% -18.55 114.00
10 wt% -18.48 115.85
15wt% -18.44 86.30
20 wt% -18.46 91.55
25 wt% -18.35 92.77

Moreover, the incorporation of lithium saltinto the polymer electrolyte resulted in
a notable impact on the melting temperature (Tm) of the samples. Specifically, the Trm value
exhibited an increase up to a concentration(of 10'wt%;.followed by a subsequent decrease
beyond this threshold. This behaviour can beattributed te the interaction of free ions with
the hydrogen bonds present in the -NH<Chain of the polymer. As the concentration of
lithium salt increases, the presenee of free.ions<strengthéns the intermolecular bonds,
thereby elevating the TmfVvalue, This phenomenonean be understood as the enhanced
interaction between thesons and the -NH ‘chain réinforces the intermolecular forces within
the polymer structure.

However, beyond the 10 wt% concentration, the T value demonstrated a decline.
This decrease can‘be attributed to thesgrowing number of ion pairs within the system. At
higher cencentrations of lithium salt, caused the weakening of the dipole-dipole interaction
betweensthe PUA chains®™. Consequently, the intermolecular bonding may be weakened,

leading to a reduction in the Tr, value. In essence, the excessive formation of ion pairs may
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hinder the favourable interactions between the polymer chains, resulting in a diminished
Tm value beyond the 10 wt% concentration of lithium salt.

In summary, the polymer electrolyte exhibits three key dnteractions that
significantly influence its properties. Firstly, there is an interaction_between the ether
oxygen groups and Li*, resulting in the formation of transient cross:links: These cross-links
restrict the segmental motion of the polymer chains, thereby,affecting their mobility.
Secondly, the urethane -NH and carbonyl groups also interact withiLi catiens, leading to
intramolecular cross-linking. This interaction furtherilimits the mobility, of the. polymer
chains and affects their overall flexibility. Lastly, the mixed ether-urethane groups interact
with Li*, resulting in a two-phase system composed of hardand soft segments. These
interactions contribute to the mechanicalkandthermal properties of.the.polymer electrolyte.

Collectively, these interactions within the~polymer electrolyte have a significant
influence on its behavior. They affeet<the mobility;of.the polymer chains, determine the
extent of cross-linking, and contribute to*the overallstructure and composition of the

electrolyte.
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Printed PUA GPEs

4.10 Printability Validation

As the bestsformulation-that produces the best performance in term of ionic
conductivity hasybeen determinediat 10'wit.% LiClO4 concentration, the formulation was
printed into 3different complex'struetures to validate its printability into 3D model designs
instead,of only 2D film. The printability validation was successfully as the 10 wt.% was
suceessfully printed into honeycomb pattern, interdigitated structures and scaffold

structures as depicted in Figure 4.27, Figure 4.28, and Figure 4.29. All the printed 3D

79



structures PUA GPEs have good mechanical properties with precise dimensions compared

to the CAD designs dimensions. \q

This result means that researchers can push the boundaries of tra 't&aelectrolyte
or battery design into 3D structures designs. The ability to fabricate 6%1 o intricate and
nd

customized shapes broadens the possibilities for evaluating% nalyzing battery

performance. Researchers can now examine the effect of?ﬂrent geometries and

structures on battery efficiency, opening up more spac novation and breakthroughs.
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Figure 4.27: Hongycomb Pattern 3D Printed PUA GPEs
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'_ ;-Fi__g-u re 4.283 In‘terdigitafed Structure 3D Printed PUA GPEs
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Figure 4:29: Scaffald Structure 3D Printed PUA GPEs
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