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2.1  Polymer Electrolyte

The discovery of polymer electrolytes can be attribugted WOn and his colleagues
in 1973. They observed that the combination of polyet xide (\Oﬁ alkali metal
salts through complexation resulted in the development of polymer- aI ith ionic
conductivity properties (Fenton et al., 1973). 'ﬁak;hr ug d|§\/ q:ry laid the
foundation for further exploration and dev opm t og\p r e@fytes in various

applications, including battery technolo o) Csﬁ
Polyethylene (PE) offers nu e S adv Tov r@uld and inorganic solid

N
electrolytes. These advantages in hanc‘éd re tanc2§3hanges in electrode volume
during the charge/dlscharge ﬁ);:f eatures, high flexibility, and

excellent processability (%\ I, 20 ). T. e‘s ties make PE a desirable choice for

applications where : sa]et : bl|lt% nd ease of processing are essential
&
considerations, s |n b tte er plo D
’

PEs arg*for byyn a molecule matrix with a low lattice energy salt
C

dissolved i %hd Ie{:t oﬁstan?é;j low viscosity organic solvent. This combination
result %trolytes with supkﬁl}ofr ionic conductivity, high chemical stability, cost-
ff ss and enhanced safety (Yao et al., 2019). The primary characteristic of
olymier electrolytes (PEs) is their ionic conductivity. The conductivity of PEs is influenced

by factors such as the degree of crystallinity and viscosity of the polymer matrix. The



degree of crystallinity refers to the arrangement of polymer chains and the presence of
crystalline regions, while viscosity refers to the resistance of the electrolyte wa- Many
methods have been used to reduce the crystallinity of PEs, includingﬁhyzation, the
inclusion of nanofillers, and crosslinking with a co-polymer.

The fundamental mechanism of ionic conduction in PEsylies in the formation of
covalent bonds between the polymer backbones and the j nmroups. The electron-
donor components of the polymer matrix establi nectio s'wi the cationic
components of the salt, facilitating the separation of iGms. This iopic s riﬂtlo&)&ébles an
ionic hopping mechanism as shown in Figure 2.1, w Itm)at y lgads to;the generation

\,Y'

of ionic conductivity in PEs.

is cru ave salts with Iow\‘r-a?tice energy and a host polymer with a high dielectric
%) The ionic conduction in polymer electrolytes occurs due to the rapid segmental

of the polymer matrix combined with a strong Lewis-type acid-based interaction
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between the cation and a donor atom. This interaction facilitates the movement of ions
within the polymer matrix, leading to efficient ionic conduction (Arya & Sh rmﬂ).
Generally, PEs are categorized into two main types based on their cﬁ@and origin:
synthetic polymer electrolytes and natural polymer electrolytes as :v%n Figure 2.2.
Researchers have been investigating natural polymer electrolytes such as chitosan, rice
starch, and Gallen gum as alternatives to synthetic count: awﬁfaddition, PEs can be
further classified into three categories based on their ical ateWposition: gel

polymer electrolyte (GPE), solid polymer elect:cSPE), nd n’pc;ﬁﬁ)olymer
A

electrolyte (CPE) (Ye & Feng, 2010). 2 X
Y

Solid Polymer
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2.1.1 Gel Polymer Electrolyte

Gel polymer electrolytes (GPEs) are a type of electrolyte used in ba&i&and fuel

cells. GPEs are typically made by adding a small amount of liquid plastic'fg@/or solvent
to a polymer—salt combination. Feuillade & Perche (1975) were the{:rst one to study the

GPEs and they investigated how an aprotic solution containing am,alkali metal salt can be
used to plasticize a polymer matrix. The polymer matrix's 'obYo"maintain a solid-state

matrix that facilitates ion migration in solvents, allowij on chue up to 1073

e
Scm at room temperature to be obtained. The liquidkelectrolyte can t’as %:%igsticizer,
S B Y
ti quicker‘io cons@ctlon.

Y/
ﬁue of preparation: physical

, th uid electrolytes are

lowering the glass transition temperature and resulti

GPEs can be divided into two types b% the

and chemical gels (Arya & Sharma, @ physi

trapped inside the polymer matrix wic%haviﬁbw I@fspolymer and the solvent
N,

meanwhile the chemical gel con% &l

crosslinker that @ses formation of chemical

&/

bonding between the cross%’agl Wi theég ymer functional group. The
Es

electrochemical properti% } pri hlyb'egulated by the liquid/plasticizer,
N &
whereas the polym(;q.mix i@ safet%(fﬁorphology, and mechanical qualities

(Hassoun & Scro 015) N | (')(SQ

Gel p@lec/wl S (é@ offer several advantages over traditional
electrolyt %ding fi'q efectr@s and solid polymer electrolytes. Firstly, GPEs
provid%ced safety due to th'gi??\on-flammable nature, eliminating the risk of leakage

or %lion associated with liquid electrolytes. This makes GPEs particularly desirable

or applications where safety is the main priority.
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Additionally, GPEs exhibit excellent flexibility and conformability, allowing them
to adapt to various battery designs and accommodate structural changes dur'{Waﬁon.
This flexibility enables their use in complex and compact batter %igurations,
maximizing energy storage efficiency. Moreover, GPEs offer impr :cﬁwctrochemical
stability, allowing for a wider operating voltage range and enabling,the use of high-capacity
electrode materials. This results in higher energy densit anWroves overall battery
performance. '

Furthermore, GPEs typically have higher iofiic_conductivity oTpaﬁg‘to solid
polymer electrolytes, allowing for faster ion trans porh%npr‘ov d battery e@ﬁmency This
facilitates faster charge and discharge rates ma g II-SU.SF or applications

requiring rapid energy transfer, such as«@ vehicles: tly,6°£s often have better

compatibility with different electrode rlals, r *nt rjée resistance and enabling
\
better overall battery performan als&hav (hlg mperature stability, which

allows them to be used in hi p catlo n addltlon GPEs can be easily

formed into various sha;% g them s jﬂl((e;b use in flexible or unconventional

battery designs. |
'S S
Even tho @ as po cihan@ properties due to the solvent/plasticizer
@

confinement i e poly a r| |s still far better than SPE in-term of ionic
fﬂz

conductivi d/better s a electrolyte GPE should exhibit good mechanical
streng to retain a liquid *e(Qctrolyte, high ionic conductivity, and electrochemical
Ward both electrodes so it can be use in practical application (Long et al., 2016).

0 GPEs are commonly used in lithium-ion batteries, particularly in portable electronic

devices such as smartphones and laptops. They are also being explored for use in other

13



types of batteries, such as redox flow batteries and zinc-carbon batteries, as well as in fuel

cells for hydrogen vehicles. \q

As mentioned before, the polymer host is one of the rw ponents in PEs.

2.2 Polymer Host

Therefore, the material selection of PE is crucial to en reWperformance of PEs.
Generally, the polymer host selection depends on two f first, alo\h?rance to bond
rotation, and second, the presence of polar (fun%Lgroup wit a’hlg;h)&?)wer of
sufficient electron donor to form coordination wit tlons,( zZiz 2013)Q~BeS|des the
polymer host should also have low glass tra tloq\ aturésffgh degradation

temperature and high molecular welgh@i Shar 176@Iy (ethylene oxide),

poly(vinylidene  fluoride), poly| | @gﬁ ethyl methacrylate),

poly(vinylpyrrolidone), poly(capr ), cﬁtosa d vmyl chloride) as shown in

Figure 2.3 are the commonly lar me for P rpose.
‘*) '°

:
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Qy{ethy nebx)d& B Chitosan

. Sgu e2.3: Commonl@eed Polymer Host for Polymer Electrolyte

Z.Q!yurethane Acrylate (PUA)

Polyurethane acrylate (PUA) is a copolymer that has urethane linkage (-NHCOO-)

and acrylate group. It is made by mixing polyol and isocyanate with the addition of an

15



acrylate component (Naiwi et al., 2018). Urethane acrylate oligomer is usually used for UV
curable polymer fabrication with addition of reactive diluent and free radical Qq initiator
via in situ UV polymerization. This UV radiation preparation method c &Ohe way for

better energy storage fabrication as high curing speed results in hlghQE Ero uctivity, lower
ng (A

energy usage, lower volatile compound emissions, and lower fire sif etal., 2004).
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Figure 2.4: Polyurethane w Mo‘ﬁcu truct&?
N (5‘
Besides, PUA possesses high jonic cond ?go d mechanical properties, and
\
flexible physical properties (K|m 020" Wi eseQ_ racteristics, it is suitable to
&
be employed as polymer host or energy st ppllc@n There were few studies have

been done on PUA based % electr ‘;te} iL etal. (2019) synthesized PUA from

Jatropha oil and dope ‘N{th If‘; make s and achieved conductivity achieved

at 8.855 x10° S/cnd .U rradl ?thoct>
Lv et a&' in their fz'ibUted PUA and succinonitrile (SN)- based plastic
crystal ele With‘g itiod’ of @hydrofuran (THF) as compatibilizer by solution
)
blendi V curing methodﬂ(& PE exhibit high ionic conductivity of 0.91 x10° S/cm"
1 a%oved mechanical strength after the THF addition. Lee et al. (2017) used in situ

@Qrizaﬂon to make gel polymer electrolytes based on crosslinked PUA by having

various ratios of DMPA-PEG and LiCIO4/PC. PC was integrated into an

16



acrylateterminated urethane prepolymer, and the precursor mixture was subsequently

combined with LiClO4 and crosslinked (polymerization of terminal divinyl K:R).
2.3  Salt for ionic dopant '

Lithium salt and organic solvents are the components @um-ion battery.

Generally, LiPF is the most frequently used salt for comm cizaw-%n batteries. However,

it has low thermal stability. At temperature above 55 i Kae into lithium

fluoride (LiF) and phosphorus pentafluoride (PF5$ LiF can p drceég&w‘ly toxic

products through reaction with the solvent. Besides, is alsg ohe of the sw'rd electrolyte

interphase (SEI) components (Strmcnik e%c @&5 the battery's

performance. Furthermore, LIPF is extlxg@nsitive ure and can generate

hydrogen fluoride and phosphoryl fl% (POF; Wgh H¥oly5|s even with a small
amount of water or alcohol (Mau 2 ?8) chc @use the cathodes corrosions
(Chen et al., 2019). The rea PF{,Mh Aidity is shown in the following
equation (Larsson et al., %
\ é"
% LIPE, — LE)@FS
(2:2) Q— !jS HgO-L> POF; + 2HF
(2.3) A% 4 L{PFGW—"HZO - LiF + OF; + 2HF
\

: ompare to other lithium salts, LiClIO, is a popular choice for the laboratory test

(2.1)

se as it offer good solubility, high conductivity, less hygroscopic and relatively stable

to ambient moisture (Xu, 2004). Furthermore, it will not form HF which could corrode the
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electrodes and the usage of LiClO, as salt can avoid the thermal runaway reaction faced by

LiPF¢ (Kartha & Mallik, 2020). Figure 2.5 below shows the molecular strucw\a IClO,.
| :
Y~
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Figure 2.5: Molecular Structuke of ngl 4 T

2.4 3D structured battery é\
A 3D structured battery is a tmaﬂery that, has @trodes with a three-
dimensional structure rather than th S@/O dI&?\SS El:)@ure of traditional batteries.
? ]

The three-dimensional structure lectr allows K&ugher energy density, longer

life, and improved safety ¢ 0 tra itio atSE}. 3D structured batteries are often
used in applications where sace i &;1 in portable electronics or electric
vehicles.

\

This 3D Ja c}’te concept was introduced by J. W. Long et al
in 2004 in w, CCP pt cr asi he contact area of the battery component within
the same feotprint areas. This coa;;g%; was introduced because high energy density and
hlghémgdensny are hard to come along in a solid-state battery. A high-power density

sually a tradeoff of lower energy density and vice versa (Lain et al., 2019). The

ﬁﬁ
nergy density in battery is usually solved with the electrodes but the energy density

18



will go lower as the ion diffusion path becomes longer. Thus, this concept could optimize

the battery performance in both energy density and power density. \E
There were several ways to construct 3D battery, the first ways&geve this is
n

using an interdigitated structure, which consists of alternating catho d anode electrode

rods surrounded by a solid electrolyte. Another type of 3D hattery”is the concentric

structure, which involves rods of one electrode (such tWode) coated with an

electrolyte, and the remaining volume filled with the o@de% the cathode).

A third type of 3D battery is called an aperiodic strwd as aspo -Iik%&;ﬁ%arance,
in

with one electrode coated in electrolyte and filled ith the other ctro@.v All of these

3D battery structures provide a different approach -gimensional battery

g 2

design.

Current collector 1

’
3D struct%batt ies

: . N .
have a highér energy ity allo them to store more energy in a smaller space,
s

Y—
resulting.i&naller and lighter @ies with the same energy capacity. Additionally, the

Sﬂsional electrode structure improves the distribution of active materials,

"
Q@ Batteries Designs
1 O

ero'se@ advantages over traditional batteries. They

@'n the risk of degradation and extending the battery's lifespan. These batteries also
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exhibit enhanced safety due to their improved stability, reducing the potential for fires and
other hazards. \Y.
Furthermore, the 3D structure enables faster charging by facilitati s‘@(e efficient
energy transfer. Lastly, 3D structured batteries have higher power density, delivering more
power in a shorter amount of time, making them well-suited fomhigh-power applications
such as electric vehicles. Overall, 3D structured batterie omgher energy density,

longer life, improved safety, faster charging, and b r rmwking them a

promising choice for various applications. : \Y'
D
There were many ways have been explorethto make 3D attersg-for example
Y

S st{yéﬁred solid state

semiconductor processing method, photop tern@ ag\ r

electrolyte for electrodes (He et al., ZO@ever,
costly or unable to process the spec¢i63D str T

N o)
explored to create a 3D battery is tive tan uring.

N

241 3D Solid Electro%Y. 'Dj ' §
’ &

One of the m&%) fabrfca
Kotobuki et al. (Zew is wo

’
shown in Fig@ ol-gel meth WK‘.USGd to make the electrode particle and infused it

into the :'wssﬁo;‘( )ﬁon@mb electrolyte. Zhang et al. (2014) construct high

S
condqu{ oneycomb-structu?é?’VDF-based GPE and highly stable toward heat up to

me S mentioned are too

/{Nhe ways that extensive

BSQWWH, they did not fully use the 3D GPEs structure since they were still using

onventional electrode.
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Figure 2.7: LLT Solid Electrolyte in Honeycomb Structure: A) Structure for Half-Cell;

B) Structure for Full Cell \)

2.5  Additive Manufacturing (AM) é !
AM technology, also known as 3D printing, was first'intr dl:c\gm@for rapid
| S
prototyping and building model purposes (Bahnin&,zmg). he technglogy can cope

NV

atase diffigu‘{‘to achieve with

P e

with highly complex and detailed structure preparations
ing_the fabrication process

conventional methods such as casting ad\Gi-)w ingsi O
isb

(Gibson et al., 2015). Because of it, n ie nsively especially in science
and engineering society. As the p@, repeatability, angf_na

. N & .
the years, the application also beco mir e a@ppllcable for various fields such

as foods, medical, manuf%; engin %

terial range get better over

rin aéres@ce, defense etc.
2yl ¢
Additive ma:%ing cir now%és}éD printing is a process that uses 3D
modelling softwarQQ achmk men ‘éﬁ{t can read and layer CAD files into a 3D
@

:
object to make ayreal ob/ect tagki(gjp ysical materials one by one based on a digital
NS
model (Zha%t/ " 201 ;eoni,@ to subtractive manufacturing which develops its
N .
final p@y cutting away froﬁpa block of material, additive manufacturing adds parts

lay: yer by laser to form its final product, as seen in Figure 2.8. According to the

American Society for Testing and materials, seven 3D printing technique categories are
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summarized in Table 2.1 (ISO/ASTM, 2013). Each type comes with different printing

mechanisms but the same concept producing 3D objects layer by layer. \i

Design Object using Computer Print Object Layer by Layer 3D Printed Object

Figure 2.8: General Working Princip 3DP in\ﬁqg\d
@

Table 2.1: ASTM Classification (ISO/ASTM

9
:Calighang gt QI.,_@U
Category Mechanism olagy’ ~.J'Material

e W N
.

Binder Jetting A liquid bonding a@ nk-?é'ttin » Metal
&
is selectively dN O » Polymer

p
to join der » Ceramic
? [}
materia ) 43"
} D
Directed Energy | The nﬁ'ﬂﬂl is melt l. %@ Metal » Metal
y f

Deposition b used_Jthermal| <Deposition » Powder

©
energy . (e.g. ser\ +e Laser deposition » Wire
(o plasma r‘e)' Qg'én e Laser consolidation
: O
;i 0sit'0 o@bstrate

.

) b v md
Materi@on Material &’\éelectively e Fused Deposition p Polymer
AN
\ dispensed through a| Modelling (FDM)
QE nozzle or orifice. o Direct Ink Writing

(DIW)
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e Liquid Deposition

Modelling (LDM)

T

e

object. \‘% #}a‘r‘n@

Material Jetting Build's material | e Polyject Photopolymer
droplets are selectively | o Ink-Jetting Y_ » Wax
deposited e Thermojet \,

Powder Bed Fusion | Thermal energy | e Selecti i Ilaser » Metal
selectively fuses | sin ‘\dPolymer

T
regions of a powder | e Se e L asey -_@amic
bed. ing{ \T

}3 X~

lectron mmdghg

U &
Sheet Lamination Sheets of mate re’ e Ultrasﬁd O » Hybrids
_
bonded to an \stli a@m » Metallic
e,

Object » Ceramic

Vat

Ay

t

&

Ob}e;' ¢Stereolithography
@)

-

» Photopolymer

Photopolymerizati in va@ctiv + (SLA » Ceramic
ol o0
(o curd‘ 7 (_, - | » Digital Light
Q’ ‘gc ivatéd $ Processing (DLP)
Q/ v
5 polymeriarﬁ?\
S =

; Energy storage is one of the disciplines that has profited from AM in order to
f

acture better and higher performance energy storage devices, particularly solid-state

batteries, by incorporating AM into the production process. It is vital as the fabrication
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process is the bridge to put energy storage components such as electrodes and electrolytes
into devices and contribute to the enhancement of the electrochemical pg@:nce of
energy storage devices (Chang et al., 2019). (‘)
Furthermore, AM doubtlessly open the way for topological Tanﬁnent of solid-
state battery in the attempt to decrease dead-volume and dead-weight of the battery.
(Ragones et al., 2018). Besides, battery components such emes, solid electrolytes,
separator, and current collector can be modified int esired o‘esi allowing the
battery and electronics assembly all at once, which co ecrease the final iie&'te‘s)ezﬁgsembly
and packaging step. Although it is still in research a&opg&e t, i hov&sg-tat potential
for the advancement of energy storage devicg- é\‘?
N
2.5.1 Additive Manufacturing Ele(tggyte \? &-\

N,
In the past few years, ab seafth h en 4(}2(3’9 on PEs based on additive

manufacturing technique. So ?\t.wﬁe 1 echhnique e been used in PEs which are
h

FDM, DIW, and SLA. E% ese m
example, viscosity 3@ rheqlo

hot iti i A.
photosensitive ressfw ’ f
which ink is @ fro a?e rlge\\ﬁwhile moving across a platform (Lewis, 2006).

od s‘pécﬁa printing material requirements for

&
DI\@Tﬁermoplastic filaments for FDM, and

&
inost@*the studies focused on the LDM process in

The ink e isinali state ls%ﬁ maintains its shape instantly.
. ; N
{ eetal. (2017) stuai(@, they combined PVVDF in a dual solvent solution of N-
m yrrolidone and glycerol to induce significant porosity within the polymer host

@phase separation during the drying step. Aluminum oxide (Al,053) as nanofiller was

added to the mixture to obtain sub-micrometer pore formation within the final membrane.
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The membrane showed better performance in terms of wettability and thermal stability
compared to commercial polyolefin separator. Finally, the electrolyte wa{%ed over

electrode using DIW method. (')
sist 6

Cheng et al. (2018) printed a hybrid solid-state electrolyte f PVDF-HFP
co-polymer matrix and TiO2 nanofillers immersed in an ionic quuj%g?r.olyte. The solid-
state electrolyte was printed in a complex 3D Hilbert str, ct%d showed high ionic
conductivity (0.78 x 1073 S cm™). McOwen et al ) printed 3D pattern solid
electrolyte microstructure that consists of texanol- Lisla;Zr,04,(LL O’) iﬁd&?)lyvinyl

butyral-benzyl butyl phthalate-LLZO inks on both sides of a leL.Z substratezThen, the 3D
Y/

pattern solid electrolyte structure was placed{n\a,gnaq\ inder Eg&ut and sintered.

Finally, it is ready for complete batter %Iy. Me e, lévl is widely explored

because of its substantial advantages c(@ﬂing off i S @ing within the electrodes,
N
the main disadvantage of the Ll%t ne@ds p taprcg such as freeze-drying and
sintering before obtaining the i odutt. \A
N Pt .
Hence, FDM ma good alternatiye as-it does not need a complicated post-
FepyeS

process. Maurel et al M}) deYeIo SPE ment made from poly(ethylene oxide)

incorporated  wi %i bis

qroa)é&a?nesulfonyl)imide (LIiTFSI) and printed

through a modified 3D printer. p{ru:ﬁed SPE conductivity was 2.18 x1073 S cm™1! at

QO °C. T Wy alsgsp'og'dj diﬁ}ﬁnt conductivity values for different EIS sample
=)

holderg&

is is the only study that utilizes FDM to fabricate SPE. It may be caused by the

)
ich, lateral andmc;?erdigitated comb) within the same sample. For the

omplicated process of producing printable filament to feed the FDM 3D printer.
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Consequently, SLA seems the best choice among the AM technique to be used for
electrolyte fabrication in the processing process compared to FDM and SLA{RdoeS not

possess the problems FDM and LDM have. Pan, (2018) used Micro-S&cﬂeate a ziz-
PE, which is then

zag structure of poly (ethylene glycol) diacrylate (PEGDA) base
assembled into a micro-battery. The study showed impressivesres with high ionic
conductivity membrane at room temperature and the asse bI cro battery measured
capacity was 1.4 pAh cm? for 2 cycles under potentiostatiesehar mg C nd|

Rahman et al. (2020) fabricated gel poly §ctrol e (GPE wLﬂ;Balfferent

polyvinylidene difluoride (PVDF) wt% with the bes duc;w 1@- S cm?) at

e effgtgs.hanglng several

scéﬂng velocity) on the
$e )@F content the higher the
N

room temperature for 5wt% PVDF. Besides, %

printer parameters (amount of UV lig %\lng ti

mechanical properties. Their study sUsd the

mechanical strength it lowers the IVIt E 4§%t al. (2020) utilized SLA to
print SPE with a 3D-Archime ral I turéthat Qmstrated good conductivity and
has proven to reduce mter% sistan ;‘s}ﬂl@mg a greater specific capacity than
the standard structure r|nt1d xh|b a high ionic conductivity of 3.7 x 10™*
&

Scm™at 25°C. : | C‘)O

’
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