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Preface

The first part of the book begins by discussing the brief introduction of polymer
composites, classification, and fundamentals. Hybrid polymer composites and key
characteristic features are discussed in detail. Ion dynamics and dielectric relaxation
are explored in polymer composites by discussing the physical models proposed to
get insights into ion transport. Synthesis methods and characterization techniques
used to examine the suitability of polymer composites are reviewed in detail. Then
the second part provides a glimpse of polymer-composite-based supercapacitors,
lithium-ion batteries, electrochromic potential windows, dye-densitized solar cells,
and Fuel cells. This part will also enable the reader to know about the challenges
that remain and need to be resolved for future devices. In brief, this book will be an
essential guide for researchers, scientists, and advanced students in polymer science,
composites, nanocomposites, and materials science. It is also a precious book for
engineers, R&D professionals, and scientists working toward the development of
polymer-electrolytes-cum-separators for energy storage/conversion devices.

A. L. Sharma, PhD
Anil Arya, PhD
Anurag Gaur, PhD
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Introduction

The depletion of traditional sources of energy due to the global energy demand has
focused the attention of researchers on the development of sustainable and renewable
energy sources. So, the need of the hour is to switch from conventional/traditional
to renewable/clean-green sources of energy completely for a broad range of applica-
tions. Some efficient renewable sources of energy are solar, wind, hydro, geothermal,
etc. The energy generated from these sources needs to be stored in energy storage
devices (batteries, supercapacitors, fuel cells, dye-densitized solar cells (DSSCs),
etc.). The electrolyte is an important component of any energy device, and in exist-
ing devices, the liquid electrolyte is used. An Electrolyte acts as a carpet for ions.
Since the first report in 1973, polymer electrolytes/composites emerged as attractive
candidates for application in energy storage/conversion devices. The polymer com-
posites and their types affect the ion dynamics and hence the overall performance of
the device. Polymer composites have potential to allow the development of efficient
materials that can fulfill the demand of society to design flexible devices. Overall,
polymer composites will enable the creation of a sustainable lifestyle, which is the
aspiration of the planet and society.

The present book presents a state-of-the-art overview of the R&D in the develop-
ment of polymers as electrolyte materials for supercapacitors, lithium-ion batteries,
electrochromic potential windows, dye-densitized solar cells, fuel cells. For a better
guide to the eye of readers, the book will be divided into two parts. The first part
explores the fundamentals of polymer composites, classification, and ion dynamics
within the polymer matrix. This part also provides a glimpse of different synthesis
methods used for polymer composite formation, and crucial characterization tech-
niques required to evaluate the electrolyte performance and check its potential for a
particular application. The second part explores the application part and will provide
a comprehensive analysis of current development in polymer electrolytes for super-
capacitors, lithium-ion batteries, electrochromic potential windows, and fuel cells.
In brief, this book will be a treasured locus for the students, researchers working in
the energy area, as well as for manufacturers working toward the development of
polymer-electrolytes-cum-separators.

A. L. Sharma, PhD
Anil Arya, PhD
Anurag Gaur, PhD
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1.1  INTRODUCTION

Energy is very important in our daily lives because it is a basic human need. Most of the
energy contribution is from fossil fuels, coal, etc., and it causes serious environmental
concerns globally. To reduce the dependency on traditional sources of energy, various
renewable sources of energy such as hydro energy, wind energy, solar energy, etc. have
emerged as alternatives. The energy obtained from these sources needs to be stored in
a device so that it can be used as per demand. The important energy storage/conver-
sion devices that have dominated the energy sector are batteries, supercapacitors, and
fuel cells. The electrolyte is an integral component of any device, and most commer-
cial devices are using liquid electrolyte. Some of the key drawbacks of the liquid elec-
trolyte-based device are bulky size, flammability, separator need, and poor safety. To
fulfil the need of highly efficient and cost-effective high-energy density storage/conver-
sion devices, polymer composites have been tried as electrolytes-cum-separators. The
first report of ionic conductivity in polymer electrolytes/composites was by Armand
(Armand 1979). Peter V. Wright and Fenton examined poly(ethylene oxide) (PEO) with
alkali iodide salts and reported the conductivity followed by use of PEO/alkaline salt
compound in batteries as an ionic conductor by Armand in 1978. This polymer matrix
favored the ion migration and exhibited good mechanical flexibility and good interface
contact in batteries (Armand 1994; Wright 1975; Armand et al. 2011a; Fenton 1973).
Some key features of polymer composites are high flexibility, light weight, cost-effec-
tiveness, and better contact with electrodes, and they can be used to design devices with
varied architecture/shape geometry. The development of flexible and soft material as a
separator enables the development of devices with varied shape geometry. The simul-
taneous presence of the crystalline phase and amorphous phase indicates their unique
characteristics (Arya et al. 2017). Generally, the amorphous phase favors faster ion
transport and results in higher ionic conductivity (Sequeira and Santos 2010; Cameron
1988). This chapter presents an overview of the polymer composites, their classifica-
tion based on additive species. Then the selection criteria for polymer, salt, nanofi ller,
nanoclay, and solvent are discussed. Finally various fundamental ion transport model
proposed by researchers to get insights into ion dynamics are summarized.

1.2 POLYMER COMPOSITES

Polymer composites (PCs) were introduced for the first time in the 1970s, and soon
became the strong candidates to be used as electrolytes in energy storage/conversion
devices. In general, they are comprised of a macromolecule matrix with low lattice
energy salt dissolved in low viscosity and high dielectric constant organic solvents.
The interaction between the electron-rich group in the polymer backbones and the
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salt favors salt dissociation and facilitates the cation (Li, Na, K) migration. Such
type of migration occurs via coordinating sites provided by polymer chains and is
termed as a hopping (intrachain/interchain) mechanism. This mechanism generates
the ionic conductivity within the matrix (Figure 1.1). The ionic radii of an anion
is much larger than a cation for better dissociation, and the anion remains immo-
bilized in the matrix due to its large size. Smaller cation radii of salt and the high
dielectric constant (€) of the host polymer is beneficial for better composite formation
with optimum properties. The ionic conduction is attributed to segmental motion of
polymer chains with strong Lewis-type acid-base interaction between the cation and
donor atom (Muldoon et al. 2015). As polymer composites play a dual role both as a
separator and a composite in an energy storage device, they must possess some char-
acteristic properties (Marcinek et al. 2015). Figure 1.2 shows the transport, stability,
and other properties of polymer composites. Polymer composites are also termed
polymer electrolytes (PEs).

Polymer composites overcome many drawbacks of liquid electrolytes in terms of
shape flexibility, size, and weight. Ion transport is faster in an amorphous phase in
comparison to a crystalline phase, and higher conductivity by two or three orders of
magnitude is achieved. Due to this, polymer composites are used in various appli-
cations. Figure 1.2 shows the properties, advantages, and applications of polymer

FIGURE 1.1 (a) Schematic of ion dynamics in a polymer composite; (b) important charac-
teristics of polymer composites.
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Properties

Transparent, and solvent-free
Lone pair electrons
Light-weight, and flexible geometry
Chemical and thermal stability
Thin-film forming ability
Wide electrochemical windows
Improved safety, and versatility
High ionic conductivity, low self-discharge
Compatibility with electrodes, reliability

Advantages Applications

Ease of fabrication, and long life span Electrochromic window

Restricts use of corrosive solvent Solar cells
High flashing point Fuel cells
No production of harmful gases Solid-state batteries
Prevents leakage Supercapacitors

Mobile cellular phones
Electrochemical sensors
Analogue memory devices
Electric vehicles
Electrochromic display devices

Suppresses dendrite growth
Reduced flammability, low cost
Non-toxic, no internal shorting

Provides the easy path for ion migrations
Reproducibility of the parameters

Polymer composites

FIGURE 1.2  Properties, advantages, and applications of polymer composites/composites.

composites. Polymer composites occupy a fortunate position for applications in dif-
ferent devices and the forthcoming section discusses in detail different types of poly-
mer composites and their constituents.

Various polymer hosts have been explored to achieve the desired electrical,
mechanical, and ion transport properties. This section discusses the classification
of polymer composites/electrolytes. The pristine polymer is of an insulating nature,
and displays very low conductivity. Its conductivity can be enhanced by doping with
nanoparticles, nanoclays, etc. Three important tasks to be done by nanoparticles are
(1) improve salt dissociation, (ii) better dispersion of additives for effective action,
and (iii) enhanced polymer flexibility. The simultaneous presence of these param-
eters results in optimized performance. So, on basis of the addition of guest spe-
cies (ionic liquid, plasticizer, nanofiller, nanoclay) polymer composites are classified
into three categories, (i) liquid polymer composites, (ii) gel polymer composites, (iii)
solid polymer composites. Solid polymer composites are further classified in differ-
ent types depending on the type of host matrix and architecture.

1.2.1 LiQuip PoLyMer COMPOSITE

Liquid polymer composites consist of a lithium salt dissolved in an organic solvent
(e.g. LiPF/EC) and a separator prevents the short-circuiting of electrodes. It can
be classified into non-aqueous liquid (NALE) or aqueous liquid composite (ALE)
depending on the nature of the solvent. The former one has high ionic conductivity
and is obtained by dissolving alkali salts in solvents (EC, PC, etc.). Along with this,
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they demonstrate a large electrochemical stability window, which is a crucial param-
eter for energy devices (Cheon et al. 2003; Liang et al. 2011; Choi et al. 2007). While,
ALE has more ionic conductivity than NALE and is non-flammable, inexpensive,
and can be used safely at high temperatures. Nowadays, ionic liquids (ILs) have
emerged as new guest species. ILs are organic-salts-like materials with a low melt-
ing point and exist in liquid form at room temperature because of weak ion coordina-
tion/poor packing of atoms. Some key advantages are (i) they can be used in a wide
temperature range (300—400 °C), and (ii) they have wide electrochemical stability.
These make them a strong candidate for energy devices (e.g. batteries, fuel cells,
supercapacitors, etc.). By changing the ratio of cation to the anion, and interchanging
different cations or anions, properties can be tuned as per requirement (Earle et al.
2006; Gebbie et al. 2013; Armand et al. 2011b).

1.2.2  GeL PoLyMerR COMPOSITE

Gel polymer composites or electrolytes (GPEs) emerged as an alternative to previous
composites, due to the their poor mechanical properties. GPE is an intermediate stage
between the liquid composite and solid polymer composite. So, GPEs are composed
of a polymer matrix, liquid solvent as a plasticizer (ethylene carbonate, EC; propylene
carbonate, PC; diethyl carbonate, DEC; dimethyl carbonate, DMC) and lithium salt.
Based on sample preparation, gels are categorized in two ways. When the liquid com-
posite is confined in a polymer matrix without any bond formation between polymer
and solvent, then it is termed as a physical gel. When a cross-linker leads to the forma-
tion of the chemical bond between the functional group of polymers and cross-linker
agent, then it is called a chemical gel (Hellio and Djabourov 2006). This type of poly-
mer composite exhibits both cohesive properties of solids and diffusive properties of
liquids. High ionic conductivity, a wide electrochemical stability window (ESW), and
good compatibility with electrodes strengthens their candidature compared to liquid
electrolytes (Sequeira and Santos 2010; Kokorin 2011). The addition of plasticizers
also lowers the glass transition temperature and favors faster ion dynamics. Although,
they demonstrate better ionic conductivity, but still lack the desirable mechanical sta-
bility (Xiao et al. 2012). In gel polymer composites, PVdF-co-HFP-based polymer
composites (electrospinning and non-woven) are fascinating candidates due to the
advantage associated with them, better flexibility and a broad electrochemical stabil-
ity window. But, there remains one issue—that is, leakage of composite even after the
addition of ionic liquid (Jeong et al. 2012; Pitawala et al. 2014). So, oligomeric ionic
liquid-type gel polymer composites based on oligomeric ionic liquids, PVdF-co-HFP,
and the composite solution was prepared (Kuo et al. 2016). The prepared polymer
composite was flexible, and possessed porous morphology with an ionic conductivity
of 0.12 x 10 S cm™ (at RT) as compared to PVAF-HFP gel polymer composite. The
electrochemical voltage stability window was about 4.5 V.

1.2.3 Soub PoLyMER COMPOSITE

Solid polymer composites/electrolytes are the new generation electrolytes and
has inherent potential to dominate the energy sector by replacing the traditional
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FIGURE 1.3 Advantages of polymer composite over the liquid composite-based battery.

electrolytes. Some of the important advantages that strengthen their candidature are
high durability, safety, high energy density, great flexibility for cell design, negligible
reactivity towards the electrodes, and reduced packaging cost. A broad electrochem-
ical stability window and enhanced thermal stability make them suitable candidates
for high-temperature energy storage devices (Zhang et al. 2007). Figure 1.3 displays
the advantages of composite/solid polymer composite.

Generally, solid polymer electrolytes (SPEs) consist of the salt dissolved in a poly-
mer matrix. However, the optimized electrolyte must have good ionic conductivity
and mechanical stability. The ionic conductivity of SPEs is not comparable to the
existing electrolytes. SPEs having optimized conductivity and stability properties
need to be developed for the potential for applications in solid-state ionic devices
(Jeddi et al. 2010). So, enhancement in conductivity is linked to the salt dissociation
and several cation-conducting sites. Various strategies have been adopted to enhance
salt dissociation, conducting sites, and polymer flexibility. The forthcoming section
discusses the important strategies to enhance electrical properties.

1.3 STRATEGY TO TUNE THE PROPERTIES OF
SOLID POLYMER COMPOSITE

Rapid ion dynamics in polymer composites is an essential requirement for applica-
tion in batteries, supercapacitors, fuel cells, etc., and is linked to the glass transi-
tion temperature of the polymer, free ions in a polymer matrix, low crystallinity,
and faster segmental motion. Further insights in the composite matrix are explored
by examining the various modification strategies to tune the ion dynamics which
influence the electrical properties. This section provides a different class of polymer
composites with different architecture to achieve the optimum properties. Figure
1.4 shows the important types of polymer-electrolytes-cum-composites. On the
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FIGURE 1.4 Classification of polymer composites.

basis of host matrix/dopant, polymer composites are ceramic polymer electrolytes,
soy-protein-based electrolytes, polycarbonate polymer electrolytes. On the basis of
architecture, polymer composites are block copolymers, star type, fibrous based,
cross-linked types.

1.3.1 Ceramic (LATP/LLTO/LLZTO/Li,PS,) PoLymMErR COMPOSITE

Ceramic polymer composite provides improved conductivity as compared to solid
polymer composite. The Lewis acid-based interaction of the surface group of nano-
filler with a polymer and salt enhances the ion dynamics. The addition of nanofiller
enhances the segmental motion of the polymer chain owing to disruption of the
polymer chain which suggests enhanced amorphous content for ion migration. The
surface groups (-OH) associated with the nanofiller favors strong Lewis acid-base
interaction and create the conducting pathways for ion migration (Zhang et al. 2018;
Liang et al. 2018). Prof. Goodenough’s group developed a new sandwich structure
(polymer/ceramic/polymer composite) and it demonstrated enhanced properties
(Zhou et al. 2016). To resolve the issue of the low ionic conductivity and chemical
instability of Ti,* ions in LLTO against lithium metal, Li et al. [Li et al. 2018]
developed a polymer composite with sandwiched structure (PVAF/LLTO-PEO/
PVdF). The 10 wt. % LLTO-based system (interlayer-II) shows the highest ionic
conductivity of 2.1 x 10-* S cm™ (at RT). The ionic conductivity possessed by the
sandwiched structure is ~3.01 x 1073 S cm™! with voltage stability window close to
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5 V. The enhancement of the voltage stability window was attributed to the preven-
tion of PEO decomposition by PVAF layer and LLTO nanowire.

Although conductivity gets enhanced with nanofiller addition, at high content
nanofiller agglomeration masks the ion migration. This agglomeration needs to be
suppressed for the effective task of the nanofiller. So, a flexible composite polymer
composite was developed using 3D nanostructured hydrogel (LLTO) frameworks as
nanofiller (Bae et al. 2018). The ionic conductivity achieved was 8.8 x 10 S cm™!
(at 25 °C) and increased to 1.5 x 10~* S cm! (at 30 °C) with the addition of 3.0 g
PVA. The thermal stability was about 400 °C. The voltage stability window was
larger for the LLTO-based CPE (i.e. 4.5 V) and is much higher than of PEO (3.9 V).
The increase in conductivity is due to creation of continuous conducting paths for
the LLTO framework and a 3D interconnected structure. The LLTO framework also
provides vacant sites for Li migration and it results in continuous ion migration via
hopping proves, hence the enhanced conductivity.

A composite solid polymer composite based on the PEO garnet Lig ,La;Zr, ,Ta, O,
(LLZTO) as the nanofiller and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
as the salt was reported (Chen et al. 2018). The FESEM analysis confirmed the uni-
form dispersion of LLZTO in the polymer matrix. The XRD pattern evidenced the
poly-crystalline nature of LLZTO particles and after embedding them in the PEO
matrix, no change was observed in XRD which suggests the stability of LLZTO. The
highest ionic conductivity was 1.17 x 10~ S cm™! (at 30 °C) for 10 wt. % LLZTO
particles. The increase in the conductivity was attributed to the increased free vol-
ume and faster chain movement owing to the uniform dispersion of LLZTO par-
ticles. The voltage stability window was about 5.0 V (vs Li/Li*) and is within the
safe limit of battery operation. Recently Liu et al. (Liu et al. 2019) reported the
preparation of the composite polymer composite based on PEO as polymer matrix
and Li, 4Al,,Ti, ((PO,); (LATP) as nanoparticles with an average size ~140 nm. The
highest ionic conductivity was observed for the PEO-LATPO1 CPE which is about
1.15 x 10 S cm! (at 30 °C), and reaches 7.03 x 10~* S cm™! (at 80 °C). The voltage
stability window was close to 4.8 V.

Several strategies have been adopted to enhance the characteristics parameters of
the Li-ion battery, but still there is scope for improvement. The network structure
of the LLTO may affect the ion dynamics parameters. So, a three-dimensional (3D)
LLTO network has been investigated (Wang et al. 2018). The unique feature of this
approach is (i) interconnected LLTO effectively enhances the electrical and mechan-
ical properties as well as suppresses the dendrite growth; (ii) a combination of hot
press and quenching process results in the formation of dense and self-standing CPE.
The composite polymer electrolyte (CPE) comprises PEO as host matrix, LiTFSI as
salt, and a three-dimensional (3D) LLTO nanofiber network (synthesized the first
time). The highest conductivity value was about 1.8 x 10~ S cm™! at RT, cation
transport number (t,) 0.33, and voltage stability window of about 4.5 V vs. Li/Li*.

1.3.2 Sov-ProteIN-BAsED PoLYMER COMPOSITE

These are newly advanced polymer composites that show enhanced properties as
compared to the existing polymer composites. The soy protein (SP) is denatured
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before use. The denaturation process results in unfolding the chain, and the negative
acid group present in the SP results in Li-ion adsorption. Here, the polymer chains
are surrounded by the PEO. The electron-rich site of polymer absorbs Li-ions as
well as interacts with the ammonium group having a positive charge. It disrupts the
crystalline arrangement of PEO and an amorphous phase is formed (Ji et al. 2012).
In the CPE matrix, two possible interactions occur: (i) cation interaction with back-
bone oxygen in protein, and (ii) formation of anion clusters owing to the presence of
electrostatic interactions between anion and positive charge side groups (e.g. Lysine
(Lys) and arginine (Arg)) of protein. It may be concluded that the modification of
nanofiller with SP creates new ion conduction channels.

The addition of nanofiller effectively promotes ion dissociation and creates
ion-conducting pathways to the cation. However, still, there are restrictions to the
enhancement of the conductivity up to the desirable limit. Surface functionalization
of the nanofiller is an alternative approach that will facilitate the faster ion migra-
tion. The soy protein is an attractive candidate owing to the ability to transfer the
cations via the functional group present in it (Zhu et al. 2016). Also, modification of
nanofiller with SP reduces the nanofiller agglomeration tendency which is crucial for
effective role of nanofiller.

Fu et al. (Fu et al. 2016) investigated the protein-based ion conductor (PIC) by add-
ing LiClO, salt in the denatured soy protein. The increase of ionic conductivity with
temperature from ~ 10~ to 10~ S cm™! is observed. The Li* transference number is
0.94 and confirms the ionic nature of PIC. Another study by the same group reported
the manipulation of protein configuration by nanofiller and it shows effective enhance-
ment in the ionic conductivity and mechanical properties. Fu et al. (Fu et al. 2018a)
prepared the polymer composite by the modification of SP with two types of hybrid-
nanofiller: (i) TiO,-(SP-close) hybrid, and (ii) TiO,-(SP-open) hybrid. The temperature-
dependent ionic conductivity and for the TiO,/(SP-open) conductivity is comparable to
liquid composite at 90 °C (i.e. 7 x 10-* S cm™). The voltage stability window is very
high, 5.2 V for TiO,/(SP-close)—CPE and 5.4 V for TiO,/(SP-open)—CPE.

Both protein configurations, and protein-TiO, interaction affects the ion migra-
tion due to altered environment. Another report by Fu et al. (Fu et al. 2018b) high-
lights the preparation of the core-shell protein@TiO, hybrid NWs, and their effect on
the solid polymer composite (pure ultrahigh-molecular-weight PEO; UHM WPEO-
LiClO,) is examined in detail. The thickness of the protein coating is approximately
8 nm as evidenced by HRTEM. The XRD diffractograms of SP and TiO, nanowire
concluded that both the SP and TiO, NW are integrated well; also there is a decrease
in peak intensity of crystalline TiO, NW. It infers that SP coating enhances the amor-
phous phase that is a very critical requirement for fast ion transport. FTIR spectra
confirm the in-situ growth of the protein layer on the TiO, surface (SP@TiO,). The
highest ionic conductivity was exhibited by the CPE with core-shell SP@TiO, NWs
and is about 1.1 x 10 S cm™ (at 10 wt. % SP@TiO, loading). This conductivity
value is larger than the SP-TiO, nanoparticles-based composite. This enhancement
is attributed to the high surface area of the nanowire and the high aspect ratio which
creates continuous conducting paths. The conductivity increases with temperature
and reached to 2 x 103 S cm™! (at 80 °C). The highest voltage stability window is
5.3 V for the 10 wt. % SP@TiO,-based composite polymer composite. The cation
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transference number is 0.62 for the 10 wt. % SP@TiO,-based composite polymer
composite is higher than pure PEO (t;;* = 0.41).

1.3.3 PoLycArRBONATE POLYMER COMPOSITE

Nowadays, polycarbonates (PC)-based polymer composites are new emergent mate-
rials owing to their amorphous nature, high polymer chain flexibility, and high
dielectric constant. The combination of these properties results in enhanced ther-
mal stability, voltage stability window, and cation transference number. To achieve
the high conductivity and flexibility, PCs are made up of aliphatic backbones
and a few—poly(vinylene carbonate) (PVC), poly(propylene carbonate) (PPC),
poly(trimethylene carbonate) (PTMC), and poly(ethylene carbonate) (PEC)—are
preferred (Mindemark et al. 2018; Zhang et al. 2018). Also, polycarbonates (PCs)
demonstrate good salt solubility due to the presence of a highly polar carbonate
group (-O-(C=0)-0O-) (Xu 2004). Polyurethane (PU)-based composites are also
gaining attention and comprise of two segments, (i) soft segment (SS), (ii) hard seg-
ment (HS). SS makes polyurethane stretchable and flexible (beneficial for faster ion
migration), while HS provides improved mechanical properties (Xiao et al. 2017; Xu
et al. 2017; Karimi et al. 2017).

Polycarbonate-based polyurethanes (PCPU) with different contents of polycar-
bonate diol (PCDL)—1,6-hexamethylene diisocyanate (HDI), diethylene glycol
(DEG)—were prepared via addition polymerization reaction by Bao et al. (Bao
et al. 2018). Then the effect of the soft and hard segments of PU was examined on
the polycarbonate-based polyurethanes (PCPU), and LITFSI was used as salt. DSC
examination displayed the presence of two T, one associated with a soft segment
(T, =—40 - 50 °C), and another with a hard segment (T}, ; =42 — 48 °C). A decrease
in T, ; with the increase of hard segment content was observed. The improved ten-
sile strength on the addition of the hard was attributed to the following reasons, (i)
interaction via hydrogen bonding between neighboring units of 1,6-hexamethylene
diisocyanate (HDI) units, and (ii) HS acting as reinforcing filler (Lee et al. 2013;
Wang et al. 2010). The highest ionic conductivity was 2.2 x 10-° S cm™! (at 25 °C),
1.58 x 10> S cm™! (at 60 °C), and 1.12 x 10~* S cm! (at 80 °C) for 20 wt. % salt con-
tent. The most of contribution to the conductivity was from the soft segments owing
to enhanced segmental motion. The voltage stability window was 4.5 V at 80 °C and
within the limit for practical applications.

Most of the polymer composites are prepared via the solution cast method, but at a
large scale, this synthesis method is not efficient due to the use of volatile organic sol-
vents which may harm the environment. So, the polymerization reaction is more effi-
cient and allows the synthesis of environmentally friendly waterborne polyurethane
(WPU) (Karimi et al. 2017). A WPE as polymer matrix was prepared by polymer-
ization of polyethylene glycol (PEG), hexamethylene diisocyanate (HDI), diethylene
glycol (DEG), dimethylol propionic acid (DMPA), LiTFSI as salt, and water as a
solvent by Cong et al. (Cong et al. 2018). The voltage stability window was about 4.8 V
(at 60 °C) and is sufficient for the solid-state Li-ion battery applications. Recently, a
poly(propylene carbonate)/Li, ;sLa;Zr, ;5Ta, ,50,,-based composite was reported by
Zhang et al. (Zhang et al. 2017). The highest conductivity was 5.2 x 10 S ¢cm™!
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(at 20 °C) and is due to the formation of conductive paths owing to the PPC matrix
and LLZTO bulk interface. The high voltage stability window (~ 4.6 V) and high
cation transference number (~ 0.75) suggest a perfect correlation between ion dynam-
ics properties.

1.3.4 Brock CopoLYMER COMPOSITE

Tuning the architecture of the polymer composite, physiochemical properties can be
changed, and one such composite type is block copolymer (BCP) composite having
covalently bound polymers. BCP enables us to synthesize polymer electrolytes with
noble ion conduction pathways (from any electron-rich group in the polymer), and
results in improved properties as compared to individual polymers (Young et al.
2014; Giacomelli et al. 2010; Young et al. 2012).

BCP composites have the potential to provide better performance even at room
temperature as compared to solid polymer electrolytes which operate efficiently
only at an elevated temperature range (~70 °C). Operating near room temperature
range leads to safety, cost reduction, and better Li compatibility. Based on this
approach, a comb polymer matrix grafted with soft and disordered polyether moi-
eties (Jeffamine®) and a popular salt, lithium bis (fluorosulfonyl)imide (LiFSI), was
synthesized via the solution cast technique by Aldalur et al. (Aldalur et al. 2018).
The ionic conductivity is 5.6 x 10~ S cm™! (at 70 °C), 2 x 10-* S cm™! (at 40 °C) with
cation transference number of 0.16. The lower voltage stability window (4 V) for the
Jeffamine-based polymer composite as compared to PEO is attributed to the pres-
ence of PPO segment which has a high possibility of oxidation.

Another strategy to alter the architecture is by preparation of semi-interpenetrating
network polymer composites. An in-situ plasticized solid-state polymer composite
with a double-network (DN-SPE) was prepared via facile polymerization by Duan
et al. (Duan et al. 2018). The DN-SPE indicates decrease of crystallinity, and high-
est ionic conductivity was 5.3 x 10~ S cm™' (PEGDE-PEGDA-1000), owing to the
mutual plasticization of the double network (PEGDE:PEGDA). A high value of cat-
ion transport number (0.44) and broad voltage stability window (4.7 V) validate the
suitability of the polymer composite for battery applications.

1.3.5 StAR-TYPE POLYMER COMPOSITE

The star polymer’s architecture provides enhanced physical and topological proper-
ties as compared to the linear polymer. The outer spheres of arms in a star poly-
mer enhance the electrical properties (ion mobility, ionic conductivity), while the
connection of covalent bonds between the core and arms enhances the stability of
the external environment (Ren et al. 2013). The various branching points disorders
the polymer crystallization and enhances the free volume for segmental motion and
hence faster ion dynamics. Along with this, this architecture improves the salt disso-
ciation and mechanical properties can be improved by introducing a rigid framework
within star polymer configuration (Zhang et al. 2016; Xu et al. 2018).

The star-shaped copolymers having POSS segments are an attractive candidate
due to the unique multiple-chain-ended structure. A star structure with octavinyl
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octasilsesquioxane (OV-POSS) and poly(ethylene glycol) methyl ether methacrylate
(PEGMEM) by one-step free radical polymerization was synthesized by Zhang et
al. (Zhang et al. 2016). The star-shaped PE shows improved free volume and shows
a higher conductivity of 1.13 x 10~* S cm™! than the linear copolymer composite
(LCP5.1) which shows about 5.63 x 10 S cm™! (at 25 °C). Also, the cation transfer-
ence number was higher for SCP5.1 (t, = 0.35) than LCP5.1 (t, = 0.19). The volt-
age stability window for SCP5.1 is about 5.31 and 5.04 V (vs. Li/Li*) at 25 and
80 °C. Another star polymer composite using poly(ethylene glycol) dimethacrylate
(PEGDMA) as a monomer and ethylene glycol dimethacrylate (EGDMA) as a cross-
linker was prepared by Xiao et al. (Xiao et al. 2019). The synthesized composite is
flexible (tensile stress = 1.67 MPa, strain = 300%) and exhibits ionic conductivity
about 1.48 x 10> S cm™! (at 20 °C) for PEGDMA 5, (Li-SPE550-Li). This high value
of conductivity is attributed to the favorable topological architecture which boosts
the ion migration. The voltage stability window is about 5.4 V and the cation trans-
ference number is 0.3.

1.3.6 FiBrRouUs-BASED PoOLYMER COMPOSITE

Fibrous polymer membrane-based polymer composite shows improved per-
formance as compared to traditional polymer composites. In fiber, the energy
barrier of particle-particle junctions is low as compared to nanofiller that will
enhance ion transport. Also, the better interfacial contact between polymer
and fiber results in improved electrochemical stability. The high surface area
of nanofiber effectively enhances the ion conduction by creating the continu-
ous ion conduction pathways in the polymer matrix (Zhang et al. 2011; Zhu
et al. 2018; Li et al. 2019). A PAN electrospun fibrous membrane (PVdF-PAN-
ESFMs) was prepared using the electrospinning technique reported by Gopalan
et al. (Gopalan et al. 2008). The 1M LiClO,-PC solution was used as the com-
posite. FESEM analysis evidenced the formation of PVdF-ESFM fibers intercon-
nected with a large number of voids and the uniform diameter was 600 nm. The
highest ionic conductivity was 7.8 x 1073 S cm™! (at 25 °C) and is higher than the
PVdF-based composites which are attributed to the elimination of crystalline
domains after PAN addition (Song et al. 2004). The voltage stability window of
the PVAF-PAN (25)-ESFM was 5.1 V and is much higher than the PVdF (i.e. 4.38
V) and PAN (i.e. 4.25 V) membranes.

As itis well known that the blending approach is an important approach to enhance
the electrical and mechanical properties. But, one issue remaining is the poor com-
patibility of blend polymer with the PEO. So, a new strategy was adopted to synthe-
size the solid polymer composite. It comprises two chemically dissimilar polymer
segments, (i) aromatic polymer segment and (ii) host polymer matrix. The former
provides sufficient mechanical/thermal stability, while the latter facilities flexibility
and low crystallinity. Lu et al. (Lu et al. 2013) developed a self-standing solid poly-
mer composite membrane where polysulfone (PSF) plays a role as a former one and
PEO as the latter one. The salt used was lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) and with low content of SN is used for synthesis via one-step condensation
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copolymerization. The highest ionic conductivity was 1.6 x 10-* S cm™" (at RT) and
increased to 1.14 x 103 S cm™! (at 80 °C) for PSF-PEO,; + LiTFSI + SN system.
The voltage stability window of the prepared system was 4.2 V vs. Li/Li* and is in
a desirable range.

Another strategy to enhance the properties of polymer composite is the copoly-
merization technique where both composite uptake as well as the amorphous con-
tent get improved. Shi et al. (Shi et al. 2018) prepared a gel polymer composite by
blending the PEO and PMMA with copolymer P(VDF-HFP) (PE-PM-PVH) by solu-
tion cast technique using a liquid composite of LiPF, — EC + DMC (1:1 v/v) as the
plasticizer. FESEM analysis evidenced the creation and growth of the pores after
PEO-PMMA blending with P(VDF-HFP) (Porosity = 58%) as compared to pris-
tine P(VDF-HFP) (Porosity = 30%). The ionic conductivity (o) of the PE-PM-PVH
membrane is 0.81 mS cm! and is higher than pristine P(VDF-HFP) which has 0.25
mS cm!. The cation transport Number (t; ;") of PE-PM-PVH polymer membrane was
higher (0.72) than the pristine P(VDF-HFP) membrane (0.29). The voltage stability
window of the blend was higher (~5.0 V) than the pristine P(VDF-HFP) membrane
(~4.5V).

1.3.7 CRross-LINKED PoLYMER COMPOSITE

Cross-linking of polymer composites is an attractive strategy to prepare new poly-
mer composites with different architectures. The cross-linking approach enhances
dimensional stability and dynamic storage modulus (Lu et al. 2017; Kim et al. 2010).
The chemical cross-linking of polymer needs to be done in such a way that bal-
anced ionic conductivity and mechanical strength may be achieved. The cross-linker
prevents polymer crystallization and facilitates faster segmental mobility (Lin et al.
2018).

Shin et al. (Shin et al. 2016) prepared the cross-linked composite polymer compos-
ite (CLCPE) based on methacrylate-functionalized SiO, (MA-SiO,) nanoparticles,
PAN membrane, and gel composite precursor containing tri(ethylene glycol) diac-
rylate (TEGDA). The ionic conductivity of the CLCPE with non-porous MA-SiO,
particles and mesoporous MA-SiO, particles are 1.1*¥103 S cm™ and 1.8 x 1073 S
cm™!, respectively. The highest conductivity is due to porosity in MA-SiO, nanopar-
ticles. The effect of the cross-linker on the properties of the solid polymer composite
was examined by Youcef et al. (Youcef et al. 2016). They reported the prepara-
tion of the cross-linked polymer composite (CLPE) by UV-induced cross-linking
of poly(ethylene glycol) diacrylate (PEGDA) and divinylbenzene (DVB) within a
poly(ethylene oxide) (PEO) matrix. There was no effect of the DVB on the conduc-
tivity and for 10% DVB, ionic conductivity was high (1.4 x 10-* S ¢cm™) for practical
applications. The voltage stability window of the composite was close to 5.0 V. The
cation transference number was 0.23. Zhang et al. (Zhang et al. 2019) demonstrated
the preparation of flexible cross-linked SPE with PEO, TEGDMA, and TEGDME
(PTT) SPE with LiTFSI salt. In this work, the electrode/composite has been pre-
pared by in-situ UV-derived dual-reaction to minimize the interfacial resistance,
and low molecular weight cognate monomers have been introduced to enhance the
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conductivity and reduce the crystallinity. The prepared PTT-SPE membrane is trans-
parent and flexible, and the benefits of this will be reflected in electrical properties.
The PTT-SPE membrane exhibits ionic conductivity of about 0.27 mS cm" and is 30
times higher than PEO-SPE. The cation transport number is also higher and is about
0.56 and is favorable in the elimination of polarization. The voltage window of the
PTT-SPE is about 5.38 V.

1.4 SELECTION CRITERIA AND PROPERTIES OF
POLYMER HOST/SALT/NANOFILLER/SOLVENT

1.4.1 PROPERTIES FOR POLYMER HOST

Since the first report of ion conduction in 1973 for PEO/Li* salt complexes, PEO
(poly(ethylene oxide)) is one of the strong candidates for the polymer composites,
but a low ionic conductivity value (10-* S cm™) hinders its use. Various strategies
have been used to enhance the conductivity by the addition of ionic liquid, nano-
filler, plasticizer, etc. (Bruce 1995). PAN (polyacrylonitrile) emerged as an alterna-
tive to PEO and has two unique features, (i) small thermal resistance, (ii) flame
retardant behavior. Two types of gel composites—by taking PAN as host, EC/DMC
as plasticizers with LiPF, or LiCF;SO; as salt—were reported by Appetecchi et al.
(Appetecchi et al. 1999). The blend of PEO and PAN provides enhanced properties
as compared to individual polymers, also improves the interfacial properties at the
electrode-composite interface (Choi et al. 2000). Another polymer capable of reduc-
ing cost and enhancing interfacial stability is poly(methyl methacrylate) (PMMA),
but the poor mechanical flexibility of film restricts its use as composites in energy
storage devices. Some of the reports suggested that copolymerization of PMMA with
another polymer improves the mechanical and electrical properties of the polymer
composite. Porous PDMS-CNT nanocomposites with PMMA improved the flexibil-
ity and control phase separation between PDMS and PMMA, as observed by Lee
et al. (Lee et al. 2012). Nowadays, poly(vinylidene difluoride) (PVdF) has grabbed
attention due to its semi-crystalline nature, high dielectric constant (¢ = 8.4), and
the presence of strong electron-withdrawing functional groups (-C-F). The presence
of functional groups supports more dissolution of lithium salts and subsequently
supports the high concentration of charge carriers. While, high dielectric constant
helps for more significant dissolution of lithium salts and consequently supports the
high concentration of charge carriers, and the functional group induces a net dipole
moment (Esterly 2002). Ionic conductivity can be tuned up to that of liquid compos-
ite by adding nanofiller, plasticizer, etc. (Choe et al. 1995). Another attractive can-
didate that has been less discussed is polyvinyl pyrrolidone (PVP). The amorphous
nature and presence of the carbonyl group (C-O) in the side chains of PVP make it
suitable for polymer composites. One key advantage is that it is highly soluble in
polar solvents such as alcohol. So, various polymer hosts, as well as blends, have
been examined for suitability in polymer composites. Two important parameters for
any polymer host are dielectric constant and glass transition temperature. Table 1.1
shows some commonly used polymer hosts with their glass transition and melting
temperature.
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TABLE 1.1

Properties of Mostly Used Polymer Host in Polymer Composites.

Abbreviation Polymer Name T, cC 1,00 Formula

PEO Poly(ethylene) oxide -67 65 (-CH,CH,0-),

PMMA Poly(methyl methacrylate) 105 160 (C;0,Hy),

PVC Poly(vinyl chloride) 81 160 (C,H;CD),

PVA Poly(vinyl alcohol) 85 230 (C,H,0)

PAN Poly(acrylonitrile) 125 317 (C;H;N),

PEMA Poly(ethyl methacrylate) 66 160 [CH,C(CH,) (CO,C,Hy)],

PS Polystyrene 100 240 (CgHg)n

PPO Poly(propylene oxide) -60 —(CH(-CH;)CH,0),

PVdF-HFP Poly(vinylidene —65 135 —(CH,CF,), [CF,CF(CF,)],,-
fluoridehexafluoropropylene)

PDMS Poly(dimethylsiloxane) -127 -40 —[SiO(-CHj;),]n

PVdF Poly(vinylidene fluoride) —40 171 —(CH,CF,)n—

1.4.2 SoLveNTS FOR PoLYMER COMPOSITE

Both conductive species and solvent interact with ion-dipole interaction in polymer
matrix (Eiamlamai 2015). In the case of salt, the solute role is played by ionic species
and the polar solvent by dipoles. The interaction force tells the energy of solvation
required in the case of ionic solutes and is inversely proportional to the squared dis-
tance between solute and solvent molecule. So, a smaller ion results in more interaction
force with greater dissolution in the solvent. So, polar solvents such as water, nitrile,
amide, etc. are used for better solvation due to the high dielectric constant as suggested
in a model by Born. The main properties of a solvent (Ponrouch et al. 2015) which are
required for more dissolution of ions and high mobility are summarized in Table 1.2.

Table 1.2 shows a list of commonly used solvents and their properties. Acetonitrile
is a good solvent due to its moderate dielectric constant and low viscosity. DMF
is a mostly used solvent and is suitable for almost all polymers in electrochemical
devices, but its high boiling temperature sometimes restricts its use. Two solvents
can be mixed, one having a high dielectric constant and the other having low viscos-
ity for faster ion conduction.

The key requirement for a solvent is a high dielectric constant and high flashing point
(FP); the former helps in the dissociation of more salt and later improves the safety
of the energy storage device. Linear carbonates DEC and DMC have low dielectric
constant and low viscosity (Tamura et al. 2010). High viscosity may be due to the large
mutual interaction between solvent particles. If both EC and PC are added together then
they can dissolve more lithium salt as compared to a single solvent (Li and Balbuena
1999). Figure 1.5 depicts the key characteristics of polymer host, salt and solvent.

1.4.3 PROPERTIES OF SALT

Salt is one of two major components of any composite. Amongst the properties
directly affecting the salt is the solubility in the solvent for the formation of more



TABLE 1.2
Properties of solvents for polymer electrolytes.
S.No.  Abbreviation Solvents Mol. Wt. (g/mol) Boiling point (°C) Dielectric Constant Viscosity/cP Dipole Moment Density (g/cm?
(at 25 °C) (Debye)
1 ACN (C,H;N) Acetonitrile 41.05 81.6 35.95 0.341 3.92 0.377
2 THF (C,H;0) Tetrahydrofuran 72.11 66 7.39 0.46 1.63 0.880
3 DMF (C;H;NO) Dimethylformamide 73.10 158 36.71 0.796 3.82 0.944
4 DMSO (C,HOS) Dimethyl sulfoxide 78.13 189 46.45 1.991 3.96 1.095
5 DMC (C;HO;)  Dimethyl carbonate 90.08 90.01 3.1 0.59 0.91 1.07
6 EC (C;H,05) Ethylene carbonate 88.06 248 89.6 1.85 49 1.322
7 PC (C,H,0,) Propylene carbonate 102.1 241 64.4 2.53 4.9 1.19
8 DME (C,H,,0,) Dimethoxyethane 90.12 84.0 7.20 0.455 1.30 0.859
9 DEC (CsH,,05)  Diethyl carbonate 118.13 126 2.82 0.75 0.9 0.975
10 NMP (CsHgO)  N-Methyl-2-pyrrolidone  99.13 202-204 32.55 1.65 4.1 1.03
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Polymer Host Salt Solvent
]
Must have electron donor groups such as O, N,
and S for coordinating with ions
L3

High thermal and chemical stability | Should have a high dielectric constant (€: > 15) l

Provide fast segmental motion of polymer chain High ionic conductivity | | Should have low viscosity (< 1 cP)
3
Low glass transition temperature I | Low cost and easy processing | | Must have low melting point (T, )

.

High degradation temperature

The anion should be stable against oxidative
decomposition at the cathode

| Must have high boiling point (T,)

L2 L 2

]
Form less-resistive SEI on electrodes for cell
safety and long-term cyclability

[
Completely dissolve and dissociate in the non-

aqueous media with high mobility

| High molecular weight I
| Spatial conformation for more salt dissociation

| Must be nontoxic, and economic

| Should have low vapor pressure ‘

| Both anion and cation should remain inert

towards the other cell components | | Zero reactivity with electrode materials
2

The anion should be non-toxic, water stable,
and thermally stable

| Remain inert to the charged surfaces of the
electrodes
3

| High donor number (DN) for more ion
dissociation
[}

| Be safe, non-toxic, and economical ‘

FIGURE 1.5 Key characteristics of polymer host, salt, and solvent.

free charge carriers, wide potential stability window, non-toxic nature, chemical and
thermal stability (Aravindan et al. 2011). Salt is chosen such that it does not form
ion pairs or ion aggregation and also easily get dissociated in the solvent with the
polymer. So, the salt with small cation radii are preferred for faster dissociation of
salt due to electric charge delocalization, low basicity, and screened negative charge
fulfilling our requirement of cationic transference number (t,,) €qual to unity
(Griinebaum et al. 2014). Also at a high concentration of salt, the unavailability of
suitable coordinating sites in the polymer host hinders the ion motion and affects
the polymer segmental motion. At a low concentration of salt, conductivity is almost
independent of salt content, but with an increase in this more free charge carri-
ers participate after dissociation in the conduction process. Gray et al. (Gray 1997)
proposed a concept for solvation of cations in polymer composites and suggested
that the formation of a coordination bond due to partial sharing of the lone pair of
electrons and energy change in PEs is dominated by cation solvation, while solvation
with anion is less due to weak interaction of the polymer with the anion. LiCIO, was
the most common lithium salt used in lithium primary batteries. However, the high
oxidizability of anions (ClO,") caused some safety issues in secondary batteries;
thus LiPF, replaced LiClO, in the newer designs and became the major material for
composites, which exhibits better overall performance including higher ionic con-
ductivity, more solubility, and broad chemical stability (Sloop et al. 2001). Variation
of some properties of lithium salts is shown here in Table 1.3.

LiTFSI has excellent thermal stability with a decomposition temperature of
360 °C. The high dispersion of the anionic charge of lithium salt makes it more
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easily ionized. Li-based salts are mostly used due to smaller cationic radii than Na
ions and have more conductivity value due to faster transport between cathode and
anode. Some fundamental properties and structures of lithium salts are given in
Table 1.4.

TABLE 1.3
Variation of Some Characteristics of Lithium Salts
Stability of Anion CF,S0; < CIO, < (CF,S0,),N < (CF;S0,),C < C,F,SO; < BF, < PF, < AsF,

Oxidation Potential [CF;S0,]7(5.9 V) A< C10,~(6.0 V) < [N (CF,;S0,),]~ = [C (CF;S80,),]-(6.1 V)
<BF,(6.2V)<PF;(6.3V)<AsF,<(6.5V).

Dissociation Constant  LiTf< LiBF,< LiClO,< LiPF,< LiAsF< LiTFSI< LiBOB

Av. Ton Mobility LiBF,>LiClO>LiPF>LiAsF> LiTf >LiTFSI

Source: Aravindan et al. 2011, Copyright Wiley.

TABLE 1.4
Properties of Commonly Used Lithium Salts for Studies on Polymer
Composites

Lithium Salt Main Characteristics
(Abbreviations)
LiClO,  Broad electrochemical stability window

Low solubility in commonly used carbonate-type solvents
LiBF,

Broad electrochemical stability window
Low solubility in commonly used carbonate-type solvents

LiPF, High ionic conductivity, favors SEI formation, passivates Al substrate at the

cathode side

Decomposes in the presence of moisture and reacts with composites at
elevated temperatures resulting in the formation of HF
LiFSI

Higher ionic conductivity compared to LiTFSI, high electrochemical stability

Unable to form passivation layers on Al current collectors (in the presence of
LiCl), but purified LiCl free salt passivates Al collectors

LiBETI High solubility and high ionic conductivity, high electrochemical stability

Unable to form passivation layers on Al current collectors
LiBOB

High electrochemical stability and long-term stability

Form highly resistive SEI-films (low conductivity in comparison to LiPF, and
LiTFSI)

LiDFOB High electrochemical stability and cycling behavior, able to form passivation

layer on Al current collectors

Lower solubility in carbonate-type solvents compared to LiTFSI and LiPF,,
but higher than LiBOB

High solubility and high ionic conductivity, high electrochemical stability

LiTFSI

Unable to form passivation layers on Al current collectors (Al-degradation
and corrosion)

Source: Reprinted with permission from Griinebaum et al. [2014, Copyright Elsevier].
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1.4.4 INORGANIC FiLLERS/CLAY

Polymer composites can be prepared by the addition or incorporation of nanofiller
and intercalation of clay in the polymer matrix. The addition of nanofiller/clay not
only enhances the conductivity but also improves the mechanical properties such as
the physical strength of PEs.

1.4.4.1 Inorganic Filler

The particle size of the filler is a very important factor that affects ion conduc-
tion. Ferroelectric fillers such as BaTiO; reduce the interfacial resistance between
electrode composite surfaces due to the permanent dipole of ferroelectric materi-
als (Shanmukaraj et al. 2008). The filler acts as a solid plasticizer that enhances the
transport properties and reduces the crystallinity due to an increase in the dielectric
constant. Fillers with Lewis acid surface group interact with both polymer and ion
and reduce the ion coupling (Moskwiak et al. 2006). Various filters are presently
used: BaTiO;, Al,O;, TiO,, SiO,, and CeO,, resulting in enhanced ionic conductiv-
ity and better thermal and structural properties. Plasticizers such as EC/PC help in
the dissociation of salt and enhance the conductivity, but their use is limited due to
their volatile and flammable nature. Different classes of filler are shown in Figure 1.6
(Nunes-Pereira et al. 2015).

One constraint with nanofiller is the chances of agglomeration due to their high
surface energy (200-5000 dyn cm™), high van der Waals forces, or high electrostatic
forces, resulting in the poor dispersion in the polymer matrix (surface energy = 10
and 50 dyn cm™), and hence poor electrical properties (Lewin et al. 2005; Luo et al.
2019). To overcome this large difference in energy, nanofillers are coated with low-
energy surface materials, siloxane coupling reagents or polymers, whereby a thin
layer can reduce the surface energy of inorganic fillers. So, nanofiller dispersion in
the polymer matrix can be improved with this approach. Further, ion transport can
be controlled easily by examining the electrostatic interactions, hydrogen bonding,
or dipole-dipole interactions (Figure 1.7a).

FIGURE 1.6 Main effects of each class of filler within a polymer matrix.



FIGURE 1.7 (a) Schematic of the range of interactions between the core-shell structured filler and polymers matrix; (b) types of composite
derived from interaction between clays and polymers. Source: (a) Reprinted with permission from Luo et al. [2019, Copyright RSC].
(b) Reprinted with permission from Alexandre and Dubois [2000, Copyright Elsevier].
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1.4.4.2 Clay

Instead of filler, solid smectite group clay minerals are preferred for the reinforcement
of polymer matrices. The key advantages are the unique structure, high strength, and
high aspect ratio of each platelet. In polymer composites, cation coordinated poly-
mer chains get intercalated inside the negatively charged clay galleries. Two benefits
are (i) the anion due to bulky size remains outside clay galleries, hence single ion
conduction, and (ii) polymer intercalation enhances the stability (thermal, chemical)
of the polymer. Key characteristics of the clay are as given:

1. High aspect ratio

2. High cation exchange capacity (CEC)
3. Large specific surface area

4. Appropriate interlayer charge

5. Length scale

Nanoclay is used for preparing highly conductive polymer nanocomposite (PNC).
Three important categories depending on polymer chain intercalation in clay gal-
leries are shown in Figure 1.7b (Alexandre and Dubois 2000). A phase-separated
composite is formed when no intercalation occurs, and electrical properties remain
the same as traditional composite. Intercalated polymer nanocomposites are termed
when cation coordinated polymer chains get accommodated inside the clay galler-
ies (Figure 1.7b). The presence of a negative charge layer in clay galleries increases
the ion conduction as well as prevents polymer degradation. When clay layers are
uniformly dispersed in the polymer matrix, then nanocomposite is referred to as
exfoliated polymer nanocomposites (Figure 1.7¢). Polymer intercalation may be con-
firmed with the XRD by examining the interlayer spacing. An increase in interlayer
spacing (a shift toward lower angle) for nanoclay-based PNC as compared to pristine
nanoclay is an indication of intercalation.

1.5 CONCEPT OF ION TRANSPORT IN POLYMER COMPOSITES

The phenomena of ion transport in polymer composites is complex and depends on
various factors such as cation size, the dielectric constant of the host polymer, ion-
pairing, amorphous phase character, and conduction by both mobile ions (cations
and anions). Several models such as the free volume theory, configurational entropy
model, VTF behavior, WLF behavior, EMT approach, etc., have been proposed to
interpret the ion conduction in polymer composites. Two main mechanisms for the
cation conduction in the solid compound are the Grotthuss mechanism (proton hop-
ping or structural diffusion) and the vehicle mechanism (Chen et al. 2016; Luo et al.
2013). The plastic crystal doped ion diffusion involves coupling to certain, rota-
tional, motions while in polymer composites structural dynamic occurs due to the
whole polymer chain (MacFarlane and Forsyth 2001).

1.5.1 AcTivAaTION ENERGY

The ion transport in the polymer composite is influenced by the tempera-
ture change and the boost of ion migration with an increase in temperature is
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attributed to the polymer flexibility and thermal activation of charge carriers.
Thermal activation promotes faster ion conduction via oxygen sites (in polymer
chain) due to lower potential barrier or activation energy. The temperature-
dependent enhancement of the ionic conductivity is elaborated with two mecha-
nisms: Arrhenius behavior and Vogel-Tamman-Fulcher (VTF) behavior. The
o(T) curve in the case of polymer composites depicts the following patterns of
behavior (MacCallum 1988):

1. Arrhenius behavior is used for low temperatures whereas VTF behavior is
at higher temperatures

2. Arrhenius behavior occurs throughout, but with two different activation
energies, high E, closer to T, and a smaller E, at higher temperatures

3. The VTF behavior for temperature which is slightly greater than 7,

4. Behavior is very unlike either Arrhenius or VTF at all temperatures.

1.5.1.1 Arrhenius Behavior

With the increase of temperature, polymer flexibility increases along with amor-
phous content. Overall ion migration gets enhanced due to the faster segmental
motion of polymer chains which favors faster cation migration. Such type of behav-
ior occurs only in the polymer composites where ion migration is supposed to
occur via the amorphous phase content (Agrawal and Pandey 2008). The Arrhenius
behavior is expressed as o = o, exp(—E, /kT), where, ¢, is the pre-exponential
factor, k is the Boltzmann constant, and E, is the activation energy. The activation
energy is acquired from the slope of linear-least square fitting of the log o vs. 1/T
plot, and the lower value of the activation energy indicates the fast ion migration.
The Arrhenius behavior indicates the ion transport occurs via hopping mechanism
decoupled from the polymer-chain breathing and occurs below the glass transition
temperature.

1.5.1.2 Vogel-Tamman-Fulcher (VTF) Behavior

In this approach, the segmental motion of the polymer chain is the key player in
enhancing the ion migration inside the composite matrix. On the application of
temperature, ions cross the energy barrier and are thermally activated, which swim
in the free volume provided by the polymer matrix. Initially, the VTF equation was
proposed to explore the viscous properties of supercooled liquids, then extended to
polymer composites, and is valid above the glass transition temperature (Norman
et al. 2012). The ion diffusion is possible only when the free volume is provided
by the polymer chains for ion migration in the system (Ratner et al. 2000). The
expression for VTF behavior is o = AT "2 exp[—B/(T—TO )}, where, o is the
ionic conductivity, A is the pre-exponential factor related to the conductivity and
number of charge carriers, B is the pseudo-activation energy for the conductiv-
ity, and T, is the temperature close to the T, of material. The o vs. 1/T plot is
a non-linear plot and indicates long-range migration via ion hopping. The VTF
conductivity vs. temperature plot is non-linear and suggests the ion migration via
the coupled hopping mechanism, relaxation/breathing with the segmental motion
of the polymer chain.
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1.5.2 Proprosep loN TRANSPORT MODEL

Various models have been proposed to get insights into ion transport in polymer
composites. Some of the crucial and impactful models are discussed in the following
sections. Armand et al. (Armand et al. 1979) for the first time explained the ion trans-
port mechanism in PEO-alkali metal salt complexes (PEO-KSCN, PEO-NaSCN).
In the classical PEO-salt complexes, transport of the cation was suggested to occur
by hopping through the helices and the anions were assumed to be almost immobile
and placed outside the helices. Molecular dynamics simulations suggest that the Li*
ions are complexed to PEO through approximately five ether oxygens of a PEO chain
and that the mobility of the cations is decreased considerably by this complexation
(Muller-Plathe and Gunsteren 1995). Consequently, the mobility of the Li cations
is related to the motions of the complexing segments of the PEO chain. Thus, the
cation transport is described as the motion of the Li* species between complexation
sites assisted by the segmental motion of the PEO matrix. Later, Papke et al. (Papke
et al. 1982) suggested that the transport of the cation, complexed within the helical
regions, occurs through the disordered amorphous phase of the polymer composite.

1.5.2.1 Free Volume Model

It is one of the simplest transport mechanisms used to understand the polymer ion
transport and segmental mobility given by Cohen and Turnbull in 1959 (Cohen and
Turnbull 1959). It is based on the assumption that motion in a polymer composite
depends on the redistribution of free volume associated with the end of a polymer
chain in the matrix, not on the thermally activated process. The increase in tempera-
ture expands the material and the creation of voids leads to free volume enhancement
which provides more free space to polymer segmental motion. This increase in free
volume (V;) increases the ability of the polymer chain to rotate freely which directly
affects the ion transport and obeys the following relation expressed by equation 1.1:

Vi =V [ 0.025+a(T-T,)] (1.1)

Where V, is the critical volume per mole at 7, a is the thermal expansivity, and T
represents the temperature during the experiment. The biggest drawback faced by
this model is that it ignores the kinetic effects associated with long-chain molecules
and does not involve microscopic behavior like dielectric relaxation, the effect of the
molecular weight in transport properties, etc.

1.5.2.2 Configurational Entropy Model

Gibbs and Marzio (Gibbs and Marzio 1958) proposed this model to overcome the draw-
backs of the free volume model. The entropy model is based on the cooperative rearrange-
ment of the polymer chains while the free volume model includes transport via the formation
of voids. The average probability of chain arrangement is given by the equation 1.2:

W = Aexp{— i”éj (1.2)
B
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Where A is pre-exponential constant, k is Boltzmann’s constant, 7 is the absolute
temperature (K), S.* is minimum configurational entropy required for the rearrange-
ment, S, is configurational entropy at temperature 7, and Au is apparent activation
energy opposing the rearrangement of polymer segmental unit (kJ/mol).

1.5.2.3 Vogel-Tamman-Fulcher (VTF) Model

The Vogel-Tamman-Fulcher model was developed by Vogel, Tamman, and Fulcher
in the early part of the 20th century, for diffusion in the glassy system or viscosity
of supercooled liquids. Here the ionic transport mechanism is attributed to the seg-
mental motion of polymer chains via formation and destruction of a coordinating
sphere of the solvated ion (Bruce and Gray 1995, Gong et al. 2012). In this created
free volume ions diffuse under the influence of the electric field. The VTF equation
derived using the entropy model can be expressed by equation 1.3:

A B
o= expl o 13
p{ T—TO} (-

Where A is a constant proportional to the number of carrier ions, B is the pseudo-
activation energy of the ion, 7, is the equilibrium glass transition temperature or
pseudo-transition temperature (<T}).

As it is well known, ion transportation occurring above the glass transition
temperature (7)) is due to relaxation and transport processes as suggested by the
VTF model (Bruce and Vincent 1993; Luo et al. 2011). This model is based on
the assumption that the transport in polymer composites occurs in the amorphous
phase content of the host polymer. As above the glass transition temperature,
disorder takes place in polymer chains which changes the entropy and promotes
ion transport. Then Williams (Williams et al. 1955) developed extension of the
VTF equation (i.e. WLF equation), to get insights of ion dynamics in polymers
and other glass-forming materials. Effect of viscosity and inherent relaxation pro-
cesses was considered. This modified version of VTF model can be explained by
equation 1.4:

14
(C+T-T,) (19

-]

Where & is shift factor and is the ratio of the mechanical relaxation process at ordi-
nary temperature T to some reference temperature 7.,

The temperature dependence of conductivity which obeys the VTF equation
confirms the free-volume ion transport mechanism in polymer composites and con-
cludes that the micro-Brownian motion of the polymer chain segment affects the
ionic transport which supports the transport in the amorphous phase. Further, inves-
tigations were done using WLF theory to clarify the ionic conductivity mechanism
by using the relationship between ionic conductivity and fractional free volume f.(7)
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(Ji et al. 2012). It concludes that ionic conductivity increases with an increase in
fractional free volume and can be described by the following equations 1.5 and 1.6:

fo(T)= 1, (Ty)+a(T-T,) (15)

logyy 0 (T) =log,eo (T, )+ G | 1- f(T) (1.6)

e (T)

1.5.2.4 Angell’s Decoupling Theory

The ion transport mechanism in polymer composites was later enlightened by C. A.
Angell (Angell 1986) based on the assumption that coupling between transport and
relaxation plays an active role in ion transport. Angell generalized the ion transport
mechanism using a new term decoupling index (R,) denoted by equation 1.7:

Structural Relaxation Time(z, )

Decoupling Index (R ) 1.7

* Electrical Relaxation Time(r,, )

Here, 7, refers to the segmental relaxation or viscosity, and (z,) is inversely propor-
tional to the conductivity. A larger value of R, reflects highly decoupled charge-
conducting modes by the viscous motion of the matrix. If R, = 1 then the ionic
motion and the structural relaxation occur at the same time, and for polymer-salt
complexes R, < 1, which indicates rapid structural relaxation rather than the con-
ductivity relaxation. The relaxation process, which allows the rearrangement of the
polymer structure, may or may not help in ion dynamics and may be attributed to the
inter-ionic interaction, which results in ion immobilization (Bruce 1995). Dam et al.
(Dam et al. 2015) reported a solid polymer composite and correlated the segmental
and conductivity relaxation time using decoupling index. Value of R, in the range 5
to 48 suggests that ion conduction is coupled to the segmental relaxation.

1.5.2.5 Amorphous Phase Model

Various reports on the study of polymer composites suggest that the addition of
nanofiller decreases the crystallinity and amorphous phase content increases, which
leads to faster ion transport. This is the assumption for the amorphous phase model
(Wieczorek et al. 1989). Ion transport is sustained by polymer segmental motion
and is faster within the amorphous region than within the crystalline region of the
polymer host. The presence of large numbers of nucleation centers in the polymer
composites promotes the crystallization process and, as a consequence, a bigger dis-
order, typical of a liquid state, is frozen in the newly formed solid polymeric matrix
on solvent evaporation.

1.5.2.6 Effective Medium Theory

The effective medium theory was originally developed by Nan and Smith in 1991
(Nan and Smith 1991) for polymer composites based on the simple effective medium
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equation (Landauer 1952). It can be applied for explaining the electrical properties in
polymer composites, composite solid composites, etc. (Wieczorek et al. 1994). The
improvement in the conductivity is obtained with the addition of nanofiller and may
be due to the change in microstructure at the composite-filler interface. According
to the theory, there are three components present in a composite polymer composite
with different electrical properties: (i) the highly conductive interface layers coating
on the surface of the grain, (ii) the dispersed insulating fillers in the polymer host
matrix, and (iii) the dispersed filler throughout the polymer composite host matrix
and the highly conducting interface layer make a matrix phase which consists of
overlapping/touching units that provide high-conducting pathways in the polymer
matrix.

According to the Maxwell Garnett rule (Maxwell 1881), the equivalent conductiv-
ity (o) of the CPEs unit can be expressed by equation 1.8:

_20,+0,+2Y(0,-0y) (1.8)

¢ 20, +0, —Y((72 —G])

Here o, and o, are, respectively, the conductivity of the interface layer and that of
dispersed insulating grain. Y is the volume fraction of dispersed grain in a composite
unit and for spherical geometry can be calculated by equation 1.9:

Y=—— (1.9)

Where ¢ is the thickness of the interface layer and R is the radius of dispersed grain.
The #/R parameter is based on the assumption that an increase in amorphous phase
content in CPEs in comparison to the pristine system is due to the amorphous pres-
ence in the surface (Shukla and Agrawal 1999). This model was further improved by
Wieczorek et al. (Wieczorek et al. 1989) and reported the presence of three phases
in a CPE explained as a highly conductive layer covering the surface of the grain
(phase 1), dispersed filler grain (phase 2), and the bulk polymeric composite (phase
3). The formation of a high conductive pathway composed of the surface layers
(i.e. phase 1), is proposed to be the possible region of enhanced conductivity of the
composite polymer composite.

1.5.3 PROPOSED TRANSPORT MECHANISM IN DISPERSED POLYMER COMPOSITE

In solid polymer composites, alkali metal salts are dissolved in the polymer matrix
and salt gets dissociated in the cation and anions owing to the electrostatic interac-
tions. The cation migrates via the coordinating sites provided by the polymer chain
and anion; due to its large size is immobilized with the polymer backbone. The com-
bined effect of the hopping and segmental motion results in ion transport. The four
possible processes of cation transport are shown in Figure 1.8a, and are (i) intrachain
hopping, (ii) interchain hopping, (iii) intrachain hopping via ion cluster, (iv) inter-
chain hopping via ion cluster (Xue et al. 2015).
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FIGURE 1.8 (a) Mechanism of ion transport in PEO; (b) schematic illustration for Li-ion transport in the composite polymer electrolytes with nanopar-
ticle and nanowire fillers; (c) the comparison of possible Li-ion conduction pathways; (a—c) Li-ion conduction pathways in composite
polymer electrolytes with nanoparticles (c), random nanowires (d), and aligned nanowires (¢). Compared with isolated nanoparticles,

random nanowires could supply a more continuous fast conduction pathway for Li ions.

Source: (a) Reproduced with permission from Xue et al. [2015, Copyright Royal Society of Chemistry]. (b) Reproduced with permission from Liu et al. [2016, Copyright

ACS]. (c—e) Reproduced with permission from Liu et al. [2017, Copyright Nature].
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The ionic conductivity of the polymer composites depends on the equilibrium
of the Lewis acid-base interactions. The nature of the interaction is dipole-dipole
interaction and the polymer phase acts as an ion transport medium. The Lewis acid
group of the nanofiller may compete with the Lewis acid lithium cation for the for-
mation of a complex with the polymer host. The hydrogen bonding present between
the host polymer and nanofiller promotes fast ion transport by perturbing the chain
and increasing the free space volume. The ceramic surface group may act as cross-
linking centers for the host polymer and anion, which lowers the structure reorgani-
zation tendency and promotes faster ion transport. Also, the filler surface group acts
as Lewis acid-base interaction centers with the polymer/salt, and ionic decoupling
promotes more salt dissociation which directly enhances the free number of charge
carriers and hence conductivity (Croce et al. 2001).

Liu et al. (Liu et al. 2016) prepared a solid composite polymer electrolyte with
Y20;-doped ZrO, (YSZ) nanowires and the highest ionic conductivity exhibited by
YSZ nanowires was 1.07 x 10> S cm! at 30 °C. The conductivity enhancement was
attributed to the faster cation migration forced by positively charged oxygen vacan-
cies on the surfaces of the nanowires. The mechanism for ion conduction is shown
in Figure 1.8b. The positive-charged oxygen vacancies on the surfaces of the fillers
act as Lewis acid sites that can interact strongly with anions and release free cations
which participate in the ionic conductivity. It may be observed from Figure 1.8b that
nanowires offer a more continuous ion-conducting pathway across much longer dis-
tance and generate an effective percolation network, as compared to nanoparticles.

Another important strategy to enhance the conductivity is the alignment of nanow-
ires along the normal direction of electrodes as compared to randomly oriented
nanowires. Using this approach, Liu et al. (Liu et al. 2017) synthesized the compos-
ite polymer electrolyte with well-aligned inorganic Li*-conductive nanowires. These
aligned nanowires result in an increase of conductivity up to 6.05 x 10> S cm! at
30 °C. Figure 1.8c compares the ion migration in the composite polymer electrolytes
doped with the nanoparticle, random nanowire, and aligned nanowire. The enhance-
ment in conductivity was attributed to the absence of crossing junctions (for aligned
nanowires) that formed in aggregated nanoparticles or random nanowires with wire-
to-wire junctions. It was concluded that the surface region of LLTO nanowires with
their high specific surface area and large aspect ratio provides a fast pathway for
Li-ion diffusion to long distances without interruption.

Arya et al. (Arya and Sharma 2018) examined the effect of nanofillers on ion
transport, and concluded that an electron-rich group provides a path for ion migra-
tion in the polymer matrix. When nanofiller is added to the polymer salt system,
then there are two means by which it can affect the ionic transport or conductiv-
ity: (i) direct interaction of cations with nanofiller surface, (ii) interaction of the
nanofiller surface with a polymer chain. At low nanofiller content, dissociation of
free ions occurs owing to nanofiller interaction with an anion via hydrogen bond-
ing (Figure 1.9a). The interaction between anion and nanofiller dominates at lower
nanofiller content and anions can be held on the nanofiller surface, and cation eas-
ily migrates via the conduction path provided by the polymer chain. Initially, the
affinity for anions is more toward the nanofiller surface than the cation. At high
nanofiller content decrease in conductivity is due to anion trapping, and is due to
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FIGURE 1.9 Ion transport in nanofiller-dispersed polymer composites.

the increased ability of ion-pairing, as nanofiller also interacts weakly with the ether
group, hence salt is not dissociated properly (Figure 1.9c). Figure 1.9d displays the
role of the surface group of a nanofiller. The surface group of a nanofiller provides
additional conducting sites for cation migration as well as supports salt dissociation.
The acidic nature of nanofiller at optimum concentration obstructs ion-pairing due
to the interaction of TiO, with PF,~ (TiO, + PF,~ <> TiO,:PF,") and a local electric
field is formed which assists in salt dissociation.

In an intercalated type of polymer composites, polymer structures occupy the
gallery of clay due to an interaction between the clay surface and polymer electron
donor group due to the creation of a surface charge (Figure 1.10). The complexes of
PEO molecules confined within the PMMA domain enter between the MMT plate-
lets and increase the clay gallery spacing. The anion size is larger than the gallery
spacing, and having Coulombic repulsion between the anion and negative surface
charge of clay restricts their entry into it, which results in the elimination of con-
centration polarization (Figure 1.10a). The various interaction between polymer/salt/
filler like EO-Li*, C=0-Li*, MMT-Li*, and C=0-Li*-EO makes nanocomposites and
anions remain uncoordinated somewhere in the polymer backbone (Figure 1.10b)
(Choudhary and Sengwa 2015).

Another approach to package the nanotubes within insulating clay layers to form
effective 3D nanofillers was reported by Tang et al. (Tang et al. 2012). The authors
reported that the growth of CNTs within clay interlayers results in exfoliation of clay
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FIGURE 1.10 Schematic representation of (a) intercalated and exfoliated MMT structures,
and (b) ion-dipolar and ion-ion interactions in cation-coordinated polymers blend intercalated
MMT structures in the (PMMA-PEO)-LiClO,-x wt % MMT nanocomposite composite film.
(c) Arrhenius plots of ionic conductivity of CPEs with the TiO,/SP hybrid nanofillers as com-
pared with the pure PEO-LiClO, electrolyte; (d) performance and Coulombic efficiency of
LiCoO,/CPE-TiO,/(SP-open) hybrid/Li cells at 0.1 C tested at 65 °C.

Source: (a-b) Reproduced with permission from Choudhary and Sengwa [2015, Copyright Wiley]. (c—d)
Reproduced with permission from Fu et al. [2018, Copyright ACS].

platelets, and a hybrid nanofiller with a high aspect ratio was obtained. The lithium
cation interacts with both the high negative charge of the electron cloud in the outer
surface of CNTs as well as the negative oxygen atoms on the clay. This dual interac-
tion mechanism leads to the separation of the contact-ion pairs and is beneficial for
high ionic conductivity.

The filler/clay-dependent changes in electrical properties of the polymer com-
posite were explored with a mechanism (Sharma and Thakur 2011). In a polymer
matrix, the Li* cation is coordinated with electron-rich nitrogen (-C= N) sites of
the polymer host matrix due to polymer-ion-clay interaction and the bulky anion
(PFy") is leftover and hung somewhere in the host polymer backbone (PAN) as
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an uncoordinated free anion. Also, the presence of a negative charge at the clay
surface galleries interacts with cations by coulombic interaction, which favors
polymer chains access into clay galleries and is thermodynamically feasible
(AG = -ve). The net conductivity enhancement, at low clay loading, is due to
the direct interaction of clay platelets with the Li* coordinated polymer, and at
high clay content, redistribution leads to exfoliated to intercalated nanocompos-
ite structure.

Another important biopolymer electrolyte that has gained attention is soy
protein (SP). It also acts as a nanofiller to enhance the salt dissociation and cat-
ion conduction attributed to the presence of functional groups in the protein
backbone. So, the combination of these two approaches will be more efficient
in promoting ion dynamics and modified nanoparticles will be more effective
(Fu et al. 2018). Wang et al. (Wang et al. 2016) manipulated the protein struc-
ture using ceramic TiO, nanoparticles. The optimized protein on the nanopar-
ticle shows various interactions at the protein nanoparticle interface. Since, the
protein backbone has various functional groups that provide strong interaction
to substrate surface such as charge-charge interactions, hydrogen bonding, van
der Waals force, n—n interactions. In SP-based polymer electrolytes, denatur-
ation environment and procedures play a crucial role in deciding the interactions
between SP and nanofiller. This surface modification of nanofiller is an effective
strategy to create ion conduction pathways. Fu et al. (Fu et al. 2018) synthesized
a novel protein-ceramic hybrid nanofiller by coating ion-conductive soy proteins
onto TiO, nanoparticles via a controlled denaturation process. The composite
polymer electrolyte with 5 wt % TiO,/(SP-open) hybrid nanofiller has the highest
ionic conductivity of 6 x 10 S cm™! at room temperature and is about 1 magni-
tude higher than that of the pure PEO-LiClO, electrolyte and 5 times higher than
that of the polymer electrolyte with TiO,/(SP-close) hybrid or untreated TiO,
nanofiller. Conductivity for hybrid TiO,/(SP-open)-based polymer electrolytes
becomes comparable to liquid electrolyte at 90 °C (i.e. 7 x 10-*S cm™!) (Figure
1.10c). Figure 1.10d shows the discharge capacity and coulombic efficiency ver-
sus cycle number at 0.1 C. Based on experimental and simulation results, an
ion conduction model was proposed (Figure 1.11). The SP coating on the TiO,
surface results in better dispersion of nanofiller. The presence of a functional
group in SP interacts with PEO which enhances the flexibility and mechanical
strength. Also, the denatured SP can interact with lithium salts through strong
electrostatic interactions between backbone oxygen of protein and cation and
favors better salt dissociation. So, the nanofiller modification enhances the ion
migration via better dispersion of nanofiller and the creation of additional ion
conduction channels.

1.5.4 IoN TRANSPORT PARAMETERS

The electrical properties, especially the ionic conductivity in polymer composites
have three key performance parameters: (i) diffusion constant, D; (ii) mobility, u;
and (iii) charge carrier concentration, n. Both u (designates the degree of ease with
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FIGURE 1.11  Schematics of the fast ion-conduction channel formed in the TiO,/(SP-open)
hybrid and ion transport pathways in CPEs with the TiO,/(SP-open) hybrid compared with
the TiO,/(SP-close) hybrid.

Source: Reproduced with permission from Fu et al. [2018, Copyright ACS].

which ions pass through media on the application of external electrical field), and the
D (the ease with which ions pass through media under a concentration gradient) are
linked to the number of free charges available in the polymer matrix. Impedance and
FTIR study provides direct calculation of number density of mobile ions and their
mobility for performance and development of a good solid polymer composite. To
estimate the value of transport parameters (n, u, and D), three approaches are avail-
able (Table 1.4): (i) the Bandara and Mellander (B-M) approach (Bandara et al. 2011;
Jonsson et al. 2006); (ii)) Impedance Spectroscopy (IS) approach (Arof et al. 2014);
and (iii) the FTIR method (Ericson et al. 2000; Petrowsky and Frech 2008). Table 1.5
summarizes the information related to all three approaches and provides significant
evidence of ion dynamics in polymer composites.
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TABLE 1.5

Approaches to Obtaining the Number Density (1), Mobility (u), and Diffusion Coefficient (D).

Method

Units

D (cm3s)

u (em?V-1s1)

N (em™)

Parameters

B-M Approach

2
D= Lz
1'25
ed?
K= 2
kTTzS
okT1,5°
n=—37
e“d

T, is time constant

corresponding to the maximum dissipative
loss curve, 5§ =d /A,

A is the thickness of the electrical double
layer, d is half-thickness of the polymer
composite

IS Approach
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K, and K, are obtained from the trial and
error on the Nyquist plot. The value of t,
was taken at the frequency corresponding

to a minimum in Z" (i.e. at Z" 0, ky is the
Boltzmann constant (1.38 x 10-2 J K1)
and T is the absolute temperature)

FTIR Method

D = HksT
€
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u=2
ne

MxN .
= XA freeionarea (%)
VTotal

M is the number of moles of salt used, N, is
Avogadro’s number (6.02 x 10?* mol™"), Vq,,, is
the total volume of the polymer composite, and ¢
is dc conductivity, e is the electric charge (1.602 x
107% C), ky is the Boltzmann constant (1.38 x
1072 J K1), T is the absolute temperature

saysodwo)) J1dy | pue JowA[od

<€



36 Polymer Electrolytes and their Composites

REFERENCES

Agrawal R., & Pandey G. (2008). Solid polymer electrolytes: Materials designing and all-
solid-state battery applications: An overview. Journal of Physics D: Applied Physics,
41(22),223001.

Aldalur I., Martinez-Ibafiez M., Piszcz M., Rodriguez-Martinez L. M., Zhang H., & Armand
M. (2018). Lowering the operational temperature of all-solid-state lithium polymer cell
with highly conductive and interfacially robust solid polymer electrolytes. Journal of
Power Sources, 383, 144—-149.

Alexandre M., & Dubois P. (2000). Polymer-layered silicate nanocomposites: Preparation,
properties and uses of a new class of materials. Materials Science and Engineering: R:
Reports, 28(1-2), 1-63.

Angell C. (1986). Recent developments in fast ion transport in glassy and amorphous materi-
als. Solid State Ionics, 18, 72—-88.

Appetecchi G. B., Croce F., Romagnoli P., Scrosati B., Heider U., & Oesten R. (1999). High-
performance gel-type lithium electrolyte membranes. Electrochemistry Communications,
1(2), 83-86.

Aravindan V., Gnanaraj J., Madhavi S., & Liu H. K. (2011). Lithium-ion conducting electro-
lyte salts for lithium batteries. Chemistry: A European Journal, 17(51), 14326-14346.

Armand M. B. (1994). The history of polymer composites. Solid State Ionics, 69(3-4),
309-319.

Armand M. B., Bruce P. G., Forsyth M., Scrosati B., & Wieczorek W. (2011a). Polymer elec-
trolytes. Energy Materials, 1-31.

Armand M. B., Chabagno J., & Duclot M. (1979). Fast ion transport in solids, ed. P. Vashishta,
J.N. Mundy & G.K. Shenoy. Amsterdam, North Holland.

Armand M. B., Endres F., MacFarlane D. R., Ohno H., & Scrosati B. (2011b). Ionic-liquid
materials for the electrochemical challenges of the future. Materials for Sustainable
Energy: A Collection of Peer-Reviewed Research and Review Articles from Nature
Publishing Group, 129-137.

Arof A. K., Amirudin S., Yusof S., & Noor I. (2014). A method based on impedance spec-
troscopy to determine transport properties of polymer electrolytes. Physical Chemistry
Chemical Physics, 16(5), 1856—-1867.

Arya A., & Sharma A. L. (2017). Polymer electrolytes for lithium ion batteries: A critical
study. lonics, 23(3), 497-540.

Arya A., & Sharma A. L. (2018). Structural, microstructural and electrochemical properties
of dispersed-type polymer nanocomposite films. Journal of Physics D: Applied Physics,
51(4), 045504.

Bae J., Li Y., Zhang J., Zhou X., Zhao F., Shi Y., . . . Yu G. (2018). A 3D nanostructured
hydrogel-framework-derived high-performance composite polymer lithium-ion electro-
lyte. Angewandte Chemie International Edition, 57(8), 2096-2100.

Bandara T., Dissanayake M., Albinsson I., & Mellander B.-E. (2011). Mobile charge carrier
concentration and mobility of a polymer electrolyte containing PEO and Pr,N* I~ using
electrical and dielectric measurements. Solid State Ionics, 189(1), 63-68.

Bao J., Shi G., Tao C., Wang C., Zhu C., Cheng L., . . . Chen C. (2018). Polycarbonate-based
polyurethane as a polymer electrolyte matrix for all-solid-state lithium batteries. Journal
of Power Sources, 389, 84-92.

Bruce P. G. (1995). Structure and electrochemistry of polymer composites. Electrochimica
Acta, 40, 2077-2085.

Bruce P. G., & Gray F. M. (1995). Polymer electrolytes II: physical principles. Solid State
Electrochemistry, 119-162.

Bruce P. G., & Vincent C. (1993). Polymer electrolytes. Journal of the Chemical Society,
Faraday Transactions, 89(17), 3187-3203.



Polymer and Their Composites 37

Cameron G. (1988). Polymer electrolyte reviews-l, ed. J. R. MacCallum & C. A. Vincent.
Elsevier Applied Science Publishers, London, 1987. pp. x+ 351, pricef 48.00. ISBN
1-85166-07 1-2: Wiley Online Library.

Chen L., Li Y., Li S.-P,, Fan L.-Z., Nan C.-W., & Goodenough J. B. (2018). PEO/garnet
composite electrolytes for solid-state lithium batteries: From “ceramic-in-polymer” to
“polymer-in-ceramic”. Nano Energy, 46, 176—184.

Chen X., Tang H., Putzeys T., Sniekers J., Wiibbenhorst M., Binnemans K., . . . Luo J. (2016).
Guanidinium nonaflate as a solid-state proton conductor. Journal of Materials Chemistry
A, 4(31), 12241-12252.

Cheon S.-E., Ko K.-S., Cho J.-H., Kim S.-W., Chin E.-Y., & Kim H.-T. (2003). Rechargeable
lithium sulfur battery: 1. Structural change of sulfur cathode during discharge and
charge. Journal of the Electrochemical Society, 150(6), A796.

Choe H., Giaccai J., Alamgir M., & Abraham K. (1995). Preparation and characterization of
poly (vinyl sulfone)-and poly (vinylidene fluoride)-based electrolytes. Electrochimica
Acta, 40(13-14), 2289-2293.

Choi B., Kim Y., & Shin H. (2000). Ionic conduction in PEO: PAN blend polymer electrolytes.
Electrochimica Acta, 45(8-9), 1371-1374.

ChoiJ.-W.,Kim J.-K., Cheruvally G., AhnJ.-H., Ahn H.-J., & Kim K.-W. (2007). Rechargeable
lithium/sulfur battery with suitable mixed liquid electrolytes. Electrochimica Acta,
52(5), 2075-2082.

Choudhary S., & Sengwa R. J. (2015). Structural and dielectric studies of amorphous and
semicrystalline polymers blend-based nanocomposite electrolytes. Journal of Applied
Polymer Science, 132(3).

Cohen M. H., & Turnbull D. (1959). Molecular transport in liquids and glasses. The Journal
of Chemical Physics, 31(5), 1164-1169.

Cong B., Song Y., Ren N., Xie G., Tao C., Huang Y., . . . Bao J. (2018). Polyethylene glycol-
based waterborne polyurethane as solid polymer electrolyte for all-solid-state lithium
ion batteries. Materials & Design, 142, 221-228.

Croce F., Persi L., Scrosati B., Serraino-Fiory F., Plichta E., & Hendrickson M. (2001). Role
of the ceramic fillers in enhancing the transport properties of composite polymer elec-
trolytes. Electrochimica Acta, 46(16), 2457-2461.

Dam T., Karan N., Thomas R., Pradhan D. K., & Katiyar R. (2015). Observation of ionic
transport and ion-coordinated segmental motions in composite (polymer-salt-clay) solid
polymer electrolyte. lonics, 21(2), 401-410.

Duan H.,, Yin Y.-X., Zeng X.-X., LiJ.-Y., Shi J.-L., Shi Y., . . . Wan L.-J. (2018). In-situ plas-
ticized polymer electrolyte with double-network for flexible solid-state lithium-metal
batteries. Energy Storage Materials, 10, 85-91.

Earle M. J., Esperanca J. M., Gilea M. A., Canongia Lopes J. N., Rebelo L. P., Magee J. W., . ..
Widegren J. A. (2006). The distillation and volatility of ionic liquids. Nature, 439(7078),
831-834.

Eiamlamai P. (2015). Polymer electrolytes based on ionic liquids for lithium batteries.
Université Grenoble Alpes, France.

Ericson H., Svanberg C., Brodin A., Grillone A., Panero S., Scrosati B., & Jacobsson P. (2000).
Poly (methyl methacrylate)-based protonic gel electrolytes: A spectroscopic study.
Electrochimica Acta, 45(8-9), 1409-1414.

Esterly D. M. (2002). Manufacturing of poly (vinylidene fluoride) and evaluation of its
mechanical properties. Virginia Tech, USA.

Fenton D. (1973). Complexes of alkali metal ions with poly (ethylene oxide). Polymer, 14,
589.

Fu X., Jewel Y., Wang Y., Liu J., & Zhong W.-H. (2016). Decoupled ion transport in a
protein-based solid ion conductor. The Journal of Physical Chemistry Letters, 7(21),
4304-4310.



38 Polymer Electrolytes and their Composites

Fu X, Li C., Wang Y., Kovatch L. P., Scudiero L., Liu J., & Zhong W. (2018a). Building ion-
conduction highways in polymeric electrolytes by manipulating protein configuration.
ACS Applied Materials & Interfaces, 10(5), 4726-4736.

Fu X., Wang Y., Fan X., Scudiero L., & Zhong W. H. (2018b). Core: Shell hybrid nanow-
ires with protein enabling fast ion conduction for high-performance composite polymer
electrolytes. Small, 14(49), 1803564.

Garcia-Calvo O., Lago N., Devaraj S., & Armand M. (2016). Cross-linked solid polymer
electrolyte for all-solid-state rechargeable lithium batteries. Electrochimica Acta, 220,
587-594.

Gebbie M. A., Valtiner M., Banquy X., Fox E. T., Henderson W. A., & Israelachvili J. N.
(2013). Ionic liquids behave as dilute electrolyte solutions. Proceedings of the National
Academy of Sciences, 110(24), 9674-9679.

Giacomelli C., Schmidt V., Aissou K., & Borsali R. (2010). Block copolymer systems: From
single chain to self-assembled nanostructures. Langmuir, 26(20), 15734-15744.

Gibbs J. H., & DiMarzio E. A. (1958). Nature of the glass transition and the glassy state. The
Journal of Chemical Physics, 28(3), 373-383.

Gong J., Gong Z.-L., Yan X.-L., Gao S., Zhang Z.-L.., & Wang B. (2012). Investigation of the
free volume and ionic conducting mechanism of poly (ethylene oxide)-LiClO, poly-
meric electrolyte by positron annihilating lifetime spectroscopy. Chinese Physics B,
21(10), 107803.

Gopalan A. 1., Santhosh P., Manesh K. M., Nho J. H., Kim S. H., Hwang C.-G., & Lee K.-P.
(2008). Development of electrospun PVdF-PAN membrane-based polymer electrolytes
for lithium batteries. Journal of Membrane Science, 325(2), 683—690.

Gray F. M. (1997). Polymer composites. Royal Society of Chemistry, Cambridge, p. 175.

Griinebaum M., Hiller M. M., Jankowsky S., Jeschke S., Pohl B., Schiirmann T., . . . Miiller R.
(2014). Synthesis and electrochemistry of polymer based electrolytes for lithium batter-
ies. Progress in Solid State Chemistry, 42(4), 85-105.

Hellio D., & Djabourov M. (2006). Physically and chemically crosslinked gelatin gels.
Macromolecular Symposia, 241:23-27.

Jeddi K., Qazvini N. T., Jafari S. H., & Khonakdar H. A. (2010). Enhanced ionic conductivity
in PEO/PMMA glassy miscible blends: Role of nano-confinement of minority compo-
nent chains. Journal of Polymer Science Part B: Polymer Physics, 48(19), 2065-2071.

Jeong H.-S., Choi E.-S., Lee S.-Y., & Kim J. H. (2012). Evaporation-induced, close-packed
silica nanoparticle-embedded nonwoven composite separator membranes for high-
voltage/high-rate lithium-ion batteries: Advantageous effect of highly percolated,
electrolyte-philic microporous architecture. Journal of Membrane Science, 415, 513-519.

JiJ., Li B., & Zhong W.-H. (2012). An ultraelastic poly (ethylene oxide)/soy protein film with
fully amorphous structure. Macromolecules, 45(1), 602—-606.

Jonsson M., Welch K., Hamp S., & Strgmme M. (2006). Bacteria counting with impedance
spectroscopy in a micro probe station. The Journal of Physical Chemistry B, 110(20),
10165-10169.

Karimi M. B., Khanbabaei G., & Sadeghi G. M. M. (2017). Vegetable oil-based polyurethane
membrane for gas separation. Journal of Membrane Science, 527, 198-206.

Kim G. T., Appetecchi G. B., Carewska M., Joost M., Balducci A., Winter M., & Passerini S.
(2010). UV cross-linked, lithium-conducting ternary polymer electrolytes containing
ionic liquids. Journal of Power Sources, 195(18), 6130-6137.

Kokorin A. (2011). lonic liquids: Theory, properties, new approaches. IntechOpen, London,
UNITED KINGDOM.

Kuo, P. L., Tsao, C. H., Hsu, C. H., Chen, S. T., & Hsu, H. M. (2016). A new strategy for
preparing oligomeric ionic liquid gel polymer electrolytes for high-performance and
nonflammable lithium ion batteries. Journal of Membrane Science, 499, 462—469.

Landauer R. (1952). The electrical resistance of binary metallic mixtures. Journal of Applied
Physics, 23(7), 779-784.



Polymer and Their Composites 39

Lee H., Yoo J. K., Park J. H., Kim J. H., Kang K., & Jung Y. S. (2012). A stretchable polymer:
Carbon nanotube composite electrode for flexible lithium-ion batteries: Porosity engi-
neering by controlled phase separation. Advanced Energy Materials, 2(8), 976-982.

LeeY.H.,KimJ. S.,NohJ.,Leel., KimH.J.,, Choi S., . . . Lee J.-Y. (2013). Wearable textile
battery rechargeable by solar energy. Nano Letters, 13(11), 5753-5761.

Lewin M., Mey-Marom A., & Frank R. (2005). Surface free energies of polymeric materials,
additives and minerals. Polymers for Advanced Technologies, 16(6), 429-441.

Li H., Li M., Siyal S. H., Zhu M., Lan J.-L., Sui G., . . . Yang X. (2018). A sandwich struc-
ture polymer/polymer-ceramics/polymer gel electrolytes for the safe, stable cycling of
lithium metal batteries. Journal of Membrane Science, 555, 169-176.

Li T., & Balbuena P. B. (1999). Theoretical studies of lithium perchlorate in ethylene carbon-
ate, propylene carbonate, and their mixtures. Journal of the Electrochemical Society,
146(10), 3613.

LiY., Zhang W., Dou Q., Wong K. W., & Ng K. M. (2019). Li, La, Zr, O,, ceramic nanofi-
ber-incorporated composite polymer electrolytes for lithium metal batteries. Journal of
Materials Chemistry A, 7(7), 3391-3398.

Liang X., Han D., Wang Y., Lan L., & Mao J. (2018). Preparation and performance study of a
PVdF-LATP ceramic composite polymer electrolyte membrane for solid-state batteries.
RSC Advances, 8(71), 40498—40504.

Liang X., Wen Z., Liu Y., Wu M., Jin J., Zhang H., & Wu X. (2011). Improved cycling perfor-
mances of lithium sulfur batteries with LiNO,-modified electrolyte. Journal of Power
Sources, 196(22), 9839-9843.

Lin Y.-C,, Ito K., & Yokoyama H. (2018). Solid polymer electrolyte based on crosslinked
polyrotaxane. Polymer, 136, 121-127.

Liu L., Chu L., Jiang B., & Li M. (2019). Li, ,Al,,Ti, ((PO,); nanoparticle-reinforced solid
polymer electrolytes for all-solid-state lithium batteries. Solid State Ionics, 331,
89-95.

Liu W., Lee S. W,, Lin D., Shi F,, Wang S., Sendek A. D., & Cui Y. (2017). Enhancing ionic
conductivity in composite polymer electrolytes with well-aligned ceramic nanowires.
Nature Energy, 2(5), 1-7.

Liu W, Lin D., SunJ., Zhou G., & Cui Y. (2016). Improved lithium ionic conductivity in com-
posite polymer electrolytes with oxide-ion conducting nanowires. ACS Nano, /0(12),
11407-11413.

Lu Q., Fang J., Yang J., Yan G., Liu S., & Wang J. (2013). A novel solid composite poly-
mer electrolyte based on poly (ethylene oxide) segmented polysulfone copolymers for
rechargeable lithium batteries. Journal of Membrane Science, 425, 105-112.

LuQ.,HeY.B,YuQ. LiB.,Kaneti Y. V., Yao Y., . . . Yang Q. H. (2017). Dendrite-free, high-
rate, long-life lithium metal batteries with a 3D cross-linked network polymer electro-
lyte. Advanced Materials, 29(13), 1604460.

Luo H., Zhou X., Ellingford C., Zhang Y., Chen S., Zhou K., . . . Wan C. (2019). Interface
design for high energy density polymer nanocomposites. Chemical Society Reviews,
48(16), 4424-4465.

Luo J., Conrad O., & Vankelecom 1. F. (2013). Imidazolium methanesulfonate as a high tem-
perature proton conductor. Journal of Materials Chemistry A, 1(6), 2238-2247.

Luo J., Hu J., Saak W., Beckhaus R., Wittstock G., Vankelecom I. F., . . . Conrad O. (2011).
Protic ionic liquid and ionic melts prepared from methanesulfonic acid and 1H-1, 2,
4-triazole as high temperature PEMFC electrolytes. Journal of Materials Chemistry,
21(28), 10426-10436.

J.R. MacCallum, C.A. Vincent, Polymer Electrolyte Reviews, Elsevier, London, Vol. 2 (1989)

MacFarlane D. R., & Forsyth M. (2001). Plastic crystal electrolyte materials: New perspec-
tives on solid state ionics. Advanced Materials, 13(12-13), 957-966.

Marcinek M., Syzdek J., Marczewski M., Piszcz M., Niedzicki L., Kalita M., . . . Trzeciak
T. (2015). Electrolytes for Li-ion transport: Review. Solid State lonics, 276, 107-126.



40 Polymer Electrolytes and their Composites

Maxwell J. C. (1881). A treatise on electricity and magnetism: pt. lll. Magnetism. pt. 1V.
Electromagnetism (Vol. 2). Clarendon Press, United Kingdom.

Mindemark J., Lacey M. J., Bowden T., & Brandell D. (2018). Beyond PEO: Alternative host
materials for Li*-conducting solid polymer electrolytes. Progress in Polymer Science,
81, 114-143.

Moskwiak M., Giska I., Borkowska R., Zalewska A., Marczewski M., Marczewska H., &
Wieczorek W. (2006). Physico-and electrochemistry of composite electrolytes based on
PEODME-LiTFSI with TiO,. Journal of Power Sources, 159(1), 443-448.

Muldoon J., Bucur C. B., Boaretto N., Gregory T., & Di Noto V. (2015). Polymers: Opening
doors to future batteries. Polymer Reviews, 55(2), 208-246.

Miiller-Plathe F., & van Gunsteren W. F. (1995). Computer simulation of a polymer elec-
trolyte: Lithium iodide in amorphous poly(ethylene oxide). The Journal of Chemical
Physics, 103(11), 4745-4756.

Norman, G. E., & Pisarev, V. V. (2012). Molecular dynamics analysis of the crystallization
of an overcooled aluminum melt. Russian Journal of Physical Chemistry A, 86(9),
1447-1452.

Nan C.-W.,, & Smith D. M. (1991). Ac electrical properties of composite solid electrolytes.
Materials Science and Engineering: B, 10(2), 99-106.

Nunes-Pereira J., Costa C., & Lanceros-Méndez S. (2015). Polymer composites and blends
for battery separators: State of the art, challenges and future trends. Journal of Power
Sources, 281, 378-398.

Papke B., Ratner M., & Shriver D. (1982). Conformation and ion-transport models for the
structure and ionic conductivity in complexes of polyethers with alkali Metal Salts.
Journal of the Electrochemical Society, 129(8), 1694.

Petrowsky M., & Frech R. (2008). Concentration dependence of ionic transport in dilute
organic electrolyte solutions. The Journal of Physical Chemistry B, 112(28), 8285-8290.

Pitawala J., Navarra M. A., Scrosati B., Jacobsson P., & Matic A. (2014). Structure and prop-
erties of Li-ion conducting polymer gel electrolytes based on ionic liquids of the pyr-
rolidinium cation and the bis (trifluoromethanesulfonyl) imide anion. Journal of Power
Sources, 245, 830-835.

Ponrouch A., Monti D., Boschin A., Steen B., Johansson P., Palacin M. R. (2015). Non-aqueous
composites for sodium-ion batteries. Journal of Materials Chemistry A, 3(1), 22-42.

Ratner M. A., Johansson P., & Shriver D. E. (2000). Polymer electrolytes: Ionic transport
mechanisms and relaxation coupling. Mrs Bulletin, 25(3), 31-37.

Ren S., Chang H., He L., Dang X., Fang Y., Zhang L., . . . Lin Y. (2013). Preparation and ionic
conductive properties of all-solid polymer electrolytes based on multiarm star block
polymers. Journal of Applied Polymer Science, 129(3), 1131-1142.

Sequeira, C. A. C., & Santos, D. M. F. (2010). Introduction to polymer electrolyte materials. In
Polymer electrolytes (pp. 3-61). Woodhead Publishing Cambridge, UK.

Shanmukaraj D., Wang G., Murugan R., & Liu H.-K. (2008). Ionic conductivity and electro-
chemical stability of poly (methylmethacrylate): Poly (ethylene oxide) blend-ceramic
fillers composites. Journal of Physics and Chemistry of Solids, 69(1), 243-248.

Sharma A. L., & Thakur A. K. (2011). Polymer matrix: Clay interaction mediated mechanism
of electrical transport in exfoliated and intercalated polymer nanocomposites. Journal
of Materials Science, 46(6), 1916-1931.

Shi J., Yang Y., & Shao H. (2018). Co-polymerization and blending based PEO/PMMA/P
(VDE-HFP) gel polymer electrolyte for rechargeable lithium metal batteries. Journal of
Membrane Science, 547, 1-10.

Shin W.-K., Cho J., Kannan A. G., Lee Y.-S., & Kim D.-W. (2016). Cross-linked composite gel
polymer electrolyte using mesoporous methacrylate-functionalized SiO, nanoparticles
for lithium-ion polymer batteries. Scientific Reports, 6(1), 1-10.

Shukla P., & Agrawal S. (1999). On the description of conductivity in PVA-based composite
polymer electrolytes: EMT approach. Physica Status Solidi (a), 172(2), 329-339.



Polymer and Their Composites 41

Sloop S. E., Pugh J. K., Kerr J. B., & Kinoshita K. (2001). Chemical Reactivity of PF; and LiPF,
in Ethylene Carbonate/Dimethyl Carbonate. Electrochemical and Solid-State Letters,
4(4), A42.

Song M.-K., Kim Y.-T., Cho J.-Y., Cho B. W., Popov B. N., & Rhee H.-W. (2004). Composite
polymer electrolytes reinforced by non-woven fabrics. Journal of Power Sources,
125(1), 10-16.

Tamura T., Yoshida K., Hachida T., Tsuchiya M., Nakamura M., Kazue Y., . . . Watanabe M.
(2010). Physicochemical properties of glyme: Li salt complexes as a new family of
room-temperature ionic liquids. Chemistry Letters, 39(7), 753-755.

Tang C., Hackenberg K., Fu Q., Ajayan P. M., & Ardebili H. (2012). High ion conducting polymer
nanocomposite electrolytes using hybrid nanofillers. Nano Letters, 12(3), 1152—-1156.

Wang S., Jeung S., & Min K. (2010). The effects of anion structure of lithium salts on the prop-
erties of in-situ polymerized thermoplastic polyurethane electrolytes. Polymer, 51(13),
2864-2871.

Wang X., Fu X., Wang Y., & Zhong W. (2016). A protein-reinforced adhesive composite elec-
trolyte. Polymer, 106, 43-52.

Wang X., Zhang Y., Zhang X., Liu T., Lin Y.-H., Li L., . . . Nan C.-W. (2018). Lithium-salt-
rich PEO/Li ;La, 55, TiO; interpenetrating composite electrolyte with three-dimensional
ceramic nano-backbone for all-solid-state lithium-ion batteries. ACS Applied Materials
& Interfaces, 10(29), 24791-24798.

Wieczorek W., Such K., Florjanczyk Z., & Stevens J. (1994). Polyether, polyacrylamide,
LiClO, composite electrolytes with enhanced conductivity. The Journal of Physical
Chemistry, 98(27), 6840-6850.

Wieczorek W., Such K., Wycislik H., & Plocharski J. (1989). Modifications of crystalline
structure of PEO polymer electrolytes with ceramic additives. Solid State Ionics,
36(3-4), 255-257.

Williams M. L., Landel R. F., & Ferry J. D. (1955). The temperature dependence of relaxation
mechanisms in amorphous polymers and other glass-forming liquids. Journal of the
American Chemical Society, 77(14), 3701-3707.

Wright, P. V. Electrical conductivity in ionic complexes of poly(ethylene oxide). Br. Polym. J.
1975,7, 319-327.

Xiao W., Li X., Wang Z., Guo H., LiY., & Yang B. (2012). Performance of PVdF-HFP-based
gel polymer electrolytes with different pore forming agents. Iranian Polymer Journal,
21(11), 755-761.

Xiao Y., Jiang L., Liu Z., Yuan Y., Yan P., Zhou C., & Lei J. (2017). Effect of phase separa-
tion on the crystallization of soft segments of green waterborne polyurethanes. Polymer
Testing, 60, 160-165.

Xiao Z., Zhou B., Wang J., Zuo C., He D., Xie X., & Xue Z. (2019). PEO-based electrolytes
blended with star polymers with precisely imprinted polymeric pseudo-crown ether
cavities for alkali metal ion batteries. Journal of Membrane Science, 576, 182—189.

Xu C., Huang Y., Tang L., & Hong Y. (2017). Low-initial-modulus biodegradable polyure-
thane elastomers for soft tissue regeneration. ACS Applied Materials & Interfaces, 9(3),
2169-2180.

Xu H., Wang A., Liu X., Feng D., Wang S., Chen J., . . . Zhang L. (2018). A new fluorine-
containing star-branched polymer as electrolyte for all-solid-state lithium-ion batteries.
Polymer, 146, 249-255.

Xu K. (2004). Nonaqueous liquid electrolytes for lithium-based rechargeable batteries.
Chemical Reviews, 104(10), 4303—4418.

Xue Z., He D., & Xie X. (2015). Poly (ethylene oxide)-based electrolytes for lithium-ion bat-
teries. Journal of Materials Chemistry A, 3(38), 19218-19253.

Youcef, HB., Garcia-Calvo, O., Lago, N., Devaraj, S., & Armand, M. (2016). Cross-linked solid
polymer electrolyte for all-solid-state rechargeable lithium batteries. Electrochimica
Acta, 220, 587-594.



42 Polymer Electrolytes and their Composites

Young W.-S., & Epps III T. H. (2012). Ionic conductivities of block copolymer electrolytes
with various conducting pathways: Sample preparation and processing considerations.
Macromolecules, 45(11), 4689-4697.

Young W. S., Kuan W. F., & Epps III T. H. (2014). Block copolymer electrolytes for recharge-
able lithium batteries. Journal of Polymer Science Part B: Polymer Physics, 52(1), 1-16.

Zhang H., Zhang P, Li Z., Sun M., Wu Y., & Wu H. (2007). A novel sandwiched membrane
as polymer electrolyte for lithium ion battery. Electrochemistry Communications, 9(7),
1700-1703.

Zhang J., Ma C., Liu J., Chen L., Pan A., & Wei W. (2016). Solid polymer electrolyte mem-
branes based on organic/inorganic nanocomposites with star-shaped structure for high
performance lithium ion battery. Journal of Membrane Science, 509, 138—148.

Zhang J., Yang J., Dong T., Zhang M., Chai J., Dong S., . . . Cui G. (2018). Aliphatic
polycarbonate-based solid-state polymer electrolytes for advanced lithium batteries:
Advances and perspective. Small, 14(36), 1800821.

Zhang J., Zang X., Wen H., Dong T., Chai J.,Li Y., ... Ma J. (2017). High-voltage and free-
standing poly (propylene carbonate)/Li, ;sL.a;Zr, ;sTa, ,s0,, composite solid electrolyte
for wide temperature range and flexible solid lithium ion battery. Journal of Materials
Chemistry A, 5(10), 4940-4948.

Zhang X., Ji L., Toprakci O., Liang Y., & Alcoutlabi M. (2011). Electrospun nanofiber-based
anodes, cathodes, and separators for advanced lithium-ion batteries. Polymer Reviews,
51(3), 239-264.

Zhang X., XieJ., ShiF, Lin D., Liu Y., Liu W., . . . Liu K. (2018). Vertically aligned and con-
tinuous nanoscale ceramic: Polymer interfaces in composite solid polymer electrolytes
for enhanced ionic conductivity. Nano Letters, 18(6), 3829-3838.

Zhang Y., Lu W., Cong L., LiuJ., Sun L., Mauger A., . . . Liu J. (2019). Cross-linking network
based on Poly (ethylene oxide): Solid polymer electrolyte for room temperature lithium
battery. Journal of Power Sources, 420, 63-72.

Zhou W., Wang S., Li Y., Xin S., Manthiram A., & Goodenough J. B. (2016). Plating a dendrite-
free lithium anode with a polymer/ceramic/polymer sandwich electrolyte. Journal of the
American Chemical Society, 138(30), 9385-9388.

Zhu M., Tan C., Fang Q., Gao L., Sui G., & Yang X. (2016). High performance and biode-
gradable skeleton material based on soy protein isolate for gel polymer electrolyte. ACS
Sustainable Chemistry & Engineering, 4(9), 4498—4505.

Zhu P., Yan C., Dirican M., Zhu J., Zang J., Selvan R. K., . . . Kiyak Y. (2018). Li, ;;L.a, 55, T10;
ceramic nanofiber-enhanced polyethylene oxide-based composite polymer electrolytes
for all-solid-state lithium batteries. Journal of Materials Chemistry A, 6(10), 4279-4285.



2 Hybrid Organic-
Inorganic Polymer
Composites

Sujeet Kumar Chaurasia, Kunwar Vikram,
Manish Pratap Singh, and Manoj K. Singh

CONTENTS
2.1 INErOAUCHION ..uveviiiiiiiiiieiieiieietci ettt e 43
2.2 Synthesis Routes for Organic-Inorganic Hybrid Electrolytes ..........c..cc..c...... 46
2.2.1 Building Block Approach .......c..ccccceceeverciininniinienninieneneenenieneenns 47
2.2.1.1 Solution Blending Method ..........cccccocercienenviincnnincnnicnenne. 47
2.2.1.2 Melt Blending Method .........cccccoevieneriiininnienenieneeicneenee. 47
2.2.2  In-Sitt APProach ......coccevirievieniirienieiieteicetcceee et 47
2.2.2.1  Sol-Gel Method........c.coveuemieuereineirieinieenieeeieeeieeeieneeienees 48
2.3 Polymer-Based Organic-Inorganic Hybrid Electrolytes........c..c.ccevcereenennnee 48
2.3.1 Polymer/Inorganic Hybrid Composite Electrolytes..........c.cccceeruenneee. 48
2.3.2  Polymer/Fast Ion Conducting Ceramic Hybrid Electrolytes.............. 50
2.3.2.1 Polymer/Garnet-Type Hybrid Electrolytes...........c.ccccenueeee. 50
2.3.2.2 Polymer/Perovskite Hybrid Electrolytes..........cccccoccererunenne. 51
2.3.2.3 Polymer/NASICON-Type Hybrid Electrolytes.................... 52
2.3.2.4 Polymer/Sulfide-Type Hybrid Electrolytes .............ccocceue.e. 53
2.4 Polymeric/Ionic Liquid Quasi-Solid Hybrid Gels ..........cccccoveeneriencnicncnnns 54
2.5 Application of Organic-Inorganic Hybrid Electrolytes in
Electrochemical DEVICES ........ccocivuiviiiiiniiniiiiiiiciiicicicc e 55
2.5.1 Application of Organic-Inorganic Hybrid Electrolytes
1N BAtErIeS ...ouveiiiiiieiciciciccc e 55
2.5.2 Application of Organic-Inorganic Electrolytes
1N SUPEICAPACIIOLS ....euvenreiieniieiieieeitenicete st steete st sit et eeresieeeeae 58
2.6 Conclusions and Future ProSpects.......c..coccecereevienierieneeneneeneneeneseeniennens 59
REfEIENCES.....oouiiiiiciieiic e 60

2.1 INTRODUCTION

Owing to the rapid development of modern societies and the enormous consump-
tion of fossil-fuels-based energy resources, the scientist looks for the development
of durable and efficient electrochemical devices like batteries, fuel cells, solar cells,
supercapacitors and so on (Liang et al. 2019; Wang & Zhong, 2015). A continuous
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improvement has to be made in the components of these energy storage devices
over time to enhance their efficiency for fulfilling the industrial and technological
needs. The electrolyte has been a crucial part in these electrochemical devices as it
is responsible for the transfer of electric charge/ions between the electrodes of these
electrochemical devices. Earlier, it could be seen that most of the traditional energy
storage devices employed liquid electrolytes (both aqueous and non-aqueous) due to
their high ionic conductivity values. However, the devices made up of liquid elec-
trolytes suffer from the several limitations like (i) leakage, (ii) short shelf life, (iii)
inflammability, (iv) corrosion reaction between electrodes and electrolytes, (v) dif-
ficulty in miniaturization and (vi) instability towards changing temperature (Shalu
et al., 2021). These shortcomings of liquid electrolytes initiated the research in solid
electrolytes which are a good alternate to liquid-electrolyte-based systems due to
their desirable properties such as non-volatility, structural sturdiness and high elec-
trochemical stability. Recently, material scientists have been looking for developing
materials which have exceptionally high room temperature ionic conductivities in
the range of 1072 to 103 S cm™! with negligible electronic conductivity. These mate-
rials are also known as “fast ion conductors” or “superionic solids”. The science
and technology based on ion conducting solid electrolytes is termed as “Solid State
Ionics” (Agrawal & Pandey, 2008). On the basis of physical properties and micro-
structures the solid electrolytes can be classified into the following four groups:
(1) crystalline/polycrystalline electrolytes, (ii) glassy/amorphous electrolytes,
(iii) polymer electrolytes, (iv) gel electrolytes and (iv) composite electrolytes. Out
of these solid state electrolytes, ion conducting polymers or polymer electrolytes are
the materials of current research interst because of their flexibility and higher room
temperature ionic conductivity. These polymer electrolytes are generally obtained
by immobilizing mobile ionic species into soft polymer matrices to provide semi-
crystalline conducive framework which supports easily ionic movement within the
polymeric matrix (Gupta et al. 2016; Singh et al. 2016). Wright (Wright, 1975) first
reported the ion conduction property in solid polymer electrolytes (SPEs) based on
polymer PEO in 1973, and Armand and his co-workers (Armand et al. 1979) discuss
its potential application in rechargeable batteries. Since then, various synthetic polar
polymers like PEO, PVA, PMMA, PVdF, PVdF-HFP, PVP, etc. are commonly used
as semi-crystalline or amorphous host polymeric matrices for the preparation of
SPEs by the immobilization of mono-, di- or tri-valiant alkali metal salts to give
conducive polymeric backbone by increasing the segmental motion of the polymeric
chain (Quartarone & Mustarelli, 2011; Saroj et al. 2016). Nowadays, solid-like elec-
trolytes are the most extensively studied research topic in the field of condensed
matter physics since it represents an intriguing approach to enhance simultaneously
achieving high ionic conductivity and resolving safety issues. Nevertheless, these
SPEs have low ambient ionic conductivity, and interfacial compatibility towards
electrodes falls short of practical applications in high-performance electrochemi-
cal devices. In addition to improved safety, various approaches like cross-linking
of polymers (Young et al. 2014), addition of ceramic filler particles (Yoon et al.
2014), inclusion of plasticizers (Sadiq et al. 2021), forming organic-inorganic hybrids
(Chaurasia & Chandra, 2017) have been employed for enhancing the conductivity
without sacrificing electrochemical and thermal stability of the polymer electrolyte
membranes. Alternatively, in polymer electrolytes ionic conductivity occurs due
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to the efficiently conductive cations via hopping mechanism within rigid crystal-
line polymeric backbone structure (Chaurasia et al., 2011; Chaurasia et al. 2022).
Furthermore, in typical polymer electrolytes increasing the salt content generally
leads to an increase in polymer amorphous fraction. However, the reduction in the
crystalline phases of the polymer electrolytes cause worsening of its mechanical
properties and dimensional stability. In recent years, quasi-solid state electrolytes
are termed as “organic-inorganic hybrid electrolytes” that have been prepared by
combining the organic polymer and inorganic nanofiller particles at the molecular
level with a variety of known and hitherto unknown properties (Nicole et al. 2014).
The organic part of the hybrid electrolyte materials imparts high flexibility and
mouldability while the inorganic network provides high thermal stability, structural
integrity and chemical resistance. Generally, one of the components (either organic
or inorganic) in the organic-inorganic hybrid electrolytes appear within the range of
nanoscale and thus these materials are fall within the category of nano materials.
The concept of organic-inorganic hybrids nanocomposites was exploded in the sec-
ond half of the 20" century, leading to its applications in many diverse fields of sci-
ence such as organic synthesis, biotechnology, catalysis and electronics. These hybrid
materials gained importance in the *80s with the development of soft inorganic chem-
istry processes and recently a lot of research is developing on this topic. The growth
and importance of this multidisciplinary field can be seen by research activity going
on this field recently and a tremendous increasing number of publications, reports and
patents in the last few years (Mir et al. 2018; Sanchez et al. 2011). Figure 2.1 shows
the research activity going on world-wide in the field of organic-inorganic hybrid
electrolytes.
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These hybrid electrolytes have dual advantages of high ionic conductivity due to
their organic components and high thermal stability as well as mechanical stability due
to their inorganic components. Such materials not only merge the properties of both
the phases but also exhibit new and superior features as a result of the hybridization
process. The charge transport properties of these hybrid electrolytes are significantly
dependent on the chemical nature of the organic and inorganic phases, their con-
formations, sizes, morphology and the nature of inter phase interactions. Thus, the
hybridization of both the phases leads to the development of multifunctional materi-
als with desired properties.

This approach of the synthesis of materials provides an opportunity to have a
large set of materials with a variety of known and hitherto unknown properties.
Besides the nature of the interfaces between the two phases and the kind of applica-
tion for which the materials are to be designed, the final properties of these materials
are strongly influenced by their method of processing. The aim of this chapter is to
describe different classes of polymeric-based organic-inorganic hybrid electrolytes
and discuss the most recent developments in these fields along with their possible
applications in developing solid state electrochemical devices.

2.2 SYNTHESIS ROUTES FOR ORGANIC-
INORGANIC HYBRID ELECTROLYTES

There are two main approaches adopted for the preparation of organic-inorganic
hybrid electrolytes:

2.2.1 Building Block Approach
2.2.2 In-Situ Approach

These two approaches for the synthesis of organic-inorganic hybrid electrolytes are
schematically shown in Figure 2.2.
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FIGURE 2.2 Synthesis approaches adopted for the preparation of organic-inorganic hybrid
electrolytes.



Organic-Inorganic Polymer Composites 47

2.2.1 BuibING BLock APPROACH

In this approach, the building blocks (i.e. precursors) at least partially keep their
original molecular integrity throughout the materials which permits the survival of
their crucial properties within the organic matrix. A few examples of such well-
defined building blocks are inorganic clusters which comprise at least one functional
group that permits their interaction with the organic matrix and nanosized particles,
nanorods etc., that can be used to form nanocomposites. The building blocks can be
designed effectively to form materials with better structural integrity. This building
approach of the synthesis of organic-inorganic hybrid electrolytes consists of two
approaches as described next:

2.2.1.1 Solution Blending Method

The solution blending technique for the preparation of organic-inorganic hybrid elec-
trolytes is an effective way to modify the properties of existing polymers and to
develop new materials with the combination of properties of both organic and inor-
ganic phases for the specific applications. In this approach, polymers or polymer-salt
complexes are dissolved into a suitable solvent to form a homogeneous mixture, and
then required amounts of ceramic filler particles (SiO,, TiO,, Al,O;, etc.) are added
for getting the polymer-ceramic filler composite solutions. After the complete evapora-
tion of the volatile organic solvents, thin composite polymer electrolyte films (which
are also termed as ex-situ organic-inorganic hybrid electrolytes) are obtained.

2.2.1.2 Melt Blending Method

In this approach, there is no need to use any solvents for the preparation of organic-
inorganic hybrids. In this method, first polymers are melted and then mixed with
appropriate amounts of filler particles to form a homogeneous melted mixture of
both the constituents, and then the obtained solution is hot-pressed between two
stainless steel plates to get polymer composite films.

2.2.2 IN-SiTU APPROACH

This method is based on the chemical transformation of well-defined discrete mol-
ecules (i.e. precursors) into multidimensional networks (e.g. 3D silica, titania, etc.
matrices) with completely different characteristics from the original molecules/
precursors. The internal morphology of the final materials depends on both the compo-
sition of the precursors as well as the synthesis conditions. The alternation in any of
these variables can lead to the formation of two very different materials. Moreover,
the collective effect of various factors such as proper synthesis conditions, an opti-
mized stoichiometric ratio of organic and inorganic components and nature of the
interaction between the two phases decides the structural, morphological and elec-
trochemical properties of the prepared organic-inorganic hybrids. This approach
involves the in-situ formation of either one (i.e. organic or inorganic) or both the com-
ponents simultaneously. For example, a change from acid to base catalyst in the in-
situ formation of silica (inorganic) network within the polymer matrix makes a huge
difference in terms of particle size, surface area, porosity, pore size distribution, etc.
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2.2.2.1 Sol-Gel Method

Among the various processing techniques, the classical sol-gel route has been exten-
sively utilized for the preparation of these organic-inorganic hybrid electrolytes. To
fulfill the need of a specific degree of dispersion of the filler, avoiding unwanted
agglomeration and overcoming its poor compatibility with the polymer matrix, an
elegant way of processing hybrid electrolytes known as the sol-gel technique has
been introduced. The sol-gel method involves five steps: (i) formation of sol—a
colloidal suspension, (ii) gelation of sol—to form a network, (iii) aging of gel—
polycondensation reaction continues until the gel transforms into a solid mass, (iv)
drying of gel and (v) densification at high temperatures. The major advantage of this
approach is that it employs mild processing conditions such as low temperature and
pressure. This is a bottom-up approach by which in-situ production and dispersion of
the filler particles is achieved within the host polymeric matrix from the inorganic
precursors. This method has been found to be useful and effective for the reinforce-
ment of the particles within the polymer matrix over the traditional solution or melt
blending methods as it can subtly control the surface characteristics of the growing
inorganic phase within the matrix. This approach also prevents the aggregation of
the inorganic nanofiller particles and also enables their homogeneous distribution
within the polymer matrix.

2.3 POLYMER-BASED ORGANIC-INORGANIC
HYBRID ELECTROLYTES

A typical polymer composite is a combination of polymer and filler. The polymer
composites are used to ameliorate the drawbacks of conventional polymers. In gen-
eral, the weak intermolecular bonding between the fillers and polymer matrix exists
at a micrometer level and least probable chemical bonding is involved in between
polymer matrix and fillers. But the combination of filler at the nanometer level and
functional polymers interacting at the atomic level leads to the formation of chemi-
cal bonding and consequently significant improvements in the mechanical property;
especially strength, electrical conductivity, thermal stability, thermal conductivity
and oxidation stability have been observed. Such materials come in an important
class of composites known as organic-inorganic nanostructured materials (Gai
et al. 2019; Judeinstein & Sanchez, 1996; Kaushik et al. 2015). Several polymers-
based organic-inorganic hybrid electrolytes had been formed by hybridization of
the organic polymers with various types of incorporating inorganic ceramic fillers;
fast ion conducive ceramics, glasses, ionic liquids are discussed in the subsequent
sections.

2.3.1 PoryMer/INORGANIC HYBRID COMPOSITE ELECTROLYTES

The polymer/inorganic hybrid electrolytes are a unique new class of material pre-
pared by combining polymers with inorganic ceramic filler particles at the molecular
level. The ultrafine dispersion of inorganic filler particles within the polymeric matrix
is considered to be an important route for developing multifunctional materials with
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unusual improved properties. It has recently gained a great deal of attention because
of the superior properties in terms of increased strength and modulus, improved heat
resistance, decreased crystallinity, increased electrical conductivity and improved
dielectric properties. With these improved set of properties, these hybrids have
become promising candidates for a wide spectrum of electrochemical applications
(Chakrabarty et al. 2012; Lim et al. 2015). The inorganic ceramic filler particles
added to the polymer matrix to form polymer/inorganic hybrid electrolytes can be
classified into two categories. One is passive ceramic fillers that cannot take part in
the transport process and the other is known as active inorganic ceramic fillers (or
fast ion conductors) that couple with the ionic movements. These inert filler particles
usually act as solid plasticizers to the polymer matrix and disrupt the polymer chain
regularity (or crystallinity) since the incorporation of fillers create a large surface
area within the matrix which inhibits the recrystallization of polymers (Chen et al.
2018; Zheng & Hu, 2018). The different types of inert ceramic fillers such as SiO,
(Guyomard-Lack et al. 2014), TiO, (Pal & Ghosh, 2018), AL,O, (Liang et al. 2015),
zeolite (Zhang et al. 2021), etc. had been incorporated into polymers to solve the
problems of low ionic conductivity as well as improve the mechanical properties of
polymer electrolytes. However, the effect of the filler particles on the performances
of the poly(ethylene oxide) (PEO)-based polymer electrolytes has been a subject of
discussion for a long time. Croce et al. (Croce et al. 1998) studied the impact of the
addition of TiO, and Al,O; inorganic inert filler particles to the PEO-LiClO, polymer
electrolytes and reported an enhanced ionic conductivity of the system ~10> S cm™!
at room temperature. It can be seen that filler plays a crucial role in determining the
interfacial properties between an organic polymer matrix and fillers. For achieving
good interfaces the contact surface area between the filler particles and polymeric
matrix must be increased. Krawiec et al. (Krawiec et al. 1995) studied the impact of
the addition of micro- and nanosized Al,O; fillers to the PEO-LiBF, polymer electro-
lytes and found that nanometer-range-particle-containing systems give more conduc-
tivity because of good interfacial interactions. Lin et al. (Lin et al. 2018) prepared and
studied a PEO-silica aerogel hybrid electrolyte system which gives high ionic conduc-
tivity 6.0 x 10-* S cm™! and high modulus 0.43 GPa. In addition to this, Chaurasia and
Chandra (Chaurasia & Chandra, 2017) studied the incorporation of silica inorganic
matrix to the PEO-LiCF,;SO; systems via in-situ approach, which gives high thermal
and electrochemical stability (stability window 5.2 V), layered structure morphology
and high ionic conductivity of the order of 10> S cm™! at room temperature. On the
other hand, other types of filler particles such as active ceramic filler particles are also
added to the polymers and polymer electrolytes to form polymer/inorganic hybrids
that can provide better ionic conductivity because of the existence of extra ion conduc-
tion pathways within the polymer matrix through the cross-linking. Sharma and Nair
et al. (Nair et al. 2009) studied the addition of Mg,B,0; nanowire to the PEO-LiTFSI
electrolyte system and obtained ionic conductivity 1.53 x 104 S cm~! at 40 °C.
Liu et al. (Liu et al. 2013) studied the addition of LiAlO, filler to the polymer electro-
lyte PEO-LiClO, and found the maximum ionic conductivity ~10-* S cm™" at 60 °C.
Sharma and Hashmi (Sharma & Hashmi, 2019) studied the effect of the incorpora-
tion of Mg aluminate (MgAl,O,) nanofiller particles in the poly(vinylidenefluoride-
hexafluoropropylene) (PVdF-HFP)-Mg-triflate-based system which offers maximum
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ionic conductivity value of 4.3 x 10 S cm™" at room temperature. The incorporation
of 20 wt % of active MgAl,0, nanofiller significantly enhanced the Mg?* ion trans-
port number up to 0.66, indicating a substantial increase in Mg-ion conductivity in
the polymeric system.

2.3.2 PoryMer/Fast loN CoNnDUCTING CERAMIC HYBRID ELECTROLYTES

Fast ion conductors are one of the most important classes of solid state electrolytes
employed as electrolyte materials at ambient temperature in several electrochemical
applications. They possess very high ambient temperature ionic conductivity up to
102 S ecm™, low electronic conductivity, and ions are the dominate charge carri-
ers (nearly unity ionic transference number). They have wide temperature range of
operations. These fast ion conductors have made their mark in the last few decades as
they are leak free, environmentally safe, mechanically and electrochemically stable.
On the basis of their microstructures, fast ion conductors are categorized into four
types: (i) garnet-type, (ii) perovskite-type, (iii)) NASICON-type and (iv) sulfide-type
as displayed in Figure 2.3.

The poor rigid contacts and high interfacial resistance restricts their practical
applications in high-performance electrochemical devices. Therefore, the combina-
tions of fast ion conducive solid crystalline or amorphous framework network with
flexible polymers are one of the good approaches to synthesize polymer/fast ion
conducting hybrid electrolytes for utilization in high-performance electrochemical
devices. The various types of polymeric/fast ion conducting hybrid electrolytes are
discussed next.

2.3.2.1 Polymer/Garnet-Type Hybrid Electrolytes

The garnet-type solid electrolytes and their derivatives have attracted much atten-
tion because of their high ionic conductivity, superior electrochemical and chemical

Ge/Ps,
uis,

FIGURE 2.3  Structures of different types of fast ion conductors: (a) framework structure of
garnet-type ceramic; (b) crystal structure of perovskite-type ceramic; (c) crystal structure of
NASICON:-type ceramics and (d) crystal structure of sulfide-type ceramic.

Source: This figure is reprinted with permission from Yao et al. (2019, Copyright 2019, Frontiers).
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stabilities. The chemical formula for garnet-type solid state electrolytes is repre-
sented by A;B,(X0O,); where A= Ca, Mg, Y, La or rare earth elements, and B = Al,
Fe, Ga, Mn, Ni or V. The first report on garnet-type Li-ion conducting solid state
electrolyte Li,La;Zr,0,, (LLZO) was reported in the year 2007. Since then various
kinds of garnet-type solid state electrolytes and their derivatives have been devel-
oped (Murugan et al. 2007; Verduzco et al. 2021; Xie et al. 2018). The Li-ion-based
garnet-type structure solid electrolyte LisL.a;M,0O,, (where M = Nb or Ta) is prepared
which shows room temperature ionic conductivity of the order ~10~3 S cm™! and also
exhibits excellent electrochemical stability over wide temperature ranges (Verduzco
et al. 2021). The garnet-type Li or Na-ion-based solid state electrolyte possesses
high ionic conductivity and wide electrochemical window. These solid electrolytes
are suffering from poor electrode/electrolyte contacts which enhance the interfa-
cial resistances of the electrochemical devices. To resolve these issues and promote
high charge/ion transport through interfaces, the garnet ceramic is mixed with poly-
mers to provide polymer/garnet hybrid flexible electrolytes by physical or chemical
blending methods, which shows both high flexibility due to polymer and high ionic
conductivity due to presence of garnet-type ceramics/electrolytes. Choi et al. (Choi
et al. 2015) prepared PEO-tetragonal LLZO organic-inorganic hybrid composite
electrolytes with different amounts of garnet ceramic contents and showed maxi-
mum ion conductivity of 4.42 x 10=* S cm™ at 55 °C with 52.5 wt % LLZO. Chen
et al. (Chen et al. 2017) have also prepared the polymer PEO/garnet LLZO hybrid
composites with a small amount of ceramic powders which gives maximum ionic
conductivity of 5.5 x 10~* S cm™! at 30 °C for the optimal concentration 7.5 wt % of
filler LLZO. Morphologies and sizes of the ceramic fillers have seriously affected the
ionic transport of polymer/garnet-type ceramic filler composites. Likewise ceramic
particles and random nanowires reinforced polymer hybrid composites; the aligned
nanowires combined with polymers provide continuous pathways for the conduction
of dopant ions. Unlike 1D nanowires, the 3D ceramic Lig,sl.a;Zr,Al,,,0,, (LLZO)
network prepared by hydrothermal mixed with polymer to form solid electrolytes
gives very high conductivity and chemical stability because of the appearance of
a continuous 3D network for conduction (Bae et al. 2018a). Similarly, 3D porous
LLZO structure is prepared and combined with PEO-LiTFSI polymer electrolyte to
form 3D-garnet-polymer hybrid films which exhibit high conductivity of the order
of 2.5 x 10 S ecm™ at 25 °C (Fu et al. 2016). Thus, this 3D-formed ion transport
organic-inorganic hybrid network is considered a novel strategy for designing multi-
functional materials with improved transport and electrochemical properties.

2.3.2.2 Polymer/Perovskite Hybrid Electrolytes

The perovskite-type solid electrolytes are represented by structural formula Li,, La,; , TiO,
(LLTO), having cubic structure with P4/mmm and C-mmm space groups. Perovskites
reveal high mechanical and chemical stabilities, higher oxidation potential and also
stability at high voltages. They reveal high ionic conductivity but at the same time
show larger electrode-electrolyte interfacial impedances, higher grain boundaries
and instability towards lithium/sodium metal electrodes which restricts their electro-
chemical applications. To solve these issues as well as engineering challenges such
as large-scale manufacturing of flexible sodium/lithium ion rechargeable batteries,
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improving interfacial impedances still hinder their immediate applications in solid
state electrochemical devices (Inaguma et al. 1993; Yan et al. 2021). A possible
approach to tackle these issues is the combination of inorganic perovskite electro-
lyte with the flexible polymeric which may provide many advantageous features like
improved ionic conductivity and charge transfer at the electrode-electrolyte inter-
faces. However, preparatory conditions are very strict to tailor the ionic conductiv-
ity and interfacial properties of polymer/perovskite hybrid electrolytes. Zhu et al.
(Zhu et al. 2018) studied the polymer-perovskite-type organic-inorganic electrolyte
by incorporating nanowires Lij;;La, 55, TiO; within PEO/LiClO, electrolytes and
found that these hybrids show maximum ionic conductivity of 2.4 x 10™* S cm™" at
25 °C. Furthermore, Liu et al. (Liu et al. 2015) studied the impact of two different
types of LLTO ceramics (nanowire and nanoparticle) to the polymer PAN which
reveals that the introduction of LLTO nanowire gives more conducive polymer/
perovskite hybrid network at room temperature as compared to pristine PAN films
or nanoparticle imbedded hybrids. Moreover, the three-dimensional (3D) nanostruc-
tured Li, ;sLa, ssTi0; (LLTO) framework is designed by using the hydrogel method
as 3D nanofiller for forming high-performance PEO/LLTO polymer composites as
Li-ion conducting electrolytes for lithium battery application. This polymer-based
composite hybrid electrolyte avoids the agglomeration of nanofillers as compared
to the hybrid electrolytes prepared by simple dispersion process. Moreover, ultra-
high specific surface area of LLTO ceramics provides a continuous interface net-
work as lithium ion transport channels within the PEO/LLTO hybrid electrolytes.
This synthesized polymer PEO/LLTO perovskite hybrid electrolyte displayed ionic
conductivity of 8.8 x10 S cm™! at room temperature (Bae et al. 2018b). Thus, the
formation of polymer-perovskite-type organic-inorganic hybrid flexible fast ion con-
ducive electrolytes opens a new horizon in material science for developing high-
performance electrochemical energy devices.

2.3.2.3 Polymer/NASICON-Type Hybrid Electrolytes

NASICON-type ceramics (particularly known as “sodium super ion conductors”)
are promising oxide-based solid electrolytes that are similar to garnet-type and
perovskite-type and were first reported with composition NaM,(PO,); (where M =
Ge, Ti, Zr) in the year 1968 (Epp et al. 2015). However, the first report on NASICON-
type solid state electrolyte material LiZr,(PO,); was given in the year 1986; since
then there has been growing interest on the use of Na and Li-ion-based NASICON-
type ceramic electrolytes (i.e. NaTi,(PO,); and LiTi,(PO,);) and their analogous
structures in forming polymer hybrid composite electrolytes (Aono, 1990; Horowitz
et al. 2020; Petit et al. 1986). Nairn et al., 1996 prepared the composite hybrid elec-
trolytes by dispersing Li-ion conducting NASICON structure Li, Al ;Ti, ,(PO,),
(LATP) to the PEG-LiCF;SO; polymer electrolyte matrix and found maximum
ionic conductivity of 1.90 x 104 S cm™ at 40 °C with 66 wt % of ceramic fillers.
Since then, a large number of works have been reported on Na and Li-ion-based
NASICON-type ceramic structures as dispersoids to form organic-inorganic hybrid
composite electrolytes. In another study, other NASICON-type ceramic filler par-
ticles, Li, ;Al,sGe, s(PO,); (LAGP) and Li,,Al),Ti, ((PO,); (LATP), have been
prepared and incorporated into PEA (LiTFSI polymer electrolytes to fabricate an
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organic-inorganic composite solid electrolyte. The experimental results confirm that
the obtained composite solid electrolytes had high ionic conductivity with weight
ratio of 70% of 1.86 x 10~* S cm™! for LATP-PEO;LiTFSI and 1.11 x 10~* S cm™!
for LAGP-PEO(LiTFSI along with superior chemical and electrochemical stabilities
(Huang et al. 2012). In another report, the hybrid composite polymer electrolytes
PEO-LAGP have been fabricated by dispersing different particle sizes of LAGP to
the polymer PEO matrix, and experimental results showed that nanosized particles
exhibited more favorable effects in enhancing transport and electrochemical proper-
ties. The polymer composite hybrid electrolyte PEO-LAGP, having 20 wt % LAGP
nanoparticle concentration, had showed the highest ionic conductivity of 6.76 X
104 S cm! at 60 °C. This hybrid composite electrolyte was also used for the fabri-
cation of solid state rechargeable batteries with assembly Li/PEO-LAGP//LiFePO,
showing very high capacity retaining (~ 90% after 50 cycles at 1C) along with out-
standing rate performances (Zhao et al. 2016).

2.3.2.4 Polymer/Sulfide-Type Hybrid Electrolytes

Sulfide-type inorganic solid electrolytes are another class of electrolytes showing
supreme ionic conductivity of the order of 1072 S cm™ at room temperature and a wide
electrochemical stability potential window (Kamaya et al. 2011). The sulfide-type
electrolytes can be broadly classified into three categories: glasses, glass-ceramic
and ceramic electrolytes. The various types of sulfide electrolytes such as Li,;GeP,S,,
(LGPS), Li,;,SnP,S,, (LSPS), LisPS,, Li,S-P,S; sulfide glass and argyrodite-type
LigPS;X (where X = Cl, Br, I) are promising sulfide-type solid electrolytes showing
very high ionic conductivity nearer to the liquid electrolytes. However, they dem-
onstrated poor mechanical properties and undesirable high interfacial contact resis-
tances between electrodes and electrolytes, which restricts their possible utilization
in solid state electrochemical application (Yang et al. 2020). These inorganic solid
electrolytes are also showing chemical and structural instability due to the reaction
with moisture present in the air. The combination of polymer and high ionic con-
ducive sulfide electrolytes is considered to be the designing of novel organic-inor-
ganic composite electrolytes, which simultaneously includes the merits of flexible
polymer and high conducting sulfide filler ceramics. Zhao et al. (Zhao et al. 2016)
first prepared the hybrid composite electrolyte membranes by incorporation of the
LGPS sulfide filler particles into the PEO-LiTFSI matrix. This PEO-LITFSI/sulfide
composite electrolyte gives the maximum ionic conductivity of ~10° S cm™ at room
temperature and reaches 1.21 x 103 S cm™ at 80 °C and electrochemical stability
of these hybrids spans between 0 to 5.7 V. Recently, Zheng et al. (Zheng et al. 2019)
examined the effect of sulfide LGPS and salt LiTFSI on the interface formed within
the composite electrolyte and showed that the incorporation of 70 wt % LGPS to
the PEO-LiTFSI electrolyte prepared by ball-milling exhibited ionic conductivity of
2.2 x 104 S cm™ at room temperature. The hybrid composite electrolyte based on
polymer poly(vinyl carbonate) and high conducting sulfide Li,,SnP,S,, (LSPS) was
prepared by in-situ polymerization technique. The experimental results confirm that
an integrated interface has been formed between the electrodes and hybrid composite
(PVC-LSPS) which favors the decrease in the interfacial impedances. The hybrid
composite electrolyte also shows a series of enhanced electrical and electrochemical
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properties like high conductivity of 2.0 x10-* S cm™ at room temperature, wider span
of electrochemical stability window of 4.5 V, improved Li-ion cationic transport num-
ber of 0.60 and good compatibility of hybrid composite electrolytes with Li metal
anode. The fabricated all solid state battery cell Li/LiFe ,Mn, PO, using this hybrid
composite electrolyte shows high specific capacity of 130 mAhg" and cycling stabil-
ity of 140 cycles at 0.5 C (Ju et al. 2018). Thus, the results obtained from various stud-
ies showed that polymer-sulfide-type hybrid composites will be successfully used in
high-performance electrochemical applications.

2.4 POLYMERIC/IONIC LIQUID QUASI-SOLID HYBRID GELS

The application of ionic liquids has been extensively used in several areas of science
and technology. Ionic liquids are powerful solvents, and they have been used as elec-
trolytes. In general, the melting point of ionic liquids (ILs) is lower than 100 °C.
Tonic liquids are salt, which has shown properties such as ion conducting capability,
non-flammability, good thermal stability, wide electrochemical window (up to 5-6
V vs. Li*/Li), and non-volatility. It is possible to immobilize ionic liquid with various
host polymeric matrices in the presence or absence of inorganic fillers to form
IL-based hybrid quasi-solid electrolytes. The ionic liquid in the quasi-solid hybrid
act as a supplier of charge carriers (mobile cations and anions) for conduction; a
solvation media of ionic salts; and stable plasticizer for polymeric-based hybrid
matrices (Chaurasia et al. 2022; Yang et al. 2020; S. Zhang et al. 2014). The ideal
hybrid electrolyte characteristics are high conductivity, electronic insulation, physi-
cal stability, chemical stability, electrochemical stability, being inert, having excel-
lent contact and compatibility with electrodes, being robust against abuse conditions,
environmental friendliness. It has been believed that the ionic liquid incorporated
hybrid electrolyte systems that wisely utilize the strength of their components and
the interactions among the components can lead to real a breakthrough for next-
generation large-scale battery applications. With the incorporation of ionic liquid,
some of the polymeric quasi-solid hybrid networks show ionic conductivity within
the range of 102 to 10-* S cm™ at room temperature (Guyomard-Lack et al. 2014;
Tripathi, 2021). However, the ternary hybrids formed with polymers, ILs and inor-
ganic materials have capabilities to achieve improved physical and chemical proper-
ties towards developing next-generation lithium ion rechargeable battery electrolytes.
Such polymer-based quasi-solid hybrid electrolytes belong to a subcategory of
organic/inorganic and have gained much attention because of their flexibility, high
conductivity, wide temperature range of operation, wider span of electrochemical
stable window and higher temperature operations. Huo et al. (Huo et al. 2017) pre-
pared a hybrid membrane composed of PEO, 200 nm sized Li, ,La;Zr, ,Ta, (O, par-
ticles and IL [BMIM]TF,N for interfacial wetting. The oxidation decomposition
potential from the LSV curve increased from 4.65 V to 4.85 V when [BMIM]TF,N
was added. Similarly, Zhan and co-workers (Zhan et al. 2019) grafted 1-vinyl-3
cyanopropyl imidazolium bis(trifluoromethyl sulfonyl) imide IL and oligomeric
PEO chains to the backbone of polysiloxane due to the presence of strong electron
withdrawing nitrile groups in the graft. IL, together with the imidazole ring, decep-
tively increased the anodic oxidation decomposition potential of the hybrid (0.7 V
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difference compared with the group without nitrile) as well; suppressing the growth
of lithium dendrite is critical for ensuring battery safety and cycling stability. It has
also been used a UV curing method to prepare cross-linked composite polymer elec-
trolytes (PIL) with evenly dispersed boron nitride nanosheets and IL electrolytes. It
has also been found that adding proper nanosized ceramic fillers and ILs at the elec-
trolyte/electrode interface improved compatibility and was favorable for stable SEI
formation (Ma et al. 2019; Yang et al. 2018). Yang et al. (Yang et al. 2020) have
shown that a unique class of organic-inorganic hybrid electrolytes based on IL-grafted
POSS exhibits many remarkable features, including non-flammability, superior
room temperature ion conductivity and excellent electrochemical stability, for
Li-metal batteries. Batteries with this electrolyte have been cycled at room tempera-
ture. However, considerable work remains to be done. We believe that this work
provides a promising structural platform for the development of new solid state elec-
trolytes for ambient-temperature lithium batteries.

2.5 APPLICATION OF ORGANIC-INORGANIC HYBRID
ELECTROLYTES IN ELECTROCHEMICAL DEVICES

In general, organic-inorganic composite solid electrolytes (CSEs) form by the
blending of polymer and inorganic ceramics to obtain enhancement in the perfor-
mance solid electrolytes. Comparing to polymer and inorganic electrolytes, organic-
inorganic hybrid electrolytes exhibit excellent mechanical characteristics, enhanced
ionic conductivity and improved interfacial stability. Indeed, the consistent progress in
the organic-inorganic composite electrolytes with remarkable properties is the need
of future electrochemical devices. A schematic representation of organic-inorganic
hybrid electrolytes which arises from combining the flexible polymer and inorganic
fast ion conductors with their improved properties is shown in Figure 2.4.

Till now, various organic-inorganic CSEs have been reported. The development
of organic-inorganic CSEs in various electrochemical devices have been evaluated
in terms of the ion transport mechanism, electrochemical and mechanical properties,
and their potential to overcome the challenges of future batteries and supercapacitors.

2.5.1 AppLICATION OF ORGANIC-INORGANIC HYBRID ELECTROLYTES
IN BATTERIES

Batteries have shown several advantages such as including flexibility, process-ability
and compatibility with electrodes. Solid Polymer Electrolytes (SPEs), which have
shown promising electrolytes for rechargeable batteries, contain polymer matrices
and salt of lithium. A series of polymer hosts such as poly(ethylene oxide) (PEO),
polycarbonate (PEC), polyvinylidene fluoride (PVdF), polyacrylonitrile (PAN) and
their derivatives have been extensively used for practical polymer electrolytes in
many electrochemical applications (Gupta et al. 2016; Yi et al. 2018). However, most
of the SPEs show the ionic conductivity less than 10-8 to 10> S cm™ at room tem-
perature, but this doesn’t meet the practical required conductivity of 102 S cm™
(Inda et al. 2007). Inorganic solid electrolytes (ISEs) exhibit much higher ionic
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FIGURE 2.4 Advantage of organic-inorganic composite solid electrolytes.

Source: This figure is reprinted with permission from Zhang et al. (2020, Copyright 2019, Wiley-VCH
Verlag GmbH & Co).

conductivity (range of 10~* to 102 S cm™) at room temperature, and such higher
ionic conductivity makes them suitable candidates for practical solid state batteries.
The ion diffusion process of ISEs is mainly controlled by the ionic size and lattice
volume. However, ISEs have limitations which hinder their applications. These limi-
tations, due to some shortcomings like poor mechanical properties and higher rigid-
ity, prohibit their application in flexible devices. Moreover, most of the ISEs are
unstable with electrodes. A passivated interface layer between ISEs and electrodes
can form after contact with electrodes; it reduces the cycling and rate performance
of all solid state batteries. The unstable interface layer also restricts their practical
application in Li-metal batteries. Researchers have made many attempts to solve the
previously mentioned problems in past decades, and optimized properties of electro-
lytes are difficult for any single SSE (Zhou et al. 2018).

In the past few years, organic-inorganic CSEs have gained extensive attention
due to their superior thermostability, mechanical properties, excellent processabil-
ity, straightforward fabrication and improved safety (Dai et al. 2018). However, it is
urgent to improve their electrochemical response for high-energy solid state batteries
(Hu et al. 2017), such as room temperature ionic conductivity, interface stability with
electrodes and electrochemical window. The recent advances of organic-inorganic
hybrid electrolytes have been summarized in terms of their fabrication strategy,
ion movement mechanism, electrochemical and mechanical properties, and device
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performances. It was found that the addition of inorganic ceramics into the polymer
electrolytes can significantly enhance the ionic conductivity, expand the electro-
chemical window and improve mechanical strength (Yang et al. 2017). Therefore,
the organic-inorganic hybrid electrolyte is the suitable candidate for high-energy
lithium batteries, which has opened up a new path for solid electrolytes. Although
various efforts have been carried out in this field, serious problems and challenges in
the implementation of the practical application must be sorted out.

In order to obtain the better ionic conductivity of the CSEs, achieving improved
comprehensive electrochemical properties are essential. The improvements in the
ionic conductivity, the inorganic component which shows the high ionic conductiv-
ity and continuous positive ion transport channels, have been explored. Thus, porous
one-dimensional or three-dimensional inorganic ceramic nanostructures design was
found more effective. Electrolytes with high positive ion transportation can availably
reduce concentration polarization in solid state batteries, thus selecting the polymer
matrixes with single ionic conductivity might be beneficial to improving the positive
ion transfer number. Stable and strong interfacial attachments with anodes as well
as cathodes suppress the interfacial resistance, which assure the cycling stability
of solid state batteries. Therefore, flexible polymer materials could be employed as
the matrix of organic-inorganic hybrid electrolyte, which is an effective strategy to
achieve a compact contact between the electrolyte and electrodes (Liu et al. 2018).

The conducting mechanism in organic-inorganic hybrid electrolytes embedded
in solid state batteries still requires deep understanding. The origin of space charge
region due to the interface between the polymer matrix and inorganic components
plays a crucial role in ion transport. The mechanism can be understand well using
in-situ techniques such as an in-situ transmission electron microscope (TEM),
high-resolution nuclear magnetic resonance (NMR). Simultaneously, theoretical
simulations would be favorable for understanding the ion migration behavior. Such
fundamental research would serve as guidelines for the rational design of new
organic-inorganic composite electrolytes.

The research area of hybrid electrolytes in the areas of solid state batteries needs
to explore also thermal stability and cost of solid composite electrolytes. For exam-
ple, electrolytes exhibiting low temperature ionic conductivity with superior non-
flammability would be likely more reliable to apply in various fields. Apart from low
cost and handy fabrication procedures, it should be considered for large-scale practi-
cal applications, which demand additional efforts in the future. However, few com-
posite electrolytes have exhibited excellent comprehensive performances for practical
solid state batteries. Future research would be based on improving the electrochemi-
cal performance along with the mechanical properties of the composite electrolytes.
Some studies on the hybrid materials are elucidated. Diganta Saikia et al. have
reported a enhancement in the conductive organic inorganic hybrid polymer electro-
lytes which is obtained by the reaction of Poly(propylene glycol)-block-poly(ethylene
glycol)-block-poly(propylene glycol) bis(2-aminopropyl ether), 2,4,6-trichloro-1,3,5-
triazine and alkoxysilane precursor 3-(glycidyloxypropyl) trimethoxysilane, and fur-
ther doping of LiClO,. This solid hybrid electrolyte exhibits a higher ionic
conductivity of 1.6 x 10~ S cm™ at 300 K, which is the highest among the organic
inorganic hybrid electrolytes. This hybrid was electrochemically stable up to 4.2 V
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(Saikia et al. 2016). The results of lithium-ion battery tests show this organic inor-
ganic hybrid electrolytes fulfill almost all conditions for the applications in electro-
chemical devices and lithium-ion batteries. In a recent report, Nataly Carolina
Rosero-Navarro et al. proposed that organic-inorganic hybrid electrolyte obtained
from an organic network of poly(ethylene oxide) chains inducted an inorganic
Si-O-Si backbone system with lithium salt, as a novel interfacial material between a
garnet-type oxide solid electrolyte and high potential cathodes. The low resistance
solid-solid interface is studied between the solid electrolyte and LiCoO, which
achieved by the hybrid solid electrolyte. They have shown that the hybrid material
supports an ionic/electronic percolation of active material particles and resulting out-
standing adherence properties (Rosero-Navarro et al. 2020).

2.5.2  APpPLICATION OF ORGANIC-INORGANIC ELECTROLYTES
IN SUPERCAPACITORS

The supercapacitors and pseudo capacitors store charge through surface ion adsorp-
tion (non-faradaic) and surface redox reaction (faradaic), respectively. In order to
achieve higher performance with stable electrochemical electrodes, architectural
development in the electrode as well as electrocatalytical research is required.
Electrochemical supercapacitors based on metal oxides and conducting polymers
favor voltage-changing redox processes, where faradaic and non-faradaic mecha-
nisms taking place concomitantly, are called hybrid supercapacitors (Gupta et al.
2017; Singh & Chaurasia, 2021; Zhang et al. 2020). The organic-inorganic hybrid
supercapacitors are the basically nanoscale hybridization of super capacitive nano-
carbons (activated carbon, nanotubes, mesoporous carbon and graphene-family
nano materials) and pseudocapacitive or redox active transition metal oxides. In this
context, graphene is the most suitable candidate of activated carbon because of its
extraordinary physical-chemical properties. Moreover, functionalized graphene,
such as graphene oxide (GO) and reduced form (rGO), is attracting a great deal of
attention because of its tunable electrical conductivity, mechanical robustness and
easy processability. Such materials with high surface area and higher functional
groups can easily increase speedy faradaic reactions at the surface as well as storing
electrical energy in transient chemical bonds possessing high specific power and
energy density and excellent cycling stability. The continuous improvement in the
new class of hybrid supercapacitors blurs the boundaries between batteries and
supercapacitors. The significant progress toward hybrid supercapacitors requires
deep understanding of storage mechanisms of transition metal oxides on graphene
support with optimal loading and at the molecular level (Bagri et al. 2010; Loh et al.,
2010; Novoselov et al. 2004).

The molecular clusters of large metal cluster anions are formed by transition
metal oxides which possess an ability to form dynamic structures called
Polyoxometalates (POMs). Polyoxometalates (POMs) can attain various shapes and
sizes, and complex co-ordinations correspond to large inorganic molecules. POMs
are classified into three broad subsets (Byrappa & Yoshimura, 2012). Heteropoly
anions (HPAs) are metal oxide clusters containing hetero anions like SO,* and
PO~ which have shown high reversible redox activities and are the most exploited



Organic-Inorganic Polymer Composites 59

subset for electrochemical and catalytic activity. They possess Keggin [XM,,0,,]""
and Well-Dawson [X,M,;Og,]n~ anion structures (where M = Mo(VI), W(VI), Ta,
Nb or V(V); and X is a tetrahedral template) and have high charges and strongly acid
oxygen surfaces. The second ones are isopolyanions, composed of a metal oxide
framework; however without the internal heteroatom/heteroanion isopolyanions
they are less stable. Lastly, reduced POM clusters are related to molybdenum blue
species and usually their composition is largely unknown with substantial ongoing
research. The POM molecules that are central to this work are mostly symmetric
HPAs including Gupta & Price (2015).

The integration of POMs with graphene have been leading to the development
of new concepts of hybrid materials where surface functional moieties on GO and
rGO serve as chemical linkers and POMs clusters as molecular spacers for graphene
sheets that allow excess large specific surface, enabling higher storage capacity oth-
erwise inaccessible for ion adsorption due to self-aggregation. However, the syn-
theses of graphene-POM hybrids as high-performance electrochemical electrodes
remain elusive and a fundamental understanding of interfacial capacitance with
optimal loading and associated physicochemical properties are yet to be determined
(Gupta & Carrizosa, 2016).

The development of a series of high-performance “organic-inorganic” hybrids
consisting of pseudo-capacitive phosphomoylbdate (and phosphotungstic) molecu-
lar network anchored to or distributed on the super-capacitive reduced graphene
oxide (-GO) nanosheets have been explored. The nanosized polynuclear redox
active molecular network with higher oxidation state transition metals are suitable
to achieve high specific energy capacity due to multi-electron redox reactions. The
interesting properties are obtained on the interaction of functionalized graphene,
POW and POM nanodots. Such hybrid materials have elucidated extended better
operating voltage, harvested enhanced specific energy and power density (Wen
et al. 2012). The outstanding response is that hybrid nanoscale inorganic with organic
materials, especially r-GOs, provide chemical functionality, synergistic coupled
charge storage mechanisms. On the other hand, mesoporous and topologically inter-
connected morphology of r-GO nanosheets generates electronic as well as ionic con-
ducting paths also. The mechanism can be explored where molecularly bridged and
chemically anchored POM and POW nanoclusters create tailored interactions, pro-
vide high specific capacitance, interfacial contact area at electrode/electrolyte inter-
faces and accessibility for ion adsorption, which provides new conductive pathways
for charge transfer. The redox active electrolyte provides extra protons and improved
ionic conductivity and additional faradaic active sites for storage capacity.

2.6 CONCLUSIONS AND FUTURE PROSPECTS

In this chapter, an overview of the significance of organic-inorganic hybrid materi-
als and their possible applications in the field of solid state electrochemical devices
are discussed. It has been already reported that organic-inorganic hybrid materi-
als have been used potentially in the development of nanoelectronics, drug delivery
systems, bioimaging, hybrid solar cells and many more fields. In organic-inorganic
hybrid materials, the polymers play a role as a stabilizer whereas an inorganic metal
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provides mechanical strength, transparency, conductivity, optical properties, etc.
Scientists have shown a strong commitment to develop nano assemblies of organic-
inorganic hybrid material species in the areas of energy conversion, storage fields.

Organic-inorganic hybrid materials as composite solid electrolytes (CSEs) exhibit
superior thermostability, mechanical properties, excellent processability, easy fabri-
cation and high safety relative to traditional solid electrolytes. But still many chal-
lenges remain to be overcome for large-scale applications. CSEs are yet to show
a better response in their electrochemical performances, like ambient temperature
ionic conductivity, stability at the interface electrodes, and the need for a broader
electrochemical window. This chapter is dedicated to exploring the history of
organic-inorganic hybrid electrolytes and evaluates the possibility of the broad level
application of CSEs to fulfill the requirements in the field of energy. The advantages
of organic-inorganic CSEs have been summarized in terms of their design prin-
ciples, ion transport mechanisms, electrochemical and mechanical properties, and
battery performances. The authors also discussed the impact of induction inorganic
ceramics into polymer electrolytes to improve enhancement in their ionic conductiv-
ity, to extend the electrochemical window and mechanical strength. It is believed that
organic-inorganic CSEs will be optimal candidates for high-energy batteries and
high-power density supercapacitors/hybrid supercapacitors, which opens up a new
avenue for solid electrolytes.
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3.1 INTRODUCTION

Dielectric spectroscopy (DES) is an extremely effective technique for characterizing the
molecular dynamics of polymers, monomers and other insulating materials over a very
broad frequency range from kilohertz to gigahertz. The ion dynamics and the relaxation
in the polymer matrix at the microscopic level can be investigated in the polymer com-
posites by dielectric spectroscopy. To understand the charge storage and ion transport
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perfectly, deep insights into dielectric parameters (complex permittivity, complex conduc-
tivity, modulus, loss tangent, relaxation time) are vital parameters for quantifying the
energy storage ability and for determining the exact electrical transport mechanism of the
charge. A polymer composites matrix comprises a polymer host with salt dissolved in it.
This salt gets dissociated into ions on interaction with polymer chains. Cations, due to their
smaller size, contribute to conduction, while anions due to their bulky size remain immobi-
lized in the matrix. Overall, the charge migration occurs via the coordinating sites pro-
vided by the electron-rich group of the polymer chains. Polymer chain relaxation
promotes the forward ion migration via the segmental mechanism and hopping mecha-
nism. For faster ion dynamics, shorter relaxation time is favorable and in relation to con-
ductivity, relaxation time is given as ot T = constant, in any polymer electrolyte system.
Conductivity is a crucial parameter for any device and decides the overall performance of
the device. Conductivity is linked to the dielectric constant (¢'), dielectric loss (£"), com-
plex conductivity (¢”), relaxation time (z), and the segmental motion of the polymer chain
role [Ratner, and Shriver 1988; Wang et al. 2012; Anantha and Hariharan 2005].

This chapter starts with the basics of the dielectric and some characteristic terms
essential for a proper understanding of ion dynamics. Subsequently, various physical
models proposed by different researchers have been summarized and then some key
results have been presented.

3.1.1 CompLEx DIELECTRIC PERMITTIVITY

The complex dielectric permittivity is represented as &* = &' — je". The real part of
dielectric permittivity (¢') indicates the alignment of dipoles or polarization, and
the imaginary part of (¢”) is termed as a dielectric loss. The real and imaginary
parts are expressed in terms of the real and imaginary part of impedance as given
in equation 3.1.

2 _Z” " Z,

g'=—————ande¢" = ————— G.0)
oC, (Z-+Z7) wC,(Z-+Z7)

The dielectric constant is also linked to the extent of salt dissociation, and in polymer

electrolytes, the number of charge carriers depends on the dissociation energy and

the dielectric constant. For a high dielectric constant, more free ions are required as

expressed by equation 3.2 (Woo et al. 2011).

U
n=n, exp( g'ij 3.2)
For the PEO-PVP blend, Arya and Sharma (Arya and Sharma, 2019) evidenced the
decrease of the dielectric constant at high frequency. At high frequency, ion dipoles
fail to respond to the applied electric field. Now, the ion-ion interaction decreases in
transient dipoles (cation-ether group), and only long-range ion charge carriers con-
tribute to conduction (Ngai et al. 2018; Awadhia et al. 2006; Ravi et al. 2011).

In polymer electrolytes, the origin of dielectric loss is linked to dipole response
to the field. When the field is applied, then ions migrate along the field direction but
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on field reversal, all dipoles fail to respond and so half the ion diffusion occurs in the
field direction. As a result, heat is generated in the dielectric and is termed dielectric
energy loss (i.e. ¢” = 0 for wr = 0). The dielectric loss is explained by a three-step pro-
cess during a high periodic reversal field. In the first step, the ion is de-accelerated
on a change of direction of the field, followed by a steady-state in the second step.
Then the ion is again accelerated in the opposite direction and for the zero relaxation
time, &” is zero (i.e. for w, — "0) (Ravi et al. 2011). The absence of a relaxation peak
in the dielectric loss plot is due to the dominance of the electrode polarization effect
which masks the relaxation behavior of polymer composites. Cole-Cole proposed
the distribution of relaxation time for Debye processes (Cole and Cole, 1941), given
by equation 3.3:

Ag

F———— 0<a <l (3.3)
1+(jx)'

Ex =€

Where, « is distribution parameter and X = @7; @ is the angular frequency of the
applied field and 7 is Debye relaxation time. The real and imaginary parts of the
dielectric constant can be obtained by separating equation 3.3 and expressing it as
(Cao and Gerhardt, 1990):

Ag (1 +x%sinz / Za)

g'=€,+ (3.3a)

1+2X % sin 7 / 20 + X207

X% cos 7 / 2at)

e"=Ae (3.3b)

142X % sin 7z / 2a + 209

These equations can be written in another form by replacing a with 1 -« in equa-
tion 3.3a, b (Sharma and Thakur, 2015).

The real and imaginary parts of the dielectric constant are also expressed as equa-
tions 3.3c and d.

Ag (1 + X% cos omj
2 (3.3¢)

g'=¢€,+
(041
1+2X% cos —— + x**

o . OF
X" siIn——
g"=Ag afr (3.3d)
1+2x% 0057+X2“

Here, &4 is static dielectric constant (X — 0), €5 is dielectric constant (X — ), X = @T;
o is the angular frequency of an applied field and 7 is Debye relaxation time. The
relaxation time (z,,) can be extracted from the fitting of experimental data with these
equations. Further, molecular relaxation time (z,,) can be obtained using the equa-
tion 3.4
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264+
T = % XT, (3.4)
s

Here, €5and &, are obtained from the dielectric strength (Ae = €5 —&,).

3.1.2 Loss TANGENT

Loss tangent (tan J) is the ratio of dielectric loss to dielectric permittivity (= "/ ¢'), and it
consists of a single peak. The information obtained from the loss tangent curve is cor-
related with ion mobility and ionic conductivity. The area under the loss tangent plot
reflects the number of ions contributing to the relaxation process (Ngai et al. 2018).
Relaxation peak gives an idea about the relaxation time. A molecule comprises trans-
lational, vibrational and rotational/orientation motion in the absence of a field (E = 0).
But, with the application of a field (E # 0), molecules or dipoles fail to get aligned
along the field direction. When the frequency of the applied external electric field and
frequency of molecule rotation matches properly, then proper alignment is achieved.
At this instant maximum power transfer to the molecular dipoles from the applied
field occurs and heat is produced in the system which is termed loss (Singh, 2012).
The relaxation time can be obtained by observing the relaxation peak frequency. For
deep analysis, fitting the tan § vs. frequency plot with equation 3.5 can be done:

(r-1) X 3.5)

tand = 5
r+X

Where r is the relaxation ratio (g4 / €,), &4 1s static dielectric constant (X — 0), €, is
dielectric constant (X — ), X = @7; o is the angular frequency of the applied field
and 7 is Debye relaxation time (reciprocal of jump frequency in the absence of an
external electric field).

This equation proposed by Debye provides satisfactory fitting for a single par-
ticle and non-interacting system (null interaction between dipoles). But, in the low-
frequency window, the Debye model is not in good agreement owing to the presence
of multi-type dipole polarization. To examine the broad peak, the ideal Debye equa-
tion is modified for better simulation of experimental results. Therefore, to meet
the experimental needs it becomes essential to do certain empirical modifications
by adding some parameters, as one parameter is used in Cole-Cole, Davidson-Cole,
Williams-Wats, and two parameters in Havriliak-Negami fluctuations (Hill and
Jonscher, 1983). A modified equation was proposed and was in good agreement with
the experimental results in the whole frequency window (Arya and Sharma, 2018).
So, in this ideal Debye equation shape, parameter o is added as the power law exponent
with value 0 <« <1 to fit the broad tangent delta plot (equation 3.6). This proposed
empirical equation and the presence of this factor confirm the presence of more strong
interaction in our system. The modified equation is expressed as equation 3.6:

tand = [@ x] (3.6)

r+x
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Figure 3.1 displays a close agreement of measured and fitted results. The fitted curve
is represented by the solid red lines and describes the observed results with accuracy.
The negligible slight deviation on the low-frequency side probably may be due to the
electrode polarization. One can return to the Debye model for a =1 in equation 3.6.
Figure 3.1 shows the loss tangent plot for the PEO and PVP blend complexed with
LiBOB salt (Arya and Sharma, 2019).

It may be noted that all samples exhibit the same trend with a single relaxation
peak at a particular frequency. For better analysis, this plot is divided into three
regions: (i) lower frequency region increase of loss tangent is attributed to the domi-
nance of the Ohmic component over the capacitive component, (ii) the peak in the
plot is associated with the maximum transfer of energy for the particular frequency
(w7 = 1) on the application of the field and (iii) at high frequency, decrease is attrib-
uted to the independent nature of the Ohmic part and growing nature of the reactive
component (Chopra et al. 2003). With the addition of salt, relaxation peak shifts
towards high frequency, and it suggests a decrease in relaxation time. This is also
in correlation with the conductivity value which demonstrates maxima at the lowest
relaxation time (Arya and Sharma, 2018). The modified equation fits the loss tangent
plot (solid line) in the whole frequency window, in contrast to the ideal Debye equa-
tion which is not reliable at the low-frequency window.
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FIGURE 3.1 Frequency dependence of the tangent delta loss (tan ¢) for blend polymer
electrolyte.

Source: Reproduced with permission from Arya and Sharma [27(4), 334-345, 2019, Copyright Springer].
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3.1.3  SIGMA REPRESENTATION

The suppressed features of the Cole-Cole plot at high frequencies are explored
further with a new representation termed as Sigma representation. The Cole-Cole
plot (&¢"vs. &') is very useful for the materials possessing relaxation processes and
following the Debye equation’s Cole-Cole plot (¢"vs. ¢') provides significant
information. But for high ionic conductivity polymer composites, Cole-Cole repre-
sentation becomes less useful owing to the presence of dc conductivity which leads
to a divergence of ¢” lower frequencies. o-representation (¢"” vs. ¢') successfully
describes the divergence in the Cole-Cole plot (Wei and Sridhar, 1993). As both ¢”
and ¢’ involve the multiplication of frequency with real and imaginary dielectric
parameters, so high-frequency features suppressed in the Cole-Cole plot become
noticeable in a o-representation plot. It comprises a plot between the real (¢") and
imaginary part (¢") of complex conductivity (¢*) with varying frequency. In the
plot, a low-frequency x-intercept gives dc conductivity (g,) and a high-frequency
x-intercept gives g, for 6" = 0. The diameter of the semicircle (D = ¢, — 7)) is associ-
ated with the relaxation time by the equation D =[g, (¢, — €., )]/ (27 ) and the large
value of the diameter suggests slower relaxation time, hence faster segmental
motion of the cation coordinated polymer chain (Figure 3.2a, b). The complex
electrical conductivity can be written using the following expression (equations
3.7-3.10):

c(w) =o'+ic” (3.7)
o, ZGO+M=GO +0 (3.9)
O =0 =0e,g" and o4, =0" =we, (¢ —¢,,) = we,&’ (3.9)
‘ :%:‘W(S;‘—T‘gw) (3.10)

Here, o' is the real part of conductivity, ¢"” is the imaginary part of conductivity, ®
is the angular frequency, “r” is the radius of the semicircle. And, when ¢" = O then
low-frequency x-intercept gives dc conductivity (g,), and high-frequency x-intercept
gives g,. The diameter of the semicircle (D) is inversely proportional to the relax-
ation time (7). Figure 3.3b shows the representative plot, and the solid line is the fitted

plot which is in perfect agreement with experimental results (black circle).

3.1.4 CompLex CONDUCTIVITY

The complex conductivity of the polymer composites is expressed as
" (@) =o' (@) + 16" (®), [0’ = 0,, = we " = we ' tan J, 0" = we &' = wee" tan J].
Terms have meaning as given earlier. From the frequency-dependent real part of the
conductivity plot, dc conductivity (ogc) can be extracted by drawing the intercept
corresponding to frequency-independent conductivity. The high-frequency region
follows the well-known Jonscher’s power law (JPL) which is the general characteris-
tic of a polymer composite, given by equation 3.11.
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FIGURE 3.2 Sigma representation, (a) ideal case, and (b) PEO-PVC, and x % MMMT.

Gac=0'dc(1+(a)/a)h)n) (311)
and
O =2O'dCWheﬂa)=a)h (312)

Here, o, and Oy are the ac and dc conductivities of electrolyte, while A and n
are the frequency-independent Arrhenius constant and the power law exponent is a
dimensionless frequency exponent that represents the degree of interaction between
mobile ions and their surrounding, where () < n < | (the solid line is for the fitting of
JPL). For ideal Debye dielectric dipolar-type, value of n is zero and 1 for an ideal
ionic-type crystal. At @, (hopping frequency) ac conductivity becomes double dc
conductivity (eq. 3.12). For some polymers, n may be greater than unity also (Nasri

)
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et al. 2016; Jonscher, 1978; Papathanassiou et al. 2007). Limitation of JPL is that it
is valid only at the high-frequency window and it does not consider the contribution
of the universal electrode polarization (EP) region dominating in the low-frequency
window. So, a modified equation proposed by Roy et al. (Roy et al. 2016) is consid-
ered for a better understanding of the ion dynamics parameters. One key feature is
that it fits the experimental data in the whole frequency window. The effective com-
plex conductivity can be written as equation 3.13:

-1
O :[i+_ ! ] +i0C, (3.13)
Op |a)Cd|

Now, considering equation 3.13, the real and imaginary part of the conductivity is
written as

oiCyw” cos(a2 )+Gb(Cd|a) )?

o'(w)=

(3.13a)
Gb +20'de|(0 COS( 2 j+(cd|w )

o, Cyw sm( j
o" ()= foC, (3D
Gb +20-de|60 COS( > )+(Cd|(0 )

The real and imaginary part of conductivity in the high-frequency region has been
expressed as

o'(0) =0y 1+[£]ﬂ (3.14a)
" (@)= Aw® (3.14b)

Here, all parameters have the same meaning as earlier and both “n” and “s” have val-
ues less than unity. Now, to investigate the complete frequency response we replace
the oy, in equation 3.13a by equation 3.14a and equation 3.13b by equation 3.14b.
Where, Cy is frequency-independent double-layer capacitance, @ is the angular fre-
quency, s and ¢ are exponent terms with value <1 and G, is the bulk capacitance of
solid polymer electrolytes (Wei and Sridhar, 1993).

PEO-PVP polymer blend doped with LiBOB salt was prepared (Arya and Sharma,
2018). Figure 3.3a shows the profile of the real part of conductivity and solid lines
are corresponding fits. At low frequency(w — 0), ions jump at a faster rate from
one coordinating site (—Q) —) to another. For ® < @, relaxation time increases due to
long-range ion transport. But, at high frequency (@ — ) two competing hopping
mechanisms are known; one is unsuccessful hopping when the ion jumps back to its
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initial position (correlated forward—backward—forward) and another is successful
hopping when the neighborhood ions become relaxed concerning the ion’s posi-
tion (the ions stay in the new site; i.e., successful hopping). For, o > oy, the num-
ber of successful hopping is more and indicates a more dispersive ac conductivity
(Shukla et al. 2014; Choudhary and Sengwa, 2015). When the frequency exceeds
®,, 0, increases proportionally, where n < 1. Figure 3.3b displays the variation of
the imaginary part (¢") of conductivity against the frequency and gradual increase
in frequency at high frequency for pure polymer electrolyte. With addition of salt,
frequency decreases only up to a certain frequency, termed onset frequency (@op),
which corresponds to the start of an electrode polarization mechanism. With fur-
ther decrease in frequency, maxima in (¢") is observed for a particular frequency
(i.e. maximum frequency; @ngy), indicating the complete build-up of polarization
(Arya and Sharma, 2018; Garcia-Bernabé et al. 2016; Das and Ghosh, 2017). The ¢”
again decreases with a decrease of the frequency. It is important to note that both
onset and maximum frequency peak lies toward high frequency as compared to
other polymer composites. This suggests the increase in the number of free charge
carriers and the effective electrode polarization effect.

Kamboj et al. (Kamboj et al. 2021) investigated the effect of ZrO, nanofiller on
dielectric properties of polymer nanocomposite electrolyte based on the PEO-NaPF;
matrix prepared via the standard solution cast method. Figure 3.4a shows the plot
of the frequency-dependent imaginary part of the conductivity (¢"). In moving from
right to left (towards low frequency) in the plot, ¢” decreases rapidly. At a particular
frequency (@max) maximum polarization is achieved and maxima in conductivity
are noticed, followed by a decrease in conductivity (Fuentes et al. 2017; Popov et al.,
2016). The solid line in the plot is fitted plot, and relaxation time corresponding to
0, and @y, has been evaluated. Figure 3.4b shows the variation in relaxation time
and it decreases with increase in temperature. With an increase in temperature, the
electrode polarization region also increases. So, temperature plays an effective role
in the enhancement of ion dynamics (Namikawa, 1975). It was concluded that ion
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FIGURE 3.4 (a) Temperature-dependent imaginary part and (b) variation of relaxation time.

Source: Reproduced with permission from Kamboj et al. [2021, Copyright Springer].
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FIGURE 3.5 Proposed models to understand the ion dynamics.

dynamics are influenced by nanofiller and provide easier conduction path access
to cations, which is reflected in the enhancement of the conductivity and dielectric
properties.

3.2 PHYSICAL MODELS

The ionic transport in the polymer composites is explained with physical models for
better understanding. All formalism is based on some key parameters such as the amor-
phous phase, glass transition temperature, ionic conductivity, type of ion migration
mechanism and mobility of polymer host. Figure 3.5 summarizes some key models pro-
posed to get insights into ion dynamics (Rodriguez et al. 2013; Ngai and Kanert, 1992;
Knddler et al. 1996; Murch and Dyre, 1989; Ngai, 2015; Funke and Banhatti, 2006).

3.2.1 DyNAMIC BOND PERCOLATION THEORY

This formalism is used to explain ions/electrons diffusion in a disordered system
that is going through dynamic rearrangement in a period of time (i.e. smaller than
observation time). This model is applicable for polymer electrolytes, as the dynamic
motion of polymer chains favors ion diffusion by changing the environment. Three
characteristic parameters of this model are (i) average hopping rate, (ii) percentage
of available bonds and (iii) mean renewal time (Druger et al. 1983).

3.2.2 CouNnTter-loN MODEL

The counter-ion model (CM) was proposed by Dieterich and co-workers in the 1990s.
Figure 3.6 shows the conductivity spectra obtained by the CM model (Pendzig and

()
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FIGURE 3.6 [Illustration of different frequency regimes in the dynamic of the counter-
ion model. The two intermediate regimes II and III pertain to “nearly constant loss” and
Jonscher-type behavior, respectively.

Source: Reproduced with permission from Pendzig and Dieterich [1998, Copyright Elsevier].

Dieterich, 1998). In a high-frequency window, every hop contributes to conductivity,
and a plateau is evidenced. While, at a lower frequency, the dispersive region occurs
which comprises two regions: (i) the NCL region, where only correlated dipolar
reorientations are observed (n equal to or even slightly larger than 1) and (ii) the
Jonscher region, where ions escape out of a Coulombic trap (n ~ 0.5-0.6). For long
range ion diffusion, dc plateau occurs (Pradel and Ribes, 2014).

3.2.3 Jumpr RELAXATION MODEL

The jump relaxation model was proposed by Funke and Riess (Funke and Riess,
1984). Here conductivity dispersion is attributed to strong forward-backward jump
correlations in the motion of an ion. When an ion migrates from one site to another,
equilibrium is restored by two competitive relaxation mechanisms, (i) the surround-
ing environment can relax due to hopping of other ions, and (ii) the ion can move
back to its former position. The longer the ion stays in the new position, the smaller
the probability becomes for a backward jump to occur (Funke, 1993).

3.2.4 RANDOM Free ENERGY BARRIER HOPPING MODEL

This model is based on the assumption that ion migration occurs via hopping, and
hopping charge carriers are subject to spatially randomly varying energy barriers
(Murti et al. 2016). Here, frequency-dependent conductivity is determined by the dc
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conductivity and the dielectric loss strength. Dyre (Dyre, 1988) solved this model for
disordered solids in the continuous time random walk and in the effective medium
approximation, and it was concluded that two solutions are almost indistinguishable.

3.3 RELAXATION TYPES

Under an ac field, frequency dispersion or dielectric relaxation is observed due to a
number of different polarization mechanisms. The presence of any dielectric relax-
ation then corresponds to one or more of the possible polarization mechanisms that
occur on a microscopic scale. Each relaxation process may be characterized by a
relaxation time which describes the decay of its polarization with time in a periodic
field. Experimentally, more than one relaxation process can be observed in the fre-
quency range of interest but multiple relaxation times will not be addressed here. Cao
and Gerhardt (Cao and Gerhardt, 1990) in 1990 proposed three models to calculate
various relaxation times: (i) Debye, (ii) Cole-Cole and (iii) ideal conduction.

3.3.1 DeBYE RELAXATION

Debye relaxation provides the information about the non-interacting population of
freely rotating dipoles. The expression for the ideal frequency response of localized
oscillation or motion in a condensed medium was given by Debye (Smyth, 1955) as
expressed in Figure 3.7a, b. The complex permittivity is expressed as

*

R (3.15a)
g'=¢, +1Ag2 (3.15b)
+X
g = lfg . (3.15¢)
X

Here, x = wr, 7is Debye relaxation time denoted as 7, & and ¢, are linked to dielec-

& s
tric strength as Ae = ¢, — ¢,,. We can also calculate t,,,5 (tangent delta plot) and r,,

and

(e + €.)/2 ot=1 (@) Debye (b)

“w
Cole-Cole \f

FIGURE 3.7 (a) Cole-Cole diagram; (b) comparison of Debye and Cole-Cole plot.
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(modulus time) from using equation 7,5 =7 / Jr and, 7, = 7/ 1, where r (relaxation
ratio) = &,/ &,,.

Two other relaxation times can be calculated, 7, an 7, Here, 7, =7 /1, and T, =T
Relation between three relaxation times is 7, > 7, > 7,,,5 > 7, = 7. It suggests that
the impedance and modulus plots place emphasis on the high-frequency data, while
dielectric constant and admittance plots provide information in low-frequency data.
The previously mentioned relation was also verified (Arya and Sharma, 2018).
Authors concluded that this analysis of variation of various relaxation times is in
absolute agreement with the ionic conductivity value and follows the same trend.
Also, one remarkable point to be noted here is that all relaxation times of the same
relaxation process follow the order 7, > 7,,,5 > 7, > 7, (Cao and Gerhardt, 1990). It
means that the dielectric constant and tangent delta loss peak lies at a lower fre-
quency while the impedance and modulus peak is located at high frequency. So,
due to their different relaxation peak positions a relaxation peak may be seen in one
process and be absent in another as in modulus spectra.

3.3.2 CoLe-CoLE RELAXATION

Polar dielectrics that have more than one relaxation time do not satisfy Debye equa-
tions. Cole and Cole (Cole and Cole, 1941) suggested the distribution of relaxation
time when a depressed semicircle (center below x-axis) is observed in plot. The real
and imaginary parts are also expressed as given:

Ag (1 +x"%sin 7?206)

&=c, + (3.16)

1+2x* sin % 4 x20-a)

Ag (1 +X7% cos ﬂ;j
g = G.17)
14+2x"7% gin 7% 4 x2(-2)
2

Here a is distribution parameter; its values lie between 0.2 to 0.5 for most of materi-

als. For single relaxation time, o = 0, then the previous equation becomes same as
) a . .

equation 3.15b and 3.15c. Here — is a depression angle of a curve. We can calculate

the corresponding relaxation time, 7,,,; (tangent delta plot) and 7,, (modulus time)

from using equation Ty5 =7/ r’? and, 17, = 7/ 1, where r (relaxation ratio) = &,/ ¢,
and=1/(1 - ).

3.3.3 NonN-LocALizep CONDUCTION

For non-localized conduction, a perfect semicircle will now appear in the complex
impedance plane rather than in the dielectric constant plane (Grant, 1958). Now the
dielectric function will be ¢” =¢,_ (1— jx). The relaxation time will be calculated
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as r =1, = 7,. Now, 7,, 7, 7,55 dO nOt exist since their dielectric functions have no
maxima at any x value. The non-localized process can be considered as localized

process when ¢, — 0, and 7, — .

3.3.4 HavriLIAK-NEGAMI MODEL

This is most popular model till now to analyze the dielectric spectra for broad relax-
ations, and is a mixture of the Cole-Cole and the Cole-Davidson equations (Havriliak
and Negami, 1967; Redondo-Foj et al. 2014). Here, asymmetry and broadness in
dielectric curves are demonstrated by a and b values. Although no exact physical
meaning is given to a and f.

* 4 Ag
[1+(jx)* ]13 (3.18)

Here Ade = ¢, — ¢,,, and x = 0. &, and ¢, are the relaxed (o = 0) and unrelaxed (e = ©)
dielectric permittivities, and 7 is the relaxation time of the process. Here, o and f are
shape parameters related to distribution of relaxation time which satisfy conditions
such as 0 < o< 1, and o = f = 1 for the Debye process. The parameter o is related to
the departure of the Cole-Cole plot from a semi-circumference at low frequencies,
while f is related to the skewness of the plot along a straight line, at high frequency.
Using the HN equation, relaxation time can be evaluated. This equation can be fur-
ther modified for n relaxations (Brochier et al. 2010).

& = +z

1+(]X)a’ I (3.19)

The general relation comprised of modulus is in inverse relation with complex
dielectric permittivity, real and imaginary parts are expressed as M* = M' +
jM"=M" = joC,Z" = @C,Z"+ joC,Z'. The real and imaginary part are expressed
by equation 3.20.

’ n

& &
M=———andM"=——— (3.20)
8'2 +8”2 8/2 +8"2

3.4 FREQUENCY AND TEMPERATURE ON
POLARIZATION OF DIELECTRICS

Both frequency and temperature are important parameters that influence the polar-
ization, and hence dielectric constant. This section discusses the ion dynamics influ-
enced by frequency and temperature.

3.4.1 Errect OF FREQUENCY

Electronic polarization is the fastest polarization which will complete at the instant
the field is applied. The reason is that the electrons are lighter elementary particles
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FIGURE 3.8 Schematic diagram of the complex permittivity spectrum vs. frequency, show-
ing the several types of relaxation processes.

than ions. Therefore even for very high frequency (10" Hz), applied electronic polar-
ization occurs during every cycle of the applied field. Ionic polarization is a little
slower than electronic polarization as ions are heavier than the electron cloud, and
the time taken for displacement is large and occurs up to 10'* Hz. For higher frequen-
cies ions do not respond. Orientational polarization is even slower than ionic polar-
ization. This type of polarization occurs only at electrical frequency range (=10'° Hz)
below microwave region. Space charge polarization is the slowest because it has to
diffuse over several atomic distances. This process occurs at very low frequencies
(10* Hz). Figure 3.8 explains the four types of polarization at different frequency
ranges.

It is noted that at low frequencies, all the four types of polarizations occur and
total polarization is very high. Total polarization decreases with increase in fre-
quency and becomes minimum at optical frequency range. Dielectric constant also
decreases with increase of frequency due to elimination of polarization contribution.

3.4.2 ErrecT OF TEMPERATURE

With increase of temperature, electronic and ionic polarization displays no change.
Orientational polarization is affected by temperature, and it decreases with increase
of temperature due to enhanced disorder which hinders the dipoles orientation along
the field, while the space charge region gets enhanced due to faster ion diffusion with
increase of temperature. So, orientational and space charge polarization contribution
can be altered by temperature. Figure 3.9a, b shows the energy barrier (AE) that
needs to be crossed for orientation by any molecule. However, with application of
field there is a change in the potential energy of the barrier. The potential energy of
dipoles aligned with field reduces, and alignment against field increases. It means
that small energy is required to cross barriers to align along the field, as compared
to alignment against the field.
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FIGURE 3.9 Orientation of dipoles without and with field.

When the energy of molecules is smaller than the energy barrier, then it fails to
orient due to inability to cross the energy barrier. So, dielectric constant decreases
owing to no contribution from orientation.

Three important effects of temperature are (i) increase of dielectric constant due
to ease of dipole rotation, (ii) faster segmental motion of polymer chain and (iii)
improved salt dissociation due to thermal activation (Arya and Sharma, 2019). The
salt dissociation is linked with the lowering of the activation energy (E, = q°/ 4meqegl)
(Fragiadakis et al. 2009). At ambient temperature, the energy barrier is high due to
coordination of the cation with the host polymer and the cation migration is linked
with the polymer chain motion. While, with increase of temperature polymer flex-
ibility increases which lowers the time taken by cations to migrate from one coor-
dinating site to another. As ion migration occurs via ion hopping, so the hopping
distance alters due to thermal activation. Generally, with increase of the temperature
average hopping length \/ﬂ decreases.

Another important parameter is hopping potential barrier (AE) that the ion must
overcome for a successful jump to the forthcoming coordination site. Now the aver-
age hopping length (distance between the neighboring ion pairs) decreases with
the increase of temperature. The lowering of the hopping length leads to overlap of
Coulomb potential wells and AE decreases which results in the improved mobility of
ions, hence the dc conductivity (Roy et al. 2016; Bruce and Gray, 1995). In brief, the
probability of successful hopping for the cation increases that leads to the enhance-
ment of the ionic conductivity which is also supported by lowering of relaxation time
(Dam et al. 2016).

3.5 CORRELATION OF HOPPING FREQUENCY AND
SEGMENTAL MOTION OF POLYMER CHAIN

Ion dynamics in the polymer composites are linked to hopping mechanism and seg-
mental motion. Two important factors that determine the dynamics are amorphous
phase and polymer chain flexibility. Enhancement of amorphous phase and segmen-
tal motion lowers the average hopping length (D) \/ﬂ . Correlation between the ion
hopping and the segmental motion was examined by Debye-Stokes-Einstein (DSE)
plot as shown in Figure 3.10 for PEO-PVP blend (Arya and Sharma, 2019). The



84 Polymer Electrolytes and their Composites

2.0
mPP16
- mPP18 a
: m PP20
PP22
-3.0- 1 PP24
| — DSE Fitted

log [0, (S cm™)]
&
o
1

Debye-Stokes-Einstein (DSE)

5.0 Ogo ot fy 00 oy

25 3.0 3.5 4.0 4.5
log [w, (rad s™)]

FIGURE 3.10 The plot of dc conductivity against the hopping frequency at different tem-
peratures. Solid lines are the best fit for the DSE equation.

Source: Reproduced with permission from Arya and Sharma [27(4), 334-345, 2019, Copyright Springer].

DSE equation is used for polymer composites with weak dependency to temperature
and is expressed as o4, o f; o @y (f is the egmental frequency) (Fragiadakis et al.
2009). It may be noticed that the plot shows dc conductivity behavior according to
the DSE equation for all samples with almost negligible deviation and evidence that
the only free cation is contributing to conductivity with negligible contribution from
the ion pairs (LaFemina et al. 2016; Yu et al. 2014). The authors concluded that at
particular frequency all systems depict the coupling of the dc conductivity with the
hopping frequency and only the cation is playing the key role in the enhancement of
ion dynamics.

For further insights of ion dynamics, an interaction scheme based on the experi-
mental results was proposed in two ways: (i) polymer segmental motion and (ii)
hopping barrier (Arya and Sharma, 2019). In starting, ion migration occurs via the
coordinating sites of the host polymer (Figure 3.11a). Distance between two coordi-
nating sites is known as hopping length (D,) and corresponding relaxation time of
the polymer chains is ;. With increase of temperature, the polymer matrix switches
from a rigid to a flexible nature, and hopping length of charge carriers decreases (D,
< D) due to more coordinating sites’ availability (Figure 3.11a). Hence ion migra-
tion is rapid and is confirmed by decrease of the relaxation time (z, < r;). Hopping a
potential barrier is the potential that must be overcome by the cation for successful
hopping, and is a critical parameter. For lower temperature hopping, potential is
E, and ions have to cross this barrier for successful hopping (Figure 3.11b). With
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FIGURE 3.11 Temperature-dependent ion transport mechanism.

Source: Reproduced with permission from Arya and Sharma [27(4), 334-345, 2019, Copyright Springer].

increase of temperature, decrease in average hopping length results in overlapping
of the potential barriers and hence overall barrier potential decreases as indicated
by E,. This reduction in the potential barrier (E, < E)) suggests enhanced ion mobil-
ity, and hence high ionic conductivity. Temperature enhances the dielectric prop-
erties and is a combination of the three mechanisms, (i) increase of the polymer
flexibility, (ii) decrease in hopping length and (iii) lowering of hopping potential
barrier.

3.6 SEGMENTAL DYNAMICS AND CONDUCTIVITY
MECHANISM

Polymers confined in pore systems show two phenomena: (i) slowing down of
dynamics and (ii) faster relaxation time below glass transition temperature. As per
IUPAC recommendations, micro, meso and macroporous materials are those char-
acterized by pore diameters <2, 2-50, and >50 nm, respectively. The properties of
polymer under confinement are influenced by the pore morphology, pore size and
pore chemistry. So, keeping this in mind, the molecular confinement was exam-
ined by Bujan et al. (Barroso-Bujans et al. 2016). Authors examined the effect of
Resorcinol-Formaldehyde Resin Nanoparticles (RNP) pore size on the dynamics and
structure of poly(ethylene oxide) intercalated in the porous structure of this organic
gel. RNPs exhibit a globular morphology, and intercalation of PEO was confirmed
in the interstices between RNPs.

The dielectric response was examined by Cole-Cole function via broadband dielec-
tric spectroscopy. Figure 3.12a shows the variation of imaginary part (¢”) of the dielectric
permittivity of dry neat RNPs (as empty circles), and depicts temperature-independent
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FIGURE 3.12 (a) Imaginary part of the complex dielectric permittivity of PEO/RNPs-A at
different temperatures. Solid lines through the data points represent the fits to the experimen-
tal data. Data of neat RNPs-A are included for comparison. (b) Imaginary part of the complex
dielectric permittivity and their corresponding fitting curves at 210 K for all the PEO/RNPs
samples. Slow and fast processes of PEO/RNPs-D are shown by dash and dash-dotted lines,
respectively.

Source: Reproduced with permission from Barroso-Bujans, et al. [2016, Copyright American Chemical
Society, 49(15), 5704-5713].

low and almost flat permittivity losses. After incorporation of PEO into RNPs, two
relaxation processes are noticed, and a shift towards a high-frequency window with
increase of temperature. The relaxation behavior for different PEO/RNPs (at T =210
K) is shown in Figure 3.12b, and fast and slow relaxation process are observed. The
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a-parameter in the Cole-Cole function corresponding to slow relaxation is about 0.4,
and 0.23 corresponding to fast component at 200 K. Relaxation time for PEO/RNPs is
10 times smaller than bulk PEO.

Choi et al. (Choi et al. 2016) examined the segmental dynamics of a series of
siloxane-based polar copolymers combining pendant cyclic carbonates and short
poly(ethylene oxide) (PEO) chains via dielectric relaxation spectroscopy (DRS).
The cyclic carbonate (CECA, having four oxygens) monomer exhibits slightly
higher static dielectric constant (g,) than propylene carbonate (PC, having three
oxygens) and much higher ¢, than oligomeric PEG13. Incorporation of more PEO3
side chain lowers the static dielectric constant ¢ and the glass transition tempera-
ture 7,. Dielectric contestant decreases with increase of temperature as evaluated by
the Onsager equation, and is attributed to the thermal dipole randomization. Then
dielectric relaxation process were examined by fitting dielectric loss plot with the
Havriliak-Negami equation. All samples (activation energy = ~ 33 kJ/mol) exhibit
a single secondary f relaxation at lower temperatures and a single segmental a
relaxation at higher temperatures. Three dielectric relaxation processes, o (linked
to segmental motions of the amorphous parts of PEO), f (more local segmental
motions of polymer chains in amorphous regions) and y (local intramolecular twist-
ing motion of ethylene (—CH,—CH,-) parts or local motions of the chain ends of
the polymer) are observed in PEO (Ishida et al. 1965; Heaton et al. 1996). Money
et al. (Money et al. 2012) examined the effect of J-Al,O; nanofillers in tuning the
dc conductivity, glass transition and dielectric relaxations in the polymer electrolyte
(PEO)4LiClO,. DSC analysis confirmed the decrease of 7, with nanofiller content,
and is attributed to the speed up of the structural (a) relaxation of the polymer
chains owing to filler-polymer interaction dominating glass transition temperature.
Both dc conductivity (g,.), and hopping rate (f;) increase with nanofiller addition.
Also, increase in mobile concentration factor (K) suggests increase in free charge
carriers with nanofiller addition owing to dissociation of ion clusters via nanofiller
surface groups (—OH). Modulus formalism confirmed that the conductivity relax-
ation is a temperature independent dynamical process for polymer electrolyte with
and without Al,O, nanofillers. Addition of nanofiller alters the local environment
within polymer chains, rather than in absence of nanofiller. The conductivity as well
as relaxation processes in polymer electrolytes, the imaginary part of the dielectric
permittivity (¢”), was analyzed using a sum of a conductivity term, a Havriliak-
Negami function for the a-process and Cole-Cole functions for the - and y-processes.
Finally, fitting function is given as
% N Aga Ag B Ag ¥

+
weq [1+(iwfa)a}b I+(io7y)*  1+(i0r,)*

8”_

(3.21)

Here o, is dc conductivity, t,, 74, 7, are relaxation times for o, £ and y-processes. The
shape parameter “a” determines the symmetric broadening of the process, and the
parameter “b” controls the asymmetric broadening. The analysis of dielectric per-
mittivity data confirmed the presence of three relaxations. Except PEO, all polymer
electrolytes show absence of a-relaxation. Increase in intensity of the B-relaxation,
and shift toward high frequency with addition of J-Al,0O; concentration was noticed.
This indicates the speed up of the relaxation process of polymer chains in amorphous
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phase, while the y-relaxation depicts no change in peak position and intensity. Figure
3.13 shows the temperature dependences of a-, - and y-relaxation times in PEO and
PEO with fillers.

The a-relaxation of both samples shows a non-Arrhenius temperature depen-
dence, and with the addition of the nanofiller relaxation process speeds up what is
the signature of increased free volume around polymer chains. While, both - and
y-relaxation times depict Arrhenius temperature dependences, and do not show any
significant change with addition of nanofillers. From the temperature dependence of
the conductivity relaxation, “strength parameter” D was evaluated from VTF equa-
tion (reciprocally related to fragility). This is related to the “strong” and “fragile”
corresponding to change in dynamic properties (viscosity, structural relaxation time
and diffusion constant) above T,. The increase in D value from 6.6 (nanofiller free)
t0 9.6 (4 wt % nanofiller) indicates the decrease in fragility of the polymer electrolyte
system, which indicates that the polymer-filler interaction is nonattractive (Agapov
and Sokolov, 2011; Starr and Douglas, 2011).

The conductivity behavior of polymer composites was also examined by
exploring the dielectric properties (Chilaka and Ghosh, 2014). They synthesized
the semi-Interpenetrating Polymer Network (IPN) of [poly(ethylene glycol)-
polyurethanepolymethylmethacrylate] [60:40]-montmorillonite (MMT) nanocom-
posites. With addition of MMT, a shift in T, toward low temperature suggested the
enhanced amorphous content. The real and imaginary part of a dielectric permittivity
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FIGURE 3.13 Temperature dependences of the a-, f- and p-relaxation times in PEO and
PEO with 4 wt % 5-A1203.

Source: Reproduced with permission from Money et al. [2012, Copyright American Chemical Society,
116(26), 7762-7770].



lon Dynamics and Dielectric Relaxation 89

plot displayed the decrease with increase of frequency. High value of dielectric per-
mittivity at low frequency is attributed to the presence of electrode polarization and
space charge polarization owing to charge accumulation at electrode-electrolyte
interface. It confirms the non-Debye-type dependence while decrease in high fre-
quency is due to reduction of charge polarization (Choudhary and Sengwa, 2011).
Further, the peak corresponding to relaxation in loss tangent (tan d) plot shifts
towards high frequency with addition of MMT, which indicates the reduction of
relaxation time. The sample with 5% MMT shows the lowest relaxation time (1.60 x
10-* s), and highest dc conductivity (1.09 x 10~ S cm™"), which suggests increase of
free charge carriers. Figure 3.14 shows the plot of the real part of complex conductiv-
ity against frequency. Increase of conductivity in the low-frequency window is due
to a polarization effect, while at mid-frequency a frequency-independent dispersion
region is due to true bulk (dc) conductivity of the samples. While at high frequency,
conductivity again increases due to fast reversal of applied field.

Dam et al. (Dam et al. 2016) investigated a series of ion conducting polymer-
clay composites (PEO,,-LiCF;SO;) prepared via solution casting technique. Further,
relaxation dynamics and the ionic transport mechanism are examined via broadband
dielectric spectroscopy over a wide frequency and temperature range. Sometimes,
the high value of ionic conductivity masks the relaxation processes observed in

PU-0 MMT
PU-1 MMT ,
PU-3 MMT :
PU-5 MMT

-4.5 - PU-10 MMT

4 » 0=

PU-15 MMT

Log (o/ S cm™)
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FIGURE 3.14 Conductivity versus log frequency graph for PU-xMMT with different MMT
weight percent (x is 0, 1, 3, 5, 10 and 15 wt %) simulated with NLSF method using the UPL
equation. The solid line represents the fit of experimental data to the Jonscher power law.

Source: Reproduced with permission from Chilaka and Ghosh [2014, Copyright Elsevier, 134,
232-241].
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complex dielectric spectra so to examine the accurate relaxations the dc conduction
free dielectric loss formalism is adopted and is expressed as

n ')
x—~ 72 x¢
2 o (Ino) (322

n

Eder =~

So, the plot is fitted with the HN equation to extract information about relaxation
phenomena due to the EP effect and segmental motion of the host polymer (Figure
3.15a). The value of shape parameters for EP relaxation is near unity, and is the
signature of non-interacting Debye-type relaxation. While, for segmental relaxation
shape parameters, values around 0.7 to 0.75 confirm the non-Debye-type relaxation.
Figure 3.15b shows the loss tangent plot, and ion diffusivity is obtained by using the
MacDonald-Trukhan model along with the Nernst-Einstein (NE) relation as given in
equation 3.23.
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FIGURE 3.15 (a) Complex dielectric spectra with dc conduction free dielectric loss, (b) loss
tangent (tan 8) of PEO,0-LiCF;SO,-3 wt % hMMT as a function of frequency at 7 = 258 K.

Source: Reproduced with permission from Dam et al. [2016, Copyright Royal Society of Chemistry,
18(29), 19955-19965].
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Here, L is polymer film thickness.

Further, the ac conductivity spectra was analyzed using the random free energy
barrier model (RFEBM) and the phenomenological modified Almond-West (AW)
approach. The modified Almond-West (AW) equation is expressed as (Singh et al.
2013)

n
o' =0yl 1+[ij +AF™ (3.24)

C

Here, 0,,, f. and n represent the dc conductivity, crossover frequency and power
law exponent, respectively. At crossover frequency transition from the dc ionic to
the dispersive conductivity occurs. The value of n should be between 0 and 1. A is
a weakly temperature-dependent parameter and m is another power law exponent
whose value should be very close to unity. With addition of hMMT clay, increase in
free charge carriers was confirmed, and hence high dc conductivty. The conductvity
can be expressed by RFEBM formalism also as given in equation 3.25.

Ogclelan 71(16)
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Here, o, and 7, represent the dc conductivity and relaxation time, respectively.

Three possible pathways for ion trasnport are shown in Figure 3.16a. First, ions
jump from one favorable site to another along the PEO backbone, while in second
pathway ion jumps from one favorable site to another favorable site of a different PEO
chain. At ambient temperature PEO chains have thermal motion, which can create a
new favorable site and destroy an existing favorable site. The clay-polymer and clay-
ion interactions also contribute to ion transport, and motion of ions is coupled to host
dynamics. Figure 3.16b shows the comparison of both formalism via energy barrier
potential with different hopping distance. Value of dc conductivity evaluated from
both formalism is almost equal, which suggests equal probability of cation hopping
in both.

The small difference between the experimental and theoretical results is due to the
assumption that hopping distance is equal in RFEBM formalism. This assumption
may be true at low temperature, but at high temperature increased polymer flexibility
results in varied hopping distance. So, AW formalism is better for explanation of ac
conductivity spectra. Both relaxation time (conductivity relaxation time, 7, and seg-
mental relaxation time, 7, follows the VTF behavior and increases with decrease of
temperature (Dt¢ = constant). Further, the coupling of the ionic transport mechanism
and segmental relaxation is confirmed by the Ratner approach (Wang et al. 2012).

The effect of different plasticizers—Polyethylene glycol, propylene carbonate,
ethylene carbonate and dimethyl carbonate—on the ionic conductivity and dielectric
relaxation of PEO-LiClO, solid polymer electrolytes was examined (Das and Ghosh,
2015). It was concluded from ac conductivity analysis that the PEG-based polymer
electrolytes demonstrate the highest dc conductivity and high crossover frequency
(n < 1). At high frequency dielectric permittivity is constant and is attributed to the
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rapid polarization of atoms and electrons due to the applied field. Increase of dielec-
tric permittivity with plasticizer addition is due to enhanced localization of charge
carriers. Dielectric strength is in the order of (Ag)pgg > (A&)gc > (A8)pe > (A€)y > (A&)pme
[(Ag), is for plasticizer-free electrolyte]. Relaxation time obtained after fitting the HN
equation is lowest for PEG-based polymer electrolyte and temperature dependence
of relaxation time follows VTF nature. Another report from the same group reported
the ion transport and relaxation dynamics in polyethylene oxide/poly(vinylidene flu-
oride-hexafluoropropylene)-lithium bis(trifluoromethane)sulfonimide blend polymer
electrolytes embedded with 1-propyl-3-methyleimidazoliuum bis(trifluromethyle-
sulfonyl)imide ionic liquid (Das and Ghosh, 2016). Temperature-dependent ionic
conductivity follows the VTF behavior as evidenced from the decrease of activation
energy above the melting temperature of PEO. The Jonscher power law formalism
was used to examine the ac conductivity data. Both dc conductivity and crossover
frequency increases with increase of IL content. This indicates the increase in num-
ber of free charge carriers, and cation transport occurs via hopping meachanism
from one conducting site to another. In modulus formalism, shift of relaxation peak
toward high frequency is the signature of thermal activation of charge carriers. The
real part of modulus (M,) shows dispersing with increase of frequency, and get-
ting saturated at M., for higher frequencies (Figure 3.17a). The imaginary part of
modulus is asymmetric and skewed towards the high-frequency sides of the maxima,
which suggests the non-Debye-type relaxation (Figure 3.17b).
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4.1 INTRODUCTION

Polymer nanocomposite (PNC) represents a special class of polymeric matrix
where an organic-inorganic filler network is embedded inside a polymer matrix.
These organic/inorganic fillers generally have a dimension of 10—100 A. Dispersion
of this nanofiller into the polymer matrix drastically changes inherent properties
like (i) thermal stability, (ii) mechanical stability, (iii) ionic conductivity of the pris-
tine polymer. Further, because of the smaller (~ nanoscale) size, these advancement
has been achieved with only a small vol % addition of nanofiller in the polymeric
matrix compared to micro fillers. These improvements make nanocomposites an
emerging solution to replace liquid electrolytes in Li-ion batteries. PNC is mainly
fabricated by using different mechanical mixing or via a chemical route. However,
the filler agglomeration inside the PNC matrix is a serious issue. To overcome this
issue and to obtain a highly homogeneous filler network inside the polymer matrix,
researchers have synthesized polymer nanocomposites (PNC) by different methods.
These methods have been shown in Figure 4.1 and are described in the following
sections.

In the present chapter different synthesis methods and characterization tech-
niques have been discussed. The advantage and disadvantages of different synthesis
methods have been described. A special focus has been given to the feasible tech-
niques for large-scale implementation so that technology can successfully transform
from the lab to the fabrication stage. Further, different characterization techniques

Solution cast

Pro: Easy preparation process
Con: Slow drying process

Casting technique

Pro: Low cost

Japecastiog Con: Slow drying process

Spin coater L3 Pro: Less interfacial effect

Con: Not good for highly viscous

Coatingtechnique

Pro: Possibility of mass production
= i

Con: Wedge-shaped film

Hot press
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Template assisted Screen printing =) Pro: Mass proguctlon possible
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FIGURE 4.1 PNC preparation methods.
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have been described and different information and analytical equations related to
each characterization technique have been summarized.

4.2 SYNTHESIS METHODS OF POLYMER COMPOSITE

4.2.1 SorutioN Cast

The solution cast technique or solvent casting technique is one of the most popular
techniques in polymer nanocomposite formation. This synthesis process is mostly
performed at room temperature and in an inert atmosphere. However, depending
upon the polymer matrix property sometimes elevated temperature can be used for
proper polymerization. Using this technique, a thin polymer film in um order can be
obtained with homogeneously distributed nanofillers. This process has been used to
prepare dispersed and intercalated phase nanocomposites. Different layered struc-
ture fillers like Montmorillonite, Hectorite, Graphite, and different metal oxides
have been used for this synthesis method. Montmorillonite was a filler used by Ratna
et al. for PNC preparation. PEO-LiBF,-MMT composite was prepared by stirring
the mixture at 75 °C following the solution casting method. For better hominiza-
tion, the sonication method was used (Ratna et al. 2007). Das et al. have used PEO-
PDMS polymer blend + LiCF;SO; + Hectorite clay for PNC preparation. In this
process, an adequate amount of polymer, salt, and filler have been mixed properly
by using a magnetic stirrer. For better complexation initially, polymer salt complex
was prepared then filler was added and stirred for 24 hours (Das and Thakur 2021).
Sharma et al. have used MMT for PNC preparation using PAN and LiCF,SO, as
polymer salt complex using this process (Sharma & Thakur, 2010a). Apart from
layered clay structure, Das et al. have used MWCNT for PNC preparation (Das et al.
2017), Padmaraj et al. have used ZnO to prepare a (PVdF-HFP)-LiCLO,-ZnO PNC
following a simple solution cast technique (Padmaraj et al. 2013). Typical steps for
this synthesis method are described next and shown in Figure 4.2.

1. Initially the polymer matrix will be mixed in an appropriate solvent. For a
proper homogeneous mixture, the solution will be stirred for an optimum
time at room temperature or elevated temperature.

2. Then stoichiometric amounts of Li salt will be mixed and stirred for better
polymer salt complex preparation. The stoichiometry of Li* will be calcu-
lated based on the available cation coordination site of the polymer mono-
mer (Das et al. 2013; Das et al. 2014a).

3. For PNC preparation appropriate amount of filler will be mixed and stirred
for the optimum time. The filler will be calculated based on the total poly-
mer wt %.

4. For homogeneous distribution of filler among the polymer matrix, in some
cases sonication method can be used (Ratna et al. 2007).

5. Finally the solution can be cast in a petri dish and kept for evaporation in an
inert atmosphere.

Typical process parameters and their conductivity of PNC prepared via this tech-
nique have been described in Table 4.1. The advantage of this technique is its ease
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Polymer Solvent
Stirred for optimum time at room
temperature or elevated
temperature

Polymer
solution

Polymer salt complex

Solution cast

Stirred for optimum time Saltin stoichiometric ratio

Nano filler

Stirred for optimum time ‘

| Polymer nano composite

FIGURE 4.2 Preparation method of PNC via solution cast technique.

TABLE 4.1
PNC Prepared via Solution Casting.
Polymer Salt Solvent Filler Conductivity ~ Reference
PEO LiBF, Acetonitrile Organically 0.9x 1073 Ratna et al.
modified clay 2007
PAN LiCF;SO; N,N- Na-montmorillonite 2.5x10—-2at  Sharma &
dimethylformamide 80°C Thakur,
2010a
PEO+PDMS LiCF;SO; THF MWCNT 30°C8.04 x 10 Das & Thakur
-5Scm™ 2017
PVdF-HFP  LiClO, THF ZnO 1.043x 1073 Padmaraj
S/cm etal., 2013

of preparation method. However, depending upon the solvent and polymerization
process the solvent evaporation method can take a much longer time. Since using this
process a solid polymer electrolyte (SPE) will be produced, during cell formation
there might exist an interfacial effect due to the uneven surface of SPE and electrode

material.
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4.2.2 SpiN COATING

This synthesis method has been adopted for polymer electrolytes to reduce the
electrode-electrolyte interfacial effect (Park et al. 2006). As depicted in Figure 4.3,
in this method a solution of polymer nanocomposite is directly spin-coated onto an
electrode. The PNC slurry is directly coated on the electrode surface so solid elec-
trolyte interfacial (SEI) effect can be reduced. During this process, the thickness of
PNC film can be controlled by controlling the viscosity, rotation duration, and speed
of the coater. Park et al. have obtained a thickness of 25-30 um polymer-salt (PEO-
LiCLO,) complex using a 3000-5000 rpm. Sharanappa Chapi et al. have prepared a
PNC by using a polymer blend (PEO-PVP) and nanofiller (ZnO) at 3000 and 6000 rpm

Spin coating

Polymer Solvent

Polymer salt
complex

|

Li salt

Polymer

nanocomposite

Poured in spin
coater

Spread of PNC

Rotation of spin coater

FIGURE 4.3 Preparation method of PNC via spin coating.

TABLE 4.2

PNC Prepared via Spin Coating Technique

Polymer Solvent Filler Spin Speed (RPM) Other Parameter Ref

PEO+ LiClO,  acetonitrile 3000-5000 25-30 um Park et al. 2006

PEO and PVP+ methanol ~ ZnO NPs 3000 for 40 s Chapi et al. 2016
6000 for 50 s

PEO Methanol ~ CoCl,-6H,0 3500 rpm for the 40s 1.21 x 103 S Chapi, 2020

cm!at 343 K
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for 40s and 50s subsequently (Chapi et al. 2016) with a thickness of 3.9 ~ 4.2 um. In
this process initially, a solution of polymer nanocomposite will be prepared similar to
the solution cast technique. The solution will be cast over the electrode or any other
substrate kept inside a spin coater. The viscosity of the solution, rotation speed, and
rotation duration control the film thickness and homogeneity. The main advantage of
this kind of approach is its possibility of reduced interfacial effect. However, for a
highly viscous medium, the spreading of slurry over the electrode surface may not be
uniform due to high surface tension and moment of inertia of different constituents of
the PNC. So a careful optimization of speed and rotation duration is needed for proper
spreading of slurry (Norrman et al. 2005; Krebs, 2009; Wilson & Gottesfeld, 1992).
Typical conductivity of PNC obtained via this route has been tabulated in Table 4.2.

4.2.3 Dir COATING

Dip coating is one of the most industry-friendly techniques where a large number of
films can be prepared at the same time. During this preparation process, a film with
a flat surface can be produced which is beneficial for better cell preparation. In this
process, a substrate will be dipped into a polymer nanocomposite solution and then
pulled up and kept for drying. It has been shown in Figure 4.4. During this process,
the film is deposited on both sides of the substrate. The thickness of the PNC samples
can be controlled by controlling the speed of pulling up the substance. As Phuong
Nguyen-Tri et al. described, for a slow pulling rate a thicker film can be obtained due
to faster evaporation of the solvent, whereas, for a faster-pulling rate one can obtain
much thinner film [Nguyen-Tri et al. 2018]. Wang et al. have used polypropylene as
a substrate and modified it by dipping it into PVA-SiO, solution (Wang et al. 2019).
The main disadvantage of this approach is its wedge-shaped film formation due to

TABLE 4.3

PNC Preparation via Dip Coating Method.

Substrate PNC Other Parameter Reference
PP PVA-nano SiO, Standing for 3h Wang et al. 2019
PE v-ALO,/PVAF-HFP/TTT electron beam irradiation Nho et al. 2017
PE PVdF-HFP-(Z-Si0O,) Wua et al. 2019

< Substrate

<—— PNC film

:|(’ Wedge-shaped region

FIGURE 4.4 Thin film formation by dip coating.



Synthesis and Characterization 105

solvent evaporation and draining (Brinker & Hurd, 1994). This type of film forma-
tion can create a huge obstacle for a better-performing cell. Typical conductivity of
polymer composites obtained via this route has been summarized in Table 4.3.

4.2.4 Tare CASTING

This is another low-cost synthesis method suitable for mass production of PNC sam-
ples at the industry level. Different steps involved in this process have been shown
in Figure 4.5. Using this process a PNC film with a thickness of 10-1000 pm can
be formed (Uchino, 2010; Kwon & Han, 2020). PNC preparation using the tap cast-
ing method needs a proper optimization of filler and polymer matrix. An excessive
filler might improve the ion migration through the PNC but eventually increase the
viscosity of the system. For a high viscous system removing air bubbles is very dif-
ficult, which can be fatal at the time of cell preparation. So, careful optimization of
all the constituents is very necessary for the casting technique (Uchino, 2010). In
this process, a drum filled with PNC slurry will be placed on top of a doctor’s blade
instrument. The slurry flow rate will be controlled by a pump connected with the
slurry. Further, following the doctor’s blade technique, a thin film will be cast and
kept for drying in an inert atmosphere. To control the thickness of the thin film the
micrometer attached with the blade can be used (Arya & Sharma, 2017). Pradhan
et al. have prepared a sample using the standard tape casting technique. They have
Montmorillonite as filler along with PEO as polymer matrix and NaClO, as salt.
Initially, polymer, salt, and filler have been stirred and properly mixed to obtain
homogeneous slurry and then it has been cast on a conventional tape casting machine
to obtain a thin film (Pradhan et al. 2011). Though this process is suitable for the
mass production of thin PNC film, the main drawback for this kind of synthesis
method is its slow drying process. It hinders its large-scale application. The conduc-
tivity of PNC obtained via this process has been shown in Table 4.4.

4.2.5 TemPLATE-ASSISTED PNC SYNTHESIS

In this synthesis process, a template is used to create a PNC film as shown in
Figure 4.6. This process is also very efficient to synthesize PNC films on a large

TABLE 4.4
PNC Prepared via Tape Casting Method.

PNC Other Parameter Conductivity Ref

methyl ethyl speed of 20 mm/ Nho et al. 2017
ketone+ ethanol+ LSGM+ min
Polyethylene glycol+
PEO+ NaClO,+ DMMT+ PEG 44 %x10°S cm™! Uchino, 2010
(at 40°C)
PEO,5-NaClO,+ 5 wt % 106S cm™! Pradhan et al. 2008
DMMT + x wt % PEG200
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FIGURE 4.5 Tape casting method.
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scale. In this process, slurry of polymer, salt, and filler will be poured on a template.
And after drying of the PNC film the template will be pilled off or dissolved in a
suitable solution leaving a homogeneous thin PNC film for use.

4.2.6 HEeAT-ASSISTED SYNTHESIS METHOD

4.2.6.1 Hot-press

In this method, initially polymer, salt, and filler components are dried under a vacuum
chamber. Next, the dried components are thoroughly mixed by using a ball milling
technique or motor pestle. Then they are placed inside a mold and will be kept inside
a hot press as shown in Figure 4.7. The temperature of the hot press needs to be opti-
mized based on polymer melting temperature. In this process, the PNC films are highly
homogeneous and mechanically stable. A PEO-based polymer composite with dif-
ferent salt and filler has been prepared by using this technique. PEO-LiCF;SO;-SiO,
based PNC sample has been prepared by Appetecchi et al. They have used 80-100 °C
and aluminum mold for the hot press method (Appetecchi et al. 2003a, 2003b). PEO-
LiCLO,-nano Chitin has been prepared by Stephan et al. (Stephan et al. 2009).

4.2.6.2 Melt Intercalation

This process is another thermally assisted intercalation technique. These processes
have been proved to be better than the solution intercalation process (following the
solution cast technique), because of the absence of solvent in this technique. This
lack of hazardous solvent makes it more environmentally friendly and establishes
itself at the forefront of environmentally friendly battery technology. In this pro-
cess, polymer and filler are mixed and heated close to polymer melting temperature.
At this temperature region polymers reach a molten state so they easily intercalate
inside the layered structure of the filler.

4.2.7 ELECTROSPINNING

Electrospinning has become very popular due to its ease of preparation method
and scalability for 1D or 2D structure preparation. In this process, a polymer

el
comy, - Na\'\oﬁ‘

Polymer nanocomposite solution I

FIGURE 4.7 Hot press synthesis method.
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FIGURE 4.8 Electrospinning method.

TABLE 4.5

PNC Prepared via Electrospinning

PNC Parameters Reference

MFO@C+PAN 22 gauge needle, flow rate = 20 pL min’!, Liu et al. 2016
voltage = 15 kV

PAN+PMMA+ SnCl, 21 gauge needle, flow rate = 10 pL min’!, Liu et al. 2015
voltage = 15 kV

SnCl,-2H,0+PVP+DMF 5 mL plastic syringe, flow rate = 0.3 mL h'! Xia et al. 2019

voltage = 18 kV
TiO,/N-C NFs 10-mL syringe, flow rate = 0.36 mL h'! Nie et al. 2018

voltage = 14 kV

nanocomposite solution is prepared and kept in a container connected with a syringe.
Then that syringe will be kept over a substrate and a very high potential will be
applied between syringe and substrate. It has been shown in Figure 4.8. The diameter
of the nanofiber can be controlled by varying the potential between the syringe and
substrate and the feed rate of the syringe. Hong et al. have obtained 50 pm thick fiber
with a syringe to substrate potential of 15 kV and feed rate of 3 ml/h (Hong et al.
2018). Different process parameters for the PNC prepared via this method have been
shown in Table 4.5.

()



Synthesis and Characterization 109

4.3 CHARACTERIZATION TECHNIQUE
4.3.1 STRUCTURAL

4.3.1.1 XRD

In the realm of material characterization, x-ray diffraction (XRD) is a very powerful
and fundamental tool for both crystalline and non-crystalline phases. This method
is particularly effective for determining the degree of crystallinity in amorphous,
semi-crystalline, polymer, and polymer composite materials. Max von Laue created
this technique in 1912, and it was later expanded to identify crystal structure by
W. L. Bragg and W. H. Bragg in 1913.

Highly crystalline, semi-crystalline, and amorphous polymer/polymer compos-
ites have been developed. The amount and presence of crystallinity in these materi-
als are determined by how they are formulated/processed. The following information
can be extracted from a polymer nanocomposite using this technique.

1. Determine the composite formation and its nature

2. Alter interlayer spacing of the filler

3. Determine polymers’ interchain spacing during the formation of the
nanocomposite

4. Determine polymer crystallinity

5. Recognize the stress/strain caused by composite production

6. Analyze how ion dissociation changes as nanocomposites are produced

XRD is one of the strongest tools to establish the composite formation and identify
the type of composite formation like intercalation, exfoliation, or dispersion. Sharma
et al. have used host matrix (PAN) crystalline peak at 14.1° and clay (MMT) peak at
5.8° to establish composite formation and identify the type of composite formation.
They have calculated the change of relative peak intensity of the host matrix, change
in ‘d’ spacing and interchain separation (R) using the equations 4.1 and 4.2.

2dsinf = ni @.1)

=

d = interplaner spacing, R = interchain spacing, 8 = Bragg’s diffraction angle, n =
order of maxima, and 4 = wavelength of x-ray incident on sample.

Clay interlayer spacing calculated via equation 4.1 considering the clay crystalline
peak indicates a significant increase in ‘d’ spacing from 15.1 A (for pure clay), 19.5
A (PNC with 10 wt % clay) and clay gallery width from 5.5 A to 9.9 A. This result
establishes the insertion of a polymer chain inside the clay gallery (Sharma & Thakur,
2010b). Shukla & Thakur have shown changes in the n-YSZ, d,, peak profile and
position, a significant change in the polymer interchain spacing and ‘d’ spacing upon
dispersion of YSZ in the polymer salt system (Shukla & Thakur, 2010).
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Das et al. have shown that polymer crystallinity can be estimated from XRD by
using the following equation.

Yo = (éj x100% @.3)

S = area under the crystalline peaks; S, = area under the crystalline peaks +
amorphous hump.

They have shown that upon nanocomposite formation with MWCNT the poly-
mer crystallinity drastically changes from 36.32% (polymer blend) to 12.82%
(polymer nanocomposite) (Das & Thakur, 2017). Salt dissociation is a very impor-
tant factor for polymer nanocomposite. An absence of salt peaks in XRD can
establish the dissociation of salt upon polymer salt complex (PS) or polymer nano-
composite formation. Sharma et al. have shown in a PAN-LiPF,-DMMT system
that the disappearance of characteristic salt peaks indicates the complete dissocia-
tion of salt in the PS system (Sharma & Thakur, 2013). Das et al. have shown upon
PNC formation the uncomplexed XRD peaks of LiCF;SO; at 20.4° disappear. This
indicates improved ion dissociation upon PNC formation (Das & Thakur, 2021).
Polymer nanocomposite was created by Polu et al. utilizing Poly(vinyl alcohol) and
magnesium nitrate. There is no XRD peak of magnesium nitrate in the PS sample,
showing that the salt was completely dissociated during PS production (Polu &
Kumar, 2013).

4.3.2 Microscory

4.3.2.1 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a popular technique for studying
surface/bulk properties as well as the internal structure of materials. To study the
morphology of the samples under investigation, high-energy collimated electron
beams (100—400 keV) are allowed to fall on the sample, and transmitted and dif-
fracted signals are analyzed. The structural information obtained from x-ray dif-
fraction (XRD) analysis is also confirmed and corroborated by this result. TEM
analysis is a powerful tool to understand the nature of nanocomposite preparation for
clay-based PNC.

Sharma et al. have observed homogeneously distributed clay platelets indicating
exfoliation at low clay loading whereas at high clay loading the clay platelets are
stacked in TEM (Sharma & Thakur, 2013). Mohapatra et al. have used TEM imaging
to confirm the change in ‘d’ spacing obtained from XRD upon PNC formation. They
have used PEO-LiCLO,-MMT for PNC preparation. In high clay concentration (>7.5
wt %) the presence of well-stacked clay platelets proves the occurrence of intercala-
tion (Mohapatra et al. 2009).

4.3.2.2 Optical Microscopy

Optical microscopy (OM) is used to understand the bulk surface property. SEM,
TEM images can only show a surface morphology in a limited area, whereas OM
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can identify it for a large surface area. OM is used to identify the following property
in a PNC sample:

1. Homogeneous distribution of nanofiller over the entire PNC sample
2. Existence/absence of spherulites or other surface morphology

Xie et al. have prepared a polymer clay nanocomposite using two different kinds
of polypropylene and closite clay. The OP shows no presence of agglomerated clay.
This indicates a homogeneous distribution of filler in the polymer matrix (Xie et al.
2010). Sharma et al. have prepared a CNT-based polymer nanocomposite. OM shows
a clear homogeneous dispersion of CNT in the polymer matrix (Sharma et al. 2009).

4.3.3 SPECTROSCOPY

4.3.3.1 FTIR

Fourier Transform Infrared Spectroscopy (FTIR) is a sensitive analytical instrument
for gaining a better understanding of the atomic/molecular vibrations present in the
sample under study. It confirms the presence of numerous functional groups and
backs up the structural results of the x-ray diffraction study. The theory of light-matter
interaction and the ensuing molecular vibrations underpins this approach. The energy
associated with molecular vibration is seen in the infrared (IR) spectrum of electro-
magnetic radiation. When infrared light is allowed to fall on the sample, the vibrating
molecule absorbs it. It works on the concept of a change in the molecule’s permanent
dipole moment (u) when it is excited by an infrared beam. FTIR can be used to

1. Determine ion pair and ion aggregate formation
2. Establish the polymer complex formation

Sharma et al. have used FTIR spectroscopy to investigate the cation-anion inter-
action, cation-cation coordination site interaction, and cation-cation coordinated
site-filler interaction in a PAN-LiCF;SO;-DMMT-based PNC system. A significant
change has been observed in the stretching and deformation vibrational mode of the
methylene group upon PS formation and PNC formation. This shows evidence of cat-
ion coordination with the polymer host site. Also a clear change in anion (CF;SO;")
characteristic peaks in terms of peak shift and asymmetry in the peak profile is
attributed to the ion-pair interaction. Further, the ion dissociation effect upon PNC
formation can be proved with FTIR spectra by using the following equation.

Fractionof free anion = Areaof free anion peak 4.4
Total peak area
Fractionof ion pair = Areaof ion pair peak @.5)
Total peak area

With PNC formation the increase of the fraction of free anions indicates better salt
dissociation (Sharma & Thakur, 2010a).
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Das et al. have used FTIR spectra for understanding the ion dissociation effect in
a PEO-PDMS-LiCF;SO;-MWCNT-based PNC system (Das & Thakur, 2017).

4.3.3.2 RAMAN Spectroscopy

Raman spectroscopy is a very sensitive technique that can detect structural changes
caused by lattice strain and local disorder caused by sample preparation and for-
eign element substitution. This approach is based on light scattering by vibrating
molecules of the sample under investigation and is a supplement to IR spectros-
copy. When a monochromatic source of light causes a change in atomic polariz-
ability, a material is said to be Raman active. Instead of using a wide variety of IR
sources in IR analysis, a monochromatic light source with a set wavelength in the
Raman spectrum is typically employed to investigate the sample. In Raman spec-
troscopy, monochromatic laser beams such as an Ar laser ion (514 nm), He-Ne laser
(632.8 nm), and solid-state diode laser (785 nm) are commonly utilized as excitation
sources.

C. V. Raman devised this technique in 1928 and was awarded the Noble Prize for
it in 1930.

The important applications of Raman spectroscopy are as follows:

1. Composite preparation conformation
2. Ion dissociation effect in PNC

Das et al. said a change in peak profile of CH, and C-O-C will indicate nanocom-
posite formation in a PEO-PDMS-LiCF,;SO;-Hectorite PNC sample. Further, a
change in peak profile CF; and SO, peak indicates an enhancement of ion dis-
sociation effect (Das et al. 2017). Edman have used Raman characteristic peak
TFSI at 740 cm™ to understand the ion dissociation effect concerning salt con-
centration and temperature in a PEO-LITFSI system (Edman, 2000). Caruso et
al. have used PEO-LiCF,SO; as a PS system. They indicated that the stretching
vibration of triflate ion at 1033 cm™' and ion pair vibration at 1040-1045 cm™! is
very sensitive to the local environment. So a slight change in the local environ-
ment of the triflate ion can be identified as a change in its Raman spectroscopy
(Caruso et al. 2002).

4.3.4 ELECTRICAL

The impedance spectroscopy technique is widely used to understand the electrical
properties of different polymer or crystalline materials. It is typically based on
measuring the ac response of the materials under investigation about an externally
applied ac field and then estimating the impedance as a function of frequency.
Generally, the following information can be extracted from the impedance experi-
mental data:

1. AC/DC conductivity
2. Dielectric response
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Equations used to analyze impedance data:

DC conductivity: 64, = 1 4.6)

Rx A
n
W
AC conductivity: Oa =041+ (W—J @7
p
W
Conductivity master curve: Gac _ W 4.8)
Odc Wp
: . O dexT
Carrier concentration: K = —=+— 4.9)
W,
p

0y = DC conductivity, [ = thickness of the sample, A = area of the sample, R = resis-
tivity of the samples (Das & Thakur, 2018; Das & Thakur, 2020).

Pritam et al. have used complex impedance spectroscopy to investigate the electri-
cal property of a novel Na* conducting blended solid polymer electrolyte (Pritam et al.
2021). Klongan et al. have prepared a polymer salt complex by using PEO-LiCF;SO;.
They have analyzed the role of nano alumina as filler, and PEG and DOP as a plasticizer
in a PEO-LiCF;SO, based PS system. The conductivity obtained from complex imped-
ance spectra indicates improvement of two orders (~10~7 S cm™ for PS to ~10 S cm™)
for an Al,O, based PNC; three orders (~10-*S cm™) for a DOP-based system (Klongkan
& Pumchusak, 2015). Ibrahim et al. have used CNT as filler in a PEO-LiPF,—EC-based
PS system. Using the impedance spectroscopy they have shown a 5 wt % filler content
in PNC can show a dc conductivity as high as ~103 S cm™ (Ibrahim et al. 2012). Das et
al. have used complex impedance spectra to extract the dielectric relaxation parameter
with varying temperature and salt concentration. Using the insight obtained from the
relaxation parameter they have explained the near-constant loss phenomenon in solid
polymer blend electrolytes (Das et al. 2014b; Das et al. 2015).

4.3.5 ELECTROCHEMICAL PROPERTY ANALYSIS

Electrochemical property analysis is a very important tool for analyzing the electro-
chemical performance of a cell using PNC as an electrolyte. In general for electro-
chemical property analysis, the PNC electrolyte is sandwiched between symmetric
or asymmetric electrode assemblies. Generally, cyclic voltammetry and charge-
discharge analysis are the two most popular electrochemical characterization tech-
niques for any electrochemical cell.

The capacitance value of the electrochemical cell can be calculated by using the
following equation (Gao et al. 2018).

| xdt

= = 4.10
m><(VC —Va) (.10
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m = mass loading of active material in gm, V_— V, = potential window. Hashim et al.
have used PVA-H,PO, as an electrolyte for supercapacitor and has obtained ~
90% efficiency and long cycle life (Hashim et al. 2012). Tamilarasan et al.
have prepared an all solid state supercapacitor. They have used PAN/[BMIM]
[TFSI] electrolyte and HEG electrodes. The electrochemical characterization
shows a capacitance of 98F/g @ 10A/g (Tamilarasan & Ramaprabhu 2013).
Kumar et al. have used a PVdF-LiTf—~EC-PC as electrolyte and MWCNT-
AC-PVdF-based electrode to prepare the supercapacitor. The electrochemi-
cal characterization reveals that MWCNT-based electrodes show significantly
lower specific capacitance (32 F/g) compared to AC-based electrodes (157 F/g)
(Kumar et al. 2012).

4.3.6 loN TRANSPORT NUMBER

Ion transport no analysis technique is generally used to establish the ionic conduc-
tion nature of the electrolyte material. To calculate the ion transport no the PNC
samples are sandwiched between two blocking electrodes and then a constant volt-
age (~ 50 mV) is applied to the system. The polarization current obtained from that
system is then plotted concerning time and then the following equation is used.

I+ —1
tion:—TI €l =ligy +lgotigy +te =1 @.11)
T

Using equation 4.11 Mohapatra et al. have calculated ~ 99% ionic transport for PS
and PNC samples (PEO-LICLO,-MMT) (Mohapatra et al. 2009). Shukla et al. have
prepared PNC by using PMMA-LiCLO,-CeO,. The transport no analysis of the
PNC shows a ~ 99% cationic conduction for PS as well as PNC samples (Shukla &
Thakur, 2011).

To further understand the contribution by cation in transport no analysis, the fol-
lowing equation has been used by Sharma et al. (Sharma & Thakur, 2010b).

IS(V— IORO)

I, = current before polarization, I, = current after polarization, R, = initial resistance,
R, = steady state resistance.

4.3.7 THERMAL STABILITY ANALYSIS

This is another very important analysis tool to understand temperature-dependent
phenomena inside a polymer nanocomposite. Ion migration inside a PS or PNC heav-
ily depends on its polymer backbone mobility. Further, the chain mobility is pre-
dominantly temperature-dependent. So thermal stability analysis is a very essential
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tool to understand and correlate electrical results obtained via complex impedance
analysis. In general two techniques are used for this purpose, as given below.

4.3.8 DIFFERENTIAL SCANNING CALORIMETRY

In this process change in entropy is calculated over a temperature range. DSC char-
acterization technique is very important for PNC. It revels the change in thermal
phase transition temperature over PNC formation. The following information can be
extracted from this technique.

1. Glass transition, and melting temperature
2. Estimation of crystallization

Salehan et al. have shown that the introduction of Al,O; filler in a corn starch-Lil
electrolyte system significantly decreases the crystalline melting temperature. A sig-
nificant decrease in crystalline melting temperature indicates improved interaction
between polymer host and nanofiller (Salehan et al. 2021). This eventually improves
the amorphous content in the system. Pandey et al. have prepared PEO: NH,HSO,
(80:20 w/w) + x% Si0O,. The DSC thermogram indicates a significant change in glass
transition temperature and crystalline melting temperature concerning the PS sys-
tem (Pandey et al. 2008). Chen & Chang have calculated the crystallization percent-
age of PEO-LiCF;S0;-Clay by using the following equation.

Heat enthalpy of crystalline polymer
phaseunder study

Heat enthalpy of crystalline polymer
phaseof pure polymer

Crystallization percentage = 4.13)

It shows the crystallinity significantly decreases as the clay concentration increases
(Chen & Chang, 2001).

4.3.9 THERMOGRAVIMETRIC ANALYSIS

TGA can be primarily be used in understanding the degradation temperature of PNC
sample.

Li et al. have prepared a PNC sample using the PEO-PDMS-LiTFSI-OMMT sys-
tem. They have shown the introduction of ionic liquid and OMMT has improved the
thermal response of PNC. They have also concluded that the presence of OMMT has
restricted the segmental motion of the polymer and improved its thermal stability (Li
et al. 2013). Similar improved thermal stability has been observed in PEO-PMMA-
LiCLO,/LiTFSI-based PNC prepared by Liang et al. They have reported improved
thermal stability (6.1% degradation) compared to their PS counterpart (7.3% deg-
radation) (Liang et al. 2015). Sharma et al. have shown with a change in clay con-
centration in PAN-LiCLO,-MMT-based PNC the thermal degradation temperature
changes (Sharma et al. 2008).
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4.3.10 NMR ANALYsIS

The NMR technique is a very strong tool to investigate the proton transport property
of any PNC samples. In a PNC sample cations propagate via different long-range and
short-range relaxation assisted by polymer backbone in different atmospheric con-
ditions. NMR is a very useful tool to separate the Li*, or any other cation dynam-
ics from polymer backbone dynamics. Wong et al. have used NMR spectroscopy
in PEO+Li flurohectorite samples to understand the Li* migration and to calculate
relaxation parameters of the cations (Wang et al. 1996). Saikia et al. have used NMR
spectroscopy to understand the cation association with different coordination sites of
polymers, plasticizers, and nanomaterials in a gel polymer electrolyte consisting of
P(VdF-HFP) + (PC + DEC) + LiClO, + Silica aerogel. They have observed prominent
changes in 7Li peak profiles with a variation of silica aerogel (Saikia et al. 2009).

4.4 CONCLUDING REMARKS

A detailed review of polymer nanocomposite synthesis and its different charac-
terization methods have been discussed here. Polymer nanocomposite properties
and the possibility of their large-scale implication heavily depend upon prepara-
tion technique. So a detailed study of PNC thin film preparation by casting tech-
nique (solution casting, tape casting), coating technique (spin coating, cip coating),
template-assisted method, heat-assisted method (hotpress, melt intercalation), and
1D/2D PNC nanofiber preparation via electrospinning method have been discussed,
along with their advantages and disadvantages. Further, different PNC characteriza-
tion techniques (structural, thermal, surface morphology, electrical, spectroscopy)
have been discussed here. A different analytical expression for those character-
izations techniques have been summarized here. Shortly PNC is likely to replace
conventionally and presently used liquid electrolyte technology for energy storage
devices. So a suitable preparation methodology is very much necessary which can
successfully transfer technology from lab scale to large scale fabrication without
compromising its properties.
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5.1 INTRODUCTION

The high demand of energy in the last few years attracted a flurry of research activ-
ity in the field of alternative sources of energy (renewable energy) (Tanwar et al.,
2022b). As the population is growing rapidly, the optimisation between the produc-
tion and demand of energies is facing challenges in the coming days (Tanwar et al.,
2021). Fossil fuels such as coal, petrochemicals, natural gas and nuclear energy are
supplying the majority of energy demand globally, and they are considered lifelines
for various utilities including automobiles and other sectors (Wilberforce et al.,
2019). Though they contribute ~70% of electricity production globally, their non-
renewable nature and continuous depletion have created big issues (Tanwar et al.,
2022a). Many studies on fossil fuels have indicated that these major contributors
of energy on earth are exhaustible and depleting continuously. In addition to that,
these sources of energy have shown a harmful impact on the environment via carbon
emissions, which has led to the quest of alternative sources of energy generation for
domestic and industrial operations (Singh et al., 2022). The world body’s striving for
the reduction of carbon emissions has also forced different countries to think about
other sources of energy (Wilberforce et al., 2017). In view of these issues, renew-
able energy production and storage is urgently required to fulfil the energy needs
of domestic and industrial evolution. Some storage devices such as electric capaci-
tors, batteries and fuel cells have been developed. Typically, the electric capacitor is
made of two metal plates separated by a dielectric medium. The storage capacities
of capacitors are found to be very low. Though batteries are used to store a large
amount of charges, the power density of the battery is found to be low as it takes suf-
ficient time to charge and discharge. So, in order to fill the gap between capacitors
and batteries, supercapacitors have received tremendous worldwide attention due to
their potential applications. Supercapacitors are considered as a bridge between bat-
teries and electric capacitors (Tanwar et al., 2021). The charge capacity and power
density of supercapacitors are relatively high (i.e. they are capable of charging (tak-
ing energy) and discharging (releasing energy) very fast). The present chapter is fully
devoted to polymer electrolytes for supercapacitor applications. Properties of super-
capacitors are tailored by selecting appropriate electrodes and electrolytes (Arya
et al., 2021). Wide research is being carried out globally in this field to identify/
search for electrodes and electrolyte materials to optimise the property of superca-
pacitors to make them cost effective, eco-friendly.

5.2 BACKGROUND OF SUPERCAPACITORS

The concept of energy storage is not new but rather started back in the eighteenth
century. The roadmap of development of research in the supercapacitor field is
depicted in Figure 5.1a. The first attempt in this direction came in to existence by
a German engineer Ewald George von Kliest in 1745. Further on the same year, a
Dutch scientist Pieter van Musschenbroek invented the first capacitor on the same
principle, and it was named the Leyden jar (Keithley, 1999). The Leyden jar was a
simple device containing a glass jar filled with water and lined with a conducting
foil inside and out. Daniel Gralath, a Poland physicist, attempted to improve charge
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FIGURE 5.1 (a) Progress of the supercapacitor; (b) sketch of Ragone plot for different
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Source: (a) Reproduced with permission from Jingyuan Zhao & Burke (2021, Elsevier); (b) Forouzandeh
et al. (2020).

storage capacity by demonstrating such jars in parallel combination. Benjamin
Franklin studied extensively on the Leyden jar and concluded that the electric
charges were stored on glass plates rather in the water as presumed earlier (von
Kleist, n.d.). He also demonstrated the combination of several jars and named it a
‘battery’. The term ‘capacitor’ was adopted in 1926 and previously these capacitors
were termed as condensers and coined by Allesandro Volta in 1782 in reference to
their ability to store more density of charges as compared to that of isolated con-
ductors. Later, in the 1830s a renowned English scientist Michael Faraday observed
that the materials used between the plates plays a key role in storing the charges.
He made major contributions in the field of capacitors including the concept of a
dielectric constant. The unit of capacitance ‘Farad’ was named to give honour to
Michael Faraday. Later on several other attempts were made with various dielectric
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materials such as mica, porcelain and paper to improve the charge storage capacity
of the capacitor. Charles Pollack invented the first electrolytic (alkaline electro-
lyte) capacitors. Bell Laboratories invented a new type of tantalum capacitor in the
1950s having solid electrolytes and capability of storing more electric charges in
less space.

Several capacitors were developed using different dielectric materials to store
electric charges but their potential applications are limited. These capacitors are
mainly used as circuit elements and filter to stop dc signals. After the Second World
War, the industrial revolution started globally and it was realised there was need of
high energy production and storage. The first electrolytic capacitor (supercapacitor)
was developed by H. Becker from General Electric (GE) in 1957 (Ho et al., 2010). He
used porous carbon having high surface area as an electrode. Robert A. Rightmire,
a chemist at Standard Oil Company Ohio (SOHIO), came up with the first electro-
chemical capacitor design in 1966 (Schindall, 2007). Later, Donald L. Boos patented
the electrochemical capacitor, having activated carbon (high surface area) as an elec-
trode in 1970. These electrochemical capacitors were made of electrodes consisting
of two pieces of aluminium foil covered with activated carbon. SOHIO patented
his findings to a Japanese company (Nippon Electric Company) which brought it in
market with the name ‘supercapacitor’ in 1975.

B. E. Conway (Pell et al., 1999) conducted extensive research on supercapacitors
with oxide materials (RuQ,) as electrodes, and further, he successfully described the
basic mechanism of charge storage in batteries and electrochemical supercapacitors.
He also observed that two different mechanisms—surface adsorption (non-Faradic),
forming a double layer, and charge transfer between electrode-electrolyte interfaces
(Faradic)—are involved in supercapacitors. His work on supercapacitor provided
extensive understanding of the charge storage mechanism.

The supercapacitor market is increasing very fast. Researchers working on super-
capacitors came up with different electrodes and electrolytes in order to improve
their storage capacity. Supercapacitors can be compared with batteries in view of
charge storage capacity, energy density and power density. The charge storage mech-
anism differs in these two energy storage devices. A typical battery consists of two
electrodes, namely cathodes and anodes. The potential energy is released through
redox processes which take place between electrodes and electrolytes. The anode
oxidises when the current passes through the circuit whereas it reduces at the cath-
ode. The chemical reaction that takes place between electrodes and electrolytes also
affects its functionality after several cycles of charge discharge. Battery discharge
is also found to be exothermic which in turn gives off a substantial amount of heat
that affects its operation. The basic difference between capacitors, supercapacitors,
batteries and fuel cells can be understood by the Ragone plot.

A Ragone plot (Figure 5.1b) indicating energy density and power density is very
much helpful to compare various energy storage devices. In this plot the energy
density (Wh kg™) is plotted to the power density (W kg™'). Actually, this plot was
initially designed for batteries. Now, it is applicable for all kinds of energy storage
devices. In this plot, the horizontal axis clearly indicates the energy density of vari-
ous devices such as capacitors, supercapacitors, batteries and fuel cells. Whereas, the
vertical axis reveals how fast these devices deliver stored energies.
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5.3 DIFFERENT CHARGE STORAGE MECHANISMS OF
SUPERCAPACITORS

Typically, the quantum of charge storage capacity is found to be very high as com-
pared to normal electric capacitors. The charges are stored via Faradic and/or
non-Faradic method, depending on the type of materials used as electrodes and elec-
trolytes in the supercapacitor. A supercapacitor is also divided into three categories
on the basis of charge storage mechanism: electric double layer capacitor (EDLC),
where the charges are being stored via non-Faradic mode; ultra capacitor (pseudoca-
pacitor), where the charges are stored via Faradic mode; and hybrid supercapacitor
that possesses both Faradic and non-Faradic processes to store charge.

The charge storage mechanism in EDLC-based supercapacitors takes place via
non-Faradic mode where charges are adsorbed at surfaces similar to that found in
normal capacitors.

A sketch of all the electrochemical capacitors is presented in Figure 5.2, which
clearly shows the charge storage mechanism in all three types of supercapacitors. In
the EDLC-type of electrochemical capacitor, charges/ions from electrolytes form a
double layer similar to the polarisation effect seen in normal capacitors containing
dielectric materials as electrolytes. On the other hand, the charge storage in transi-
tion metal oxide-based materials (RuO,, MnO,, Co,0,, ZrO,, Fe,0,, etc.) takes place
via Faradic process. In this process redox reaction occurs at electrode materials in
accordance to the following equation:

Ox+Ze Red

Actually, an electric double layer-type electrochemical capacitor is complemented
by the capacitors which are based on pseudo-capacitance that typically arises out
in some electro-sorption processes or in redox reactions taking place at electrode
surfaces. Such an ultracapacitor has shown excellent capacitive behaviour. When
mixed valent oxide materials are being used as an electrode, the oxidation-reduction
(Redox) peaks are clearly visualised in cyclic Voltammogram.

In addition to the EDLC and pseudocapacitor, there is another possibility where
both Faradic and non-Faradic mechanisms are employed to store charges. Such type
of energy storage device is called a hybrid supercapacitor. In hybrid supercapaci-
tors, the electrode materials are preferred in such a way that it promotes both types
of storage mechanism that in turn enhance the capacitive property of the device.
Various composite material is prepared as an electrode including polymer composite
with carbonaceous and transition metal-based oxide to achieve high energy density.

5.4 FEASIBILITY OF POLYMER COMPOSITE AS ELECTROLYTE IN
SUPERCAPACITORS

The electrolyte is an important component of a supercapacitor for deciding the over-
all performances of the devices. Electrolytes behave as a platform for ions and hinder
the electrode movement within. A polymer electrolyte is a composition of dissolved
salts in a suitable polymer matrix with a property of high ionic conductivity.
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5.4.1 Key FeATURES OF DESIRABLE POLYMER ELECTROLYTE

The electrolyte to be compatible for device fabrication needs to have certain spe-
cific characteristics like conductivity (including both electronic and ionic), low cost,
lightweight, stability (chemical, thermal and mechanical) and so on.

5.4.1.1 lonic Conductivity

The polymer matrix ion dynamics can be easily studied via ionic conductivity equa-
tion, o = X, neu, where n represents free charge carries number, e is charge of the ion,
u reveals the ion mobility. The ionic conductivity of the polymer-based electrolyte is
high, based on the ion mobility and number of free charge carriers’ mobilisation into
the polymer matrix. The value of ionic conductivity is determined via complex
impedance spectroscopy (CIS) tool along an ac signal of range 10-100 mV applied
across the cell (electrodellpolymer electrolytellelectrode) formed under study. The
ionic conductivity also was calculated using a Nyquist plot (graph of real and imagi-

nary parts of impedance) using relation; o =

AF (¢ refers to thickness of the poly-
mer electrolyte, A is area of the electrode across the electrolyte and R, represents the
bulk resistance, its value extracted from the intercept of the Nyquist plot on the real
axis).

The ionic conductivity is a temperature dependent parameter. The lowering of
activation energy along the activation of the charge carriers takes place as the tem-
perature is increased. Based on the temperature taken, the variation of ionic con-
ductivity with the temperature exhibits three behaviours: (i) Vogel-Tamman-Fulcher
(VTF) behaviour, (ii) Williams-Landel-Ferry (WLF) behaviour (MacCallum &
Vincent, 1989; Adam & Gibbs, 1965; Williams et al., 1955; Watanabe & Ogata, 1988).

5.4.1.1.1 Vogel-Tamman-Fulcher (VTF) Behaviour

The VTF depicts a plot of ionic conductivity versus reciprocal of temperature which

is non-linear in nature. The ion migration happens using segmental motion of the

polymer-chain-cum-hopping. The ion motion mainly depends on the free volume

offered by polymer chains in the polymer matrix. The VTF relation is represented as
B

o= ATfl/ze[ T ) where o refers to ionic conductivity, B is a constant, A represents
the pre-exponential factor, T; is the temperature near to 7, of the material under study
when entropy is close to zero.

5.4.1.1.2  Arrhenius Behaviour

The Arrhenius behaviour supports the idea of high ion dynamics with the help of the
hopping mechanism. It is more valid at the temperature lower than the transition
temperature of the material. The upliftment in the temperature leads to activation of
charge carries and increase in flexibility to fasten the ion mobilisation through coor-
Ea

KT

dinating sites. The Arrhenius expressions is o = Goe[ J; here o, is the pre-exponential

factor, k refers to the Boltzmann constant. The lower value of activation energy
favours the high ion migration and thus high ionic conductivity.
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5.4.1.2 Cation/lon Transference Number

The main contribution is of ion migration in a polymer electrolyte (PE). Thereby, to
determine the accurate contribution of cations and ions, the transference number of
the cation (¢,) and (¢,) are evaluated via cell assembly (ElectrodelPE[Electrode). The
cation transference number is calculated using AC impedance while ion transference
number is determined via Wagner DC polarization technique (Sen et al., 2016;
Mindemark et al., 2018). The equation to calculate cation transference number is
_IS(V—IiIi).h . . .
. = ————; here V is the potential applied across the cell, I, and I; are the
(V1)
steady-state and initial currents, R, and R, represent the resistance at interfaces before
and after polarisation. The ion transference number is obtained using equation

I, —1
t = M x 100; here 1, and I, represent the total and residual current and the rela-
t

tion relating themis |, = I; + 1,

5.4.1.3 Electrochemical Stability Window (ESW)

The potential window is a crucial parameter to decide the suitability of the polymer
electrolyte for supercapacitor application. The main focus of the research commu-
nity is to enhance the energy density of the supercapacitor for practical application
which directly depends in the potential window of the electrolyte and complete cell.
The ESW of the polymer electrolyte under study is determined via linear sweep
voltammetry (LSV) technique, which is a graph between current and voltage.

5.4.1.4 Thermal Stability

The thermal stability of the electrolyte is a major aspect for supercapacitor appli-
cation. The role of the electrolyte is avoiding the short-circuiting of the cell via
maintaining the gap between the electrodes which are placed across the polymer
electrolyte. So, it becomes essential for a polymer electrolyte to work for wider
ranges of temperature (=20 to 80 °C). The popularly used liquid electrolyte in super-
capacitors gets decomposed and releases excess heat that accelerates temperature
and pressure inside the cell during its operation. The thermal stability of polymer
electrolyte is much higher for normally popular liquid electrolytes. The thermal sta-
bility and voltage window range for a polymer electrolyte can be improved using
appropriate nanofillers into the polymer matrix.

5.4.2 DirrereNT TYPES OF POLYMER ELECTROLYTES

The polymer electrolyte used in various energy storage applications are of two types
based on the source criterion as shown in Figure 5.3. They are (i) natural and (ii) syn-
thetic PE. The natural obtained PE are from chitosan (Kadir et al., 2011), corn starch
(Liew & Ramesh, 2013) and rice starch (Khanmirzaei & Ramesh, 2014; Ramesh,
Shanti, et al., 2012). There are four kinds of PE based on the physical state and
chemical composition: (i) solid polymer electrolyte (SPE), (ii) composite polymer
electrolyte (CPE), (iii) plasticised polymer electrolyte, (iv) gel polymer electrolyte
(GPE).
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5.4.2.1 Solid Polymer Electrolytes (SPEs)

Wright et al. was first to report the research work on SPE, which was 30 years ago
(Wright, 1975). The application of SPEs in electrochemical devices was launched
by Armand et al. long back in 1979 (Vashishta et al., 1979). The first reported SPE
was prepared by taking PEO as polymer host and was a solvent-free film (Fenton,
1973). But, the ionic conductivity showed by this PEO-based SPE was less at room
temperature. The SPE plays a dual role as electrolyte plus separator for electrochemi-
cal devices. It can also be used as a binder for electrical contact between electrodes
(Armand & Van Tendeloo, 1992). The major features of SPEs are high thermal,
mechanical, electrochemical electrical stabilities. Other important features are leak
proof, solvent-free, low volatility, light weight, and high flexibility (Sharma et al.,
2018, 2022). The merits of SPEs are their ability to reduce the chance of release of
hazardous gas or leakage of solvent liquids, and to operate at a wide temperature
range (Raghavan et al., 1998). But SPEs have certain major disadvantages like high
interface resistance, low ionic conductivity as compared to liquid electrolytes (Ngai
et al., 2016).

5.4.2.2 Composite Polymer Electrolytes (CPEs)

The efforts to overcome the demerits of SPEs encouraged the discovery of composite
polymer electrolytes. The various methods utilised to prepare CPEs are binary salt
systems, doping of nanomaterials, cross-linking polymer matrices (Wen et al., 2003),
polymer blending (J. Hu et al., 2011), addition of plasticisers (Ramesh & Bing, 2012)
and incorporation of ionic liquids (Hao et al., 2015). The merits of using CPE are
their high ionic conductivity, high thermal and mechanical stability, high flexibility
and better interfacial contact (Kam et al., 2014). The ionic and electronic conductivi-
ties” value for CPEs highly rely on the parameters such as size of the particle, con-
centration, surface area, pore size and the level of interaction among incorporated
particles and the polymer matrices (Stevens & Wieczorek, 1996).

5.4.2.3 Gel Polymer Electrolytes (GPEs)

Gel polymer electrolytes are popularly also known as plasticised polymer electro-
lytes proposed by Feuillade and Perche firstly in 1975 (Feuillade & Perche, 1975).
The procedure to synthesise GPEs is very easy, with a blend mixture of polymer like
poly(ethylene oxide) (PEO), an alkali metal salt of lithium or sodium, and a suitable
solvent. The clear and viscous mixture is casted into a petri dish and dried properly
to form a thin film. The GPE has merits of both liquid and solid electrolytes (Stephan,
2006). The peculiar features of GPE are better chemical, mechanical, electrochemi-
cal, photochemical, structural stability; high ionic conductivity, low reactivity, safety
in use and low volatility (Liew et al., 2011). The use of GPEs in supercapacitor can
reduce the possibilities of leakage and internal short-circuiting and hence uplifts the
device life (Kim et al., 2003). The major drawback of GPE is its poor mechanical
stability. This demerit can be overcome by incorporating fillers or nanomaterials into
the polymer matrices (Zhang et al., 2011).

The polymer electrolyte is prepared using a minimum of one polymer as host for
incorporation of other materials for the enhancement of electrochemical properties,
especially ionic conductivity. Table 5.1 showcases the various polymer hosts.
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TABLE 5.1
List of Polymer Hosts with Their Respective lonic Conductivity at Room
Temperature.
Polymer Host Repeat Unit lonic Conductivity Reference
(S cm™)
Poly(ethylene host) —(CH,CH,0),— 2.6 x 10 (Ttoh et al., 2003)
Poly(vinylidene —(CH,CH,0),- 4.5x 1073 (Song et al., 2004)
fluoride)
Poly(vinylidene —[(CH,—CF,)- 4.3x%x 1073 (J.-K. Kim et al., 2008)
fluoride-hexafluoro (CF,-CF-(CFy)],—
propylene)
Poly(methyl —(CH,C(-CH,) 7.3 x10°° (Rajendran et al., 2002)
methacrylate) (-COOCH,)),—
Poly(vinyl chloride) —(CH,—CHCI]),— 2.8 x10° (Ramesh, Yin et al., 2011)
Poly(vinyl alcohol) —(CH,—~CH(-OH)), 4.8 %1072 (C.-C. Yang & Lin, 2002)
Poly(acrylic acid) —CH,-CH(-COOH)),— 2.2 x 10 (Kam et al., 2014)
Poly(acrylonitrile) —(CH,—CH(-CN)),— 5.7%x10* (Chen-Yang et al., 2002)
Poly(ethyl —(CH,—C(-CHs;) 1.2x 10 (Ramesh et al., 2014)
methacrylate) (—COOCH,CHy)),—
Poly(e-caprolactone) —(O—-(CH,);—CO),— 3.8x 107 (Woo et al., 2014)
Chitosan —(CH,—~(CsH,NO;);—OH),— 1.6 x 1073 (Kadir et al., 2010)
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FIGURE 5.3 Different types of polymer electrolytes used in supercapacitor applications.

The insertion of the small particles as fillers into the matrix of a host polymer
improves the overall properties of the polymer electrolyte. The additional proper-
ties that are improvised after adding filler to PE are higher ionic conductivity, better

)
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mechanical and thermal stability, lower value of glass transition temperature and
reduced crystallinity and so on (Rajendran et al., 2002). It further decreases the crys-
tallinity of the PE and uplifts the amorphous phase with its better stability (Croce
et al., 1992). The mostly used high surface area fillers are titanium oxide (TiO,),
aluminium oxide (Al,O5), hydrophobic-fumed silica and zirconium oxide (ZrO,)
(Raghavan et al., 1998).

5.5 WAYS TO IMPROVE ELECTROCHEMICAL PERFORMANCES
OF POLYMER ELECTROLYTES

Various techniques can be utilised to enhance the properties and performance of
the polymer electrolytes. The popular methods used are incorporation of inorganic
fullers, polymer blending, addition of plasticisers and dopants and use of comb-
branched copolymers (Hashmi et al., 2000).

5.5.1 INORGANIC FILLERS

PEs are also synthesised by adding nanomaterial as fillers into the matrices of the
host polymer. The incorporation of nanofillers improves the mechanical stability of
PE along its ionic conductivity (Zhang et al., 2011).

5.5.2 BLENDING

The polymer blending is the most easily practiced technique. It includes the step of
mixing a minimum of two polymers with/without chemical bonding between them.
It is a way to mix two polymers/copolymers physically. The blending of polymers
improves the mechanical stability of the PE over the entire temperature range. The
merits of using a blend-based PE system are its high ionic conductivity, physical and
electrical properties (Ahmad et al., 2007). The blending method helps to lower the
crystallinity of the prepared PE along better increments of the amorphous fractions
of the polymer matrices.

5.5.3 PLASTICISERS

The use of plasticisers in the PE helps to improve the plasticity and ionic mobility
along with enhancing ionic conductivity at room temperature (Ramesh & Bing,
2012). The popular liquid plasticisers that have the benefit of a low molecular weight
used for PE synthesis are diocthyl adipate (DOA), dimethyl formamide (DMF),
DBP, dimethyl carbonate (DMC), diethyl phthalate (DEP), PC, g-butyrolactone
(BL), glycol sulphite (GS), methylethyl carbonate (MEC) and EC (Shukur et al.,
2013). The other benefits of using plasticisers are their ability to provide a maxi-
mum charge carrier by providing an easy path for ion mobilisation, to uplift PE
ionic conductivity, to improve thermal and mechanical stabilities (Ramesh, Yin,
et al., 2011). The demerits of plasticisers are their low flash point, narrow region
of potential window, narrow working voltage and high vapour pressure (Raghavan
et al., 2010).
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5.5.4 COPOLYMERS

Copolymers are defined as the mixture of two different kinds of monomers, which
are mixed via cross-linking method (Wen et al., 2003). The most common copoly-
mer used is PVAF-HFP which is the resultant of the co-polymerisation of PVdF and
HFP respectively. The features of copolymers are more enhanced in many aspects
for use in the polymer electrolyte than the standard monomers.

5.5.5 CRross-LINKED POLYMERS

The better and higher ionic conductivity of a PE highly depends on the amorphous
nature of the polymer host used. The cross-linked polymers-based PEs showcase
high and improved ionic conductivity at room temperature as they exhibit greater
amorphous features (Nishimoto et al., 1999). They also show low elasticity, brittle-
ness and processability. The research on high molecular weight cross-linked poly-
mers indicates that the PEs based on them exhibit high ionic conductivity. The ionic
conductivity and flexibility of PEs highly rely on the monomer content used for
cross-linked polymers.

5.5.6 DoOPING SALTS

The PEs prepared using doping salts show high conductivity and electrical stability.
The interface among the polymer host and dopant salt in the synthesised PE play a
crucial role in deciding the ionic conductivity, chemical stability and mechanical
stability of the PE (Ramesh, Lu, et al., 2012). The main reason of high conductivity
of doped-salt-based PE is its low lattice energy and its high dielectric constant.

5.5.7 Room TemperATURE loNic LiQuips (RTILS)

RTILS are comprised of molten salts with organic cations and inorganic anions
(Ramesh, Lu, et al., 2012). They are classified as aprotic ionic liquids and protic
ionic liquids (Luo et al., 2012). The important properties of RTILS are low viscosity;
recyclability; less flammability; minimum vapour pressure; low melting point; wider
potential window; high ionic conductivity; mechanical, chemical and thermal stabil-
ity (Liew et al., 2012). The research interest in RTILS increased due to their ability to
make PEs suitable for various applications like catalytic cracking and radical poly-
merisation of the polymers. The RTILS-based PEs are environmentally friendly and
reduce the harmful gases released into the atmosphere (Jain et al., 2005). The merit
of RTILS-based PEs are their extremely improved ionic conductivity. Whereas the
drawbacks related to RTILS-based PEs are their not-so-good mechanical stability
(Ramesh & Liew, 2012).

5.6 PREPARATION METHODS

The preparation of the desired PE for supercapacitor application is synthesised utilis-
ing various methods such as spin coating, solution cast technique, dip coating, melt
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intercalation and hot press technique. Spin coating—the step involved in this method
is the dropping of a small quantity of solution on a suitable substrate and placing
the substrate on the spin coater to rotate at constant speed. The uniform layer of the
solution is formed on the substrate. This method is more popular for less viscous
mixture. Solution cast technique—this is the most widely practiced method for PE
synthesis. The main reasons are its easy, fast and wide range thick (50-300 um)
PE fabrication. Dip coating—this is the lowest-cost technique used to produce high
uniform film coated on either side of a substrate. It is a three-step process, namely
immersion, deposition and drainages respectively. Melt intercalation—this is a use-
ful method due to its environmental friendly and low-cost nature without requiring
any solvent. Hot press technique—the hot press technique is a cost-effective, easy
method and a solvent free technique.

5.6.1 CHARACTERISTICS OF THE TECHNIQUES

Various characterisation methods are utilised for analysing the suitability of the
prepared PE for supercapacitor application. The essential techniques used for PE
characterisations are mentioned as follows: Field Emission Scanning Electron
Microscopy (FESEM)—this is an essential microstructural and morphology analy-
sis technique for the polymer electrolyte. X-Ray Diffraction (XRD)—the structural
structure of the prepared PE studied via XRD method. The parameters which can
be determined using a XRD plot are d-spacing, inter chain separation, crystallite
size and so on. Fourier Transform Infrared spectroscopy (FTIR)—this is a useful
technique to study the various interactions among different constituents present
in the prepared PE. It also helps to determine the free ions’ contribution to the
total ionic conductivity of the PE sample. The various transport parameters are
also estimated via FTIR spectra. Differential Scanning Calorimetry (DSC)—the
different transition in the polymer electrolyte with the change in the tempera-
ture is determined via DSC technique. Nuclear Magnetic Resonance imaging
(NMR)—the ion dynamics and ionic conductivity via line-width of the NMR spec-
tra are determined for the prepared polymer electrolyte respectively. Linear Sweep
Voltammetry (LSV)—the decomposition voltage window of the prepared PE is
evaluated via LSV technique. Thermogravimetric Analysis (TGA)—it is impor-
tant to check the thermal stability of the polymer electrolyte for the supercapaci-
tor application. I-¢ characteristics (Transference Number)—the i-t characteristics
techniques for the PE is used to analysis the ionic and electronic transference num-
ber of the polymer electrolyte.

5.6.1.1 The Parameters to Evaluate Supercapacitor Applications

The use of prepared polymer electrolyte for supercapacitor applications could be
confirmed via calculating the following mentioned parameters.

The specific capacitance measured in F g~! of the fabricated cell determined from
Nyquist plot of impedance spectroscopy:

1
C2%3.14% f *m* 2"

Ceais (5.1)

o
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Here, m in mg is the active mass of the electrode pasted on the current collector, fin
Hz represents the frequency range applied using noting readings and Z" refers to the
complex impedances measured in ohms.

The specific capacitance calculated from cyclic voltammetry profile is given as:

[1*dv

= 62
2*m* S*V

CcvV

Here || *dV refers to the area enclosed by CV curve, m is the mass loaded, S is the
scan rate applied and V represents potential applied cell.

The capacitance value is evaluated using galvanostatic charging/discharging
curves using the equation:

Comp =+ (5.3)
GCD = ey .
Here 7, t, m and V represent the current, discharging time, mass of the electrode and
potential window of the cell under study. The specific capacitance of the single elec-

trode is evaluated to be four times of the fabricated cell.
The equivalent series resistance (ESR) of the fabricated cell could be determined
from the GCD profile via equation indicated as follows:

Vdrop
2%

ESR= 5.4)

Here, V,,,, refers to voltage drop and / is the applied discharge current.
The energy, power density and coulombic retention of the cell is determined as

cv?
E= Wh kg~! 5.5
-3 ( g7 (5.5)
*
P= m (kW kg—l) (5.6)
dis
n= Yis . 100% (5.7)
tch

Here C, V, E, t,, and ¢, refer to the specific capacitance, potential window, energy
density, discharge time and charging time, respectively.

5.7 LATEST DEVELOPMENTS

The target of safe and suitable supercapacitors is fulfilled via preparing appropri-
ate polymer electrolyte. The selection of the perfect polymer electrolyte for a
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supercapacitor depends on its properties such as low crystallinity, high ionic conduc-
tivity, and improved energy-cum-power-density. Next we discuss the recent findings
of versatile polymer electrolytes for energy storage devices, specially supercapacitors.

Zhao et al. (Zhao et al., 2021b) prepared PVA-based cotton gel polymer electro-
lyte (Figure 5.4) which exhibited 1.6 V potential window along ionic conductivity
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FIGURE 5.4 (a—d) Comparative cyclic voltammetry curves at different scan rates, (e)

Nyquist plot of all samples, (f) variation of specific capacitance with current densities, (g)
capacitance retention of prepared samples.

Source: Reproduced with permission from Zhao et al. (2021b, Springer Nature); Z.
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of 28 x 1073 S cm™'. The device fabricated using PVA-based electrolyte with a ratio
of 8:5 along with dipping in KOH solution showed specific capacitance of 160 F g™!
at current density of 0.5 A g-!. The supercapacitor also exhibited energy density of
12 Whkg!. Yanfang Xu, et al. (Xu et al., 2021) fabricated a supercapacitor device by
employing polymer electrolyte of poly(vinylidene) along lithium triflate, and epoxy.
The dip-coating technique was utilised to prepare the suitable polymer electrolyte.
The device displayed specific capacitance of 12 mF g-! and high mechanical strength.
The mechanical properties of the fabricated device were tested using cyclic loading
and a quasi-static test respectively. The devices also presented the improved cyclic
stability around 96% via a galvanostatic charging/discharging (GCD) test. Devi et al.
(Devi et al., 2021) reported a polymer electrolyte based on a TiO, nanowire as nano-
filler incorporated in a polymer as host matrix. The electrolyte with 0.5 weight %
of nanowire showed high ionic conductivity of order 10 S cm™! along the potential
window of approximately 5 V. The ion transference number of the film was near to
unity. The optimised polymer electrolyte was used to prepare a prototype superca-
pacitor device which demonstrated a specific capacitance of 58 F g~! at 10 mV s,
The corresponding emerging and power density exhibited were 1.38 Wh kg~ and
0.709 kW kg!. The Coulombic efficiency of the device was maintained to 98% after
500 GCD cycles respectively. Kumar et al. (Kumar et al., 2020) investigated BaTiO,
(nanofiller) incorporated polymer electrolyte. Increased electrical conductivity via
addition of nanofiller was reported. The stable potential window was about 5 V for
the optimised sample (PPS5). The optimised polymer electrolyte was used to make
an EDLC device, which exhibited specific capacitance of 134 F g~! at a scan rate of
10 mV s~!. The reported energy and power density of the device was 5.99 Wh Kg!,
and 27.03 kW kg! at current density 0.02 A g, respectively.

Jianghe Liu et al. (Liu et al., 2021) synthesised a gel-polymer-based electrolyte of
PVAF-HFP/EMIT{/AI(Tf), materials (Figure 5.5). The film prepared provided better
ionic conductivity of value 1 x 1073 S cm™! along the stable potential window of 4.2
V at ambient temperature. The supercapacitor device fabricated from the prepared
electrolyte exhibited specific capacitance of 323.9 F g! and showed cyclic stability

()
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for 5000 GCD cycles respectively at room temperature. The device fabricated was
flexible in nature and showed tolerance at low temperature and good performance
under various harsh conditions. Kamboj et al. (Kamboj et al., 2021) reported the
polymer electrolyte with ZrO, as nanofiller in the PEO matrix via solution cast
method. The confirmation of the polymer electrolyte was done via X-ray diffraction,
Fourier transform infrared spectra and so on. The ionic conductivity of the reported
electrolyte was around 3 x 10~* S cm~!, which increased with the temperature. The
stable potential window for the electrolyte was around 4 V and the ion transference
number was near to unity. The optimised film showed the highest dielectric constant
and lowest relaxation time respectively. Further, the optimised electrolyte was uti-
lised to prepare a solid flexible ultracapacitor which exhibited specific capacitance of
value 42 F g~! at scan rate 10 mV s~!. The energy and power density of the fabricated
EDLC device were 13 Wh kg' and 2.8 kW kg™! respectively.

Shujahadeen B. Aziz et al. (Aziz, et al., 2021) investigated biodegradable polymer-
based electrolyte comprised of chitosan incorporated with ammonium thiocyanate
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FIGURE 5.5 (a) Variation of ionic conductivities along temperature (inset is Nyquist plot)
and (b) electrochemical stability windows of the PEAI-2 electrolyte membrane at different
temperatures. Illustrations of (c) Electrolyte —1 LED demonstration and (d) Electrolyte —2
used for LED glow at room temperature.

Source: Reproduced with permission from Jianghe Liu et al. (2021, Elsevier).



140 Polymer Electrolytes and their Composites

using the solution cast technique. The ionic conductivity of the electrolyte was found
to be 9 x 10~* S cm! with stable potential window 2 V. The evaluated ionic transfer-
ence number was equal to 0.95 and could be considered as a high ionic conductive
system. The optimised film was used to fabricate the EDLC device, which depicted
specific capacitance of 41 F g' at 50 mV s!. The specific energy and power den-
sity was determined to be 15 Wh kg~! and 750 W kg!. The equivalent series resis-
tance of the device was found to be in the range of 75-330 (). Mohamad A. Brza
et al. (Brza et al., 2021) prepared poly(vinyl alcohol) (PVA)-based polymer electro-
lyte with nanofiller ammonium thiocyanate dispersed uniformly. The reported film
displayed the ionic conductivity around 2 x 10> S cm™! along the stable potential
window 2 V. The parameters such as ions number density, mobility and diffusion
coefficient were incremented with more glycerol content. The synthesised polymer
electrolyte was utilised to design an EDLC-type of supercapacitor. The parameters
like specific capacitance, energy density and power density were evaluated to be
18 Fg',2 Whkg! and 318 W kg! respectively. The cycling stability was tested for
450 GCD cycles. Shujahadeen B. Aziz et al. (Aziz, Dannoun, et al., 2021) reported
the glycerol-based polymer electrolyte which showed improved properties such
as high ionic conductivity of 1 x 10 S cm™ along potential window of 2 V. The
supercapacitor build-up via using the prepared electrolyte-cum-separator exhibited
specific capacitance of 50 F g-!. The stability was cross checked using 500 GCD
cycles. The calculated energy density of the EDLC device was about 6 Wh kg!. The
equivalent series resistance and power density of the device was found to be 63 () and
1642 W kg! respectively. Maryam Hina et al. (Hina et al., 2021) investigated a
hydrogel-polymer-based composite electrolyte of poly(acrylamide)/poly(3,4-eth
ylenedioxythiophene):poly(styrene sulfonate) (PEDOT: PSS) system with sodium
montmorillonite clay doped via the free radical polymerisation technique. The
electrolyte showed improved ionic conductivity around 14 x 10-! S cm~! at ambient
temperature. The prototype supercapacitor device designed using prepared film and
carbon-based electrodes exhibited high electrochemical performances. The specific
capacitance, energy density and power density delivered by the device were 327 F g~
(at 3 mV s7), 54 Wh kg~! and 100 W kg™! respectively. The fabricated device was
further utilised to light up the light emitting diode (LED) respectively.

Table 5.2 represents the comparison of electrochemical performance of the vari-
ous polymer-based electrolytes.

5.8 CONCLUDING REMARKS

Energy storage systems like supercapacitors are needed to fulfil society’s demand for
solving the energy crisis. The polymer-based supercapacitor is one of the best options
to replace the current aqueous electrolyte-based supercapacitors. The lightweight,
flexibleness, high electrical and improved mechanical properties of polymer-based
electrolytes make them in demand for supercapacitor applications. The current chap-
ter provides an overview of different supercapacitor components. It focuses on dif-
ferent polymer nanocomposite-based electrodes (carbon-based, and transition metal
oxide-based) materials and summarises their performance parameters. A detailed
discussion on different charge storage mechanisms (Faradic, non-Faradic) has been



TABLE.5.2

Various Polymer Electrolytes and Their Supercapacitor Performance.

Polymer Electrolyte

Cotton/PVA
PVdF/LiTf/epoxy
PEO/NaPF,/BaTiO,

PVdAF-HFP/EMIT{/AI(TY),

PEO-NaPF-ZrO,

PNC-TiO,

Chitosan (CS)

Chitosan (CS)-NH,SCN

PVA-NH,SCN

Chitosan—methylcellulose—
NH,NO;—glycerol

PVdF-HFP

PEDOT:

PSS

Poly(arylene ether ketone) (PAEK)/

poly(ethylene glycol)-grafted

CNT fibers/polymer electrolyte

Carboxylated chitosan hydrogel

PVA—LICIO,

Poly(vinyl alcohol) (PVA)-based gel
polymer electrolyte

Poly(ethylene glycol) diglycidyl
ether and hydrophobic bisphenol

Boron-containing GPE

CNF membrane

lonic Conductivity
(Scm™)

28 x 1073

2.61 x 10°

1.6 x 103
29x 10
1073

8.5x 10

1.82x 107
1.31 x 10

7.8 x 102
13.7 x 1073

2x 1072

35%10°
8.69 x 102

61.1x 1073

2.41 %1073

5.1x1073

Specific

Capacitance (F g™)

60 @05Ag!
162

135.16

@ 0.02A g!
323

42 @10 mV/s
57.5 @ 10 mV/s
41 @ 50 mV/s

18.30
50

115
3854

134.38
88
459
114
392.1

19.8

625.6

Energy Density
(Wh kg™
11.8

5.99

13
1.38
15

2.06
6.97

27
53

375
52
1.9
43.1

27.62
21.7

Power Density Capacitance retention

(W kg™

27.03

2.8
0.71
750

318

1941

100

30
226.6
150

6.91
1100

(%)
375
96%

67% @ 50,000 cycles

97.7% @ 500 cycles

95.39% @ 200 cycles
90% @ 500 cycles

54% after 5000 cycles

96% after 5000 cycles

94% after 5000 cycles

87.9% after 10000
cycles

100% for 10,000 cycles

91.2% after 5000 cycles
75.4% after 5000 cycles

Reference
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(Kumar et al., 2020)
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discussed. In brief, the different electrolytes used for supercapacitors are discussed
in brief. Hence, polymer-based electrolytes have great potential for supercapacitor
applications.
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6.1 INTRODUCTION

In the 21% century, energy shortages and environmental issues are major problems
that are being faced worldwide and forces the researchers to eliminator these issues
by adopting latest technology. Efforts have been made by researchers to replace
non-renewable sources of energy with renewable sources (Tanwar et al. 2021). The
finiteness of fossil fuels and major dependency on fossil fuels is also a key factor
for environmental problems. This leads us towards the search for sustainable, clean,
and eco-friendly sources of energy. A renewable energy source is a possible replace-
ment for fossil fuels. But the problem with renewable sources of energy is that they
may not be there when needed, like solar energy on a cloudy day. Hence energy
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storage devices like batteries, supercapacitors, superconducting magnetic energy
storage, etc. play a crucial role in fulfilling our energy demands. In the current sce-
nario, if structured and profitable energy storage devices are put into practice, they
can be very beneficial to the power world (Arya and Sharma 2020). Among vari-
ous energy storage options available, chemical energy storage devices like batteries,
supercapacitors, fuel cells, etc. are very important due to their enhanced properties.
As compared to electrostatic capacitors which come up with high power density for
a short period, and fuel cells which come up with high-energy density for a long
time, batteries are perfect candidates for filling the gap between the two, providing
balanced energy and power density (Arya and Sharma 2019). Batteries are of two
types: primary and secondary. Secondary batteries are preferred over primary bat-
teries as after getting discharged they can be recharged again and again and hence
can be used for a long period, while primary batteries can only be used once. Over
many secondary batteries available, Li-ion batteries (LIBs) are of prominent use as
they have high power density, high storage capability, better leakage current, con-
stant voltage, cost-effectiveness, etc., making them the most favorable contender
for energy storage. Nowadays, lithium-ion batteries have various uses in different
fields such as plug-in hybrid electric vehicles, clean personal transportation, power
tools, smartphones, medical field, etc. (Nayak et al. 2022). Figure 6.1 represents the
use of lithium-ion batteries in different fields. Continuous efforts from worldwide
researchers and scientists have encouraged the development in Li-ion batteries. In
recent years the different components of batteries such as electrodes, separators, and
electrolytes have seen rapid progress. Out of various components of Li-ion batter-
ies, the present chapter will mainly throw light on the role of polymer electrolytes
(D. Zhou et al. 2019). Additionally, the history of Li-ion battery components and
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FIGURE 6.1 Application of Li-ion batteries in different fields.
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working mechanisms is discussed briefly. Performance parameters are key factors
for polymer electrolytes in Li-ion batteries. So, key performance parameters related
to polymer electrolytes with their importance are discussed in the present chapter.
Overall, this chapter explores the major advancements in the area of polymer com-
posites for Li-ion batteries. The polymer electrolyte (PE) plays an important role in
ion relocation between electrodes in a Li-ion battery. Therefore, polymer electrolytes
are an interesting prospect that fulfils needs because of their superior electrochemi-
cal performances and mechanical properties. Based on the recent developments, we
have also shone light on strategies adopted to alter the properties of polymer com-
posites for future development.

6.1.1 A Brier History oF Li-loN BATTERIES

Electricity is an omnipresent product, and life, as we are fully aware, is very hard
to imagine without a convenient power supply (Yabuuchi et al. 2011). In recharge-
able batteries, Li-ion battery is a kind of battery in which ions move back and forth
across an electrolyte from anode to cathode and cathode to anode during discharg-
ing and charging respectively (Zhang et al. 2015). The different lithium compounds
are used in Li-ion batteries as cathode materials, and as an anode material gener-
ally, graphite is used. Originally, in 1985 Akira Yoshino evolved Li-ion batteries on
the basis of research performed in the 1970-1980s by John Goodenough, M. Stanley
Whittingham, Koichi Mizushima, and Rachid Yazami (Institute of Electrical and
Electronics Engineers 2016; Masaki Yoshio 2009). In 1991, a spark ignited in the field
of Li-ion batteries with the introduction of a commercial Li-ion battery by a team of
Sony and Asahi Kasei assisted by Yoshio Nishi. Development in the Li-ion battery is
shown in Figure 6.2. In today’s scenario portable devices are widely used in day-to-day
life. For that, there is a need for cheaper, smaller, and lighter portable devices that can

* ] B;Ei _lr Hi_s;izry of
Li-10n ries

British chemist M. Several scientists in Yoshino assembled a Two japanese Whittingham,
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FIGURE 6.2 Development in Li-ion batteries.
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be used with confidence. Lithium-ion batteries are very good candidates for fulfilling
the requirements due to their high working voltage, good cyclability, and higher energy
density (Arya and Sharma 2017). Intensive research continues by researchers for the
betterment of Li-ion batteries. So, there is much expectation for the improvement in
properties of Li-ion batteries. The Nobel Prize in Chemistry 2019 was awarded to John
B. Goodenough, M. Stanley Whittingham, and Akira Yoshino for the development
of the lightweight, rechargeable and powerful Li-ion battery. This invention was also
recognized as foundation stone for the traditional fuels free community.

6.1.2 CoMPONENTS AND WORKING MECHANISM OF Li-loN BATTERIES

Lithium-ion batteries have provided breakthrough electrochemical cell technology
for industry as well as for consumption, where size, weight, and safety are the navi-
gating factors. A battery is made up of two electrodes (positive and negative), an
electrolyte, and a separator. In a battery, the electrodes are dipped in an electrolyte
which supplies a way for ion migration and a separator. The major components of a
Li-ion battery are mentioned here:

1. Anode (negative electrode)
2. Cathode (positive electrode)
3. Electrolyte

4. Separator

The cathode is normally an electron acceptor with high electronegativity. Figure 6.3
shows the charging and discharging of a battery. During discharging, a negative
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FIGURE 6.3 Charging and discharging mechanisms of Li-ion batteries.

Source: Reproduced with permission from Gulzar et al. (2016, Copyright Royal Society of Chemistry
2016).
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electrode electrochemically oxidizes and releases electrons which reach the anode
through the external circuit. During charging, the movement of Li ions is from cath-
ode to anode through electrolyte which causes oxidation of the metal present in the
cathode material. The role of electrolytes is to conduct ions in a battery. The sepa-
rator separates the electrodes, stopping them from connecting and causing short-
circuiting. There is a type of electrolyte known as polymer electrolyte which has
been developed to enhance the properties of batteries, as they themselves work as a
separator resulting in decreasing the size and weight of the battery. In a lithium-ion
battery, polymer electrolyte performs two things: the first is to conduct ions effec-
tively and the other is electrodes separation to get rid of short-circuiting. Material
can be defined as a polymer electrolyte if the system is free from liquid. In it, the
conduction is done by dissolving salts in a heavy molecular weight matrix of poly-
mer which is in polar form.

High-performance electrolytes have been a huge reason in the success of lithium-
ion batteries due to their excellent property of mediating ion movement between
cathode and anode. Replacement of traditional liquid electrolytes with polymer
electrolytes in Li-ion batteries has been a very encouraging method for safety, per-
formance, etc. Various properties of polymer electrolytes make them beneficial can-
didates over conventional liquid electrolytes. Batteries having polymer electrolytes
are easy to fabricate, have a long life span, low cost, and are non-toxic. There is no
internal shorting in such devices. Dendrite growth is also suppressed and there is no
leakage problem in Li-ion batteries which use polymer electrolytes for the movement
of ions. Polymer electrolytes have many benefits over conventional electrolytes like
high-energy density, solvent-free environment, high ionic conductivity, low volatil-
ity, electrochemically stability, and light-weight.

6.2 KEY PERFORMANCE PARAMETERS OF
POLYMER ELECTROLYTES

Li-ion batteries are so far commanding the market, from electrical equipment to
automobiles (Niu et al. 2021). Hence the electrolyte must be a good insulator for the
proper movement of the electron through the outer circuit. Mutilation of the electro-
lyte may hamper the safety and thus make it hard to manufacture. Therefore, the sur-
roundings for operation, thermal stability, consistency between battery components,
and overcharging need particular observation as they determine safety and perfor-
mance of battery (Tomaszewska et al. 2019). Hence structural stability of polymer
electrolytes comes out to be the main element in Li-ion batteries because it plays an
important part in the movement of ions.

6.2.1 loNic CoNDUCTIVITY

A crucial parameter on which performance of a battery is heavily dependent is
its ionic conductivity. In polymer electrolytes generally, cations are movable with
respect to anions. In upgrading the ionic conductivity of lithium-ion batteries, the
role of polymer electrolyte is very critical because it provides the medium for the
motion of ions in between electrodes (Zhao et al. 2019). The choice of a perfect
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polymer electrolyte can provide enhanced ionic conductivity to a Li-ion battery, suc-
ceeded by a high Li-ion transference number, guiding to a decrease in concentra-
tion gradients, and obstructing growth of dendrite (Dias et al. 2000). Impedance
spectroscopy technique is preferred for the estimation of ionic conductivity. The IS
technique is performed in a range of frequency of 1 Hz to 1 MHz. In this technique
the polymer electrolyte is kept between stainless-steel (SS) electrodes and a ac sig-
nal (10-20 mV) is passed across the cell. The ionic conductivity is calculated by this
equation:

I
T RA

where [ is thickness of polymer film, A stands for area of SS electrode, and R, repre-
sents bulk resistance.

c ©.D

6.2.2 CHemicAL COMPATIBILITY

Chemical compatibility is another parameter that has an effect on the Li-ion battery
performance. The electrodes and electrolyte should be chemically stable. It can be
explained as the equilibrium between chemical, physical and electrochemical prop-
erties of electrodes and electrolyte. For chemical compatibility, the material must
have no disadvantageous consequence on the paired part or shape of the battery.

6.2.3 CouLomsic ErriCIENCY

In the capacity calibration experiment, due to consumption for discharge process, the
capacity released by battery is not as much as its charging capacity. The Coulombic
efficiency (CE) is defined to narrate the capacity let out by the battery. Coulombic effi-
ciency is the ratio of capacity of discharge after getting fully charged to the capacity
of charging of the same cycle. Its value is never to reach one. The reason behind this
is that some electric discharge energy is used by internal resistance of the battery and
hence total electric energy liberated by the battery is lower than total charged electric
energy. The discharge efficiency of the battery can be damaged because of decom-
position of electrolytes, atmospheric temperature, unlike rates of charge-discharge
current. The Coulombic efficiency is calculated by the following formula:

C )
Coulombic efficiency (%) = —229%_ » 100 6.2)
discharging

6.2.4 CapaciTY RETENTION

Capacity retention has been utilized like a medium of long-term cycle life in a
lithium-ion battery. Capacity retention is always explained in connection to initial
discharge capacity. In defining long life of real devices, retention capacity is very
helpful. Basically, it represents how long the device will work efficiently. It is the
ratio of discharge capacity after ‘n’ cycles to the initial discharge capacity (Dias
et al. 2000).
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6.2.5 ELecTROCHEMICAL POTENTIAL WINDOW

A potential window is a potential range in which the material and electrolyte are
stable. The potential window depends on the material and electrolyte. The potential
window material is gained by slow cyclic voltammetry (CV) and linear sweep voltam-
metry (LSV) measurement. The range between hydrogen and oxygen evolution is the
potential window of your material. Cyclic voltammetry (CV) is a very common and
well-known method used to look over the redox process occurring in the material.
The purpose is to find out the degradation potential upon which the material would
oxidize or reduce (Méry et al. 2021). Linear sweep voltammetry (LSV) is a simple
electrochemical technique used to obtain electrochemical stability window (ESW).
In CV the cycle depends linearly over potential range in both directions, while LSV
includes only single direction.

6.2.6 CATION TRANSFERENCE NUMBER

The differentiation of current carrier species is very crucial in ion-conducting solids
because electrons and ions both participate in conduction in a conductor. With the
help of ion transference number technique, the involvement of ions and electrons
from the overall charge can be distinguished. The cation transference number (z,)
is obtained to extract details regarding the transportation of ions and relates it with
ionic conductivity. Cation transference number ¢, is +1 for an ideal polymer electro-
lyte. Mainly ¢, is determined by two techniques: a.c. impedance and d.c. polariza-
tion. The Bruce-Vincent equation is used to express cation transference number, and
is defined as:

tLﬁ:—IS(V_ iR) 6.3)

li (V_ISRS)

where [ and [, represent steady state and initial currents respectively, V stands for
applied voltage along cell configuration, and R, and R, indicate interfacial resistance
after and before polarization respectively. Figure 6.4 represents the main character-
istics of a good polymer electrolyte.

6.3 PROGRESSION OF ELECTROLYTES IN
LITHIUM-ION BATTERIES

Nowadays liquid organic electrolytes are found in commercially used lithium-ion
batteries, which display remarkable superiority of high conductivity and mag-
nificent coordination with surfaces of the electrode. There are many drawbacks
faced by liquid electrolytes such as electrochemical uncertainty, incapability of
ion refinement, etc., which are overcome by polymer electrolytes. In the advance-
ment process, gel polymer electrolytes (GPEs) can provide a physical barrier that
prevents cathodes and anodes from coming in contact and also restricts thermal
explosion; therefore GPEs are safer and heat resistive in comparison to liquid elec-
trolytes. The problems with liquid electrolytes were not completely rectified by
GPE; hence solid polymer electrolytes were introduced with advance features.
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FIGURE 6.4 Desired properties of polymer electrolyte for high-energy Li-ion batteries.

Solid polymer electrolytes can constrain the dendrite formation from happen-
ing in GPE, making it possible to use lithium metal anodes. Regardless of their
remarkable upper hand, there is room for improvement in some specific areas like
low ionic conductivity and poor interface exposure. A large number of studies
are being organized to overcome the shortcomings and advance new generations
of solid-state LIBs. For commercialization purpose, solid electrolytes need good
ionic conductivity, promising mechanical properties, and excellent accommoda-
tion firmness with electrodes as basic requirements (Wang et al. 2017). In lith-
ium-ion batteries, liquid polymer electrolytes, gel polymer electrolytes, and solid
polymer electrolytes are broadly studied.

6.3.1 LiQuip PoLymer ELecTROLYTES (LPEs)

Liquid electrolytes are made up of at least one Li salt dissolved in some liquid non-
aqueous polar solvent along with a separator to restrict short-circuiting. Liquid elec-
trolytes acquire appealing characteristics like high ionic conductivity, relatively high
electrochemical windows, etc. (Cheon et al. 2003; Fergus 2010).

6.3.2 GeL PoLyMer ELecTrOLYTES (GPEs)

GPEs are electrolytes formed by incorporation of organic solvents with a solid poly-
mer matrix and dissolved Li salt (Cheon et al. 2003). The gel polymer electrolytes
were introduced to overcome the electrolyte leakage problems in liquid polymer
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electrolytes. The GPEs exhibit various improved properties like good ionic conduc-
tivity, wide electrochemical stability windows and are compatible with electrodes
because of increased ionic mobility. GPEs carry good mechanical strength and dif-
fusive properties of solids (Kim et al. 2007).

6.3.3 Souip PoLymer ELecTROLYTES (SPEs)

SPEs have many benefits over LPEs and GPEs due to properties like high longevity,
long life span, high-energy density, light weight, low reactivity towards electrodes.
It gets rid of numerous difficulties generated by liquid electrolytes such as leakage
problems and gets rid of the dendrite formation in gel polymer electrolyte. SPEs
consist of dissolution of salt in a polymer matrix with an electron donor group and
have advantages like design flexibility, improved safety, etc., and have advanced
conductivity and stability properties under an atmospheric environment (Zhang
et al. 2007). Sometimes required parameters are not obtained based on design, so
different plans of action are advanced towards, including the unification of inor-
ganic filler into solid polymer electrolyte matrix—called composite SPE (Arya et al.
2016). Further, solid polymer electrolytes also prevent the problem of dendrite
formation. Concerning liquid electrolyte, solid electrolyte deals better with safety
issues in the lithium-ion battery (Laghari et al. 2020). Hence, SPEs are proposed
for a new generation of safe and less weighted energy storage devices (Fergus 2010;
Laghari et al. 2020). SPEs are a favorite nowadays due to their ability to replace
aqueous electrolytes.

6.4 PROGRESS IN POLYMER COMPOSITES
FOR LITHIUM-ION BATTERIES

The development of polymer electrolytes has achieved rapid progress in recent years,
because the performance of Li-ion batteries heavily depends upon polymer elec-
trolytes. Various attempts have been done by researchers to modify the key per-
formance parameters of polymer electrolytes. So, this section discusses the recent
progress in different kinds of polymer electrolytes, on the basis of electrochemical
performances like IS results, CV results, GCD results, coulombic efficiency, reten-
tion capacity, ion transference number, etc. The recent progress in different polymer
electrolytes is discussed in a sequence of liquid polymer electrolyte, gel polymer
electrolyte, and then solid polymer electrolyte.

6.4.1 EIS ResuLts

In recent years electrochemical impedance spectroscopy (EIS) have seen an
increase in popularity. By this characterization method, we can find ionic conduc-
tivity of the polymer electrolytes. The recent advancement in ionic conductivity of
the various kinds of polymer electrolytes are discussed next:

In 2019 Tsao et al. (Tsao et al. 2019) reported the synthesis of liquid incorpo-
rated hybrid membranes which behave as a polymer and separator at the same
time via sol-gel process. This ionic liquid functionalized mixed PE provides good
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ionic conductivity. In the synthesis of PE, first polyetheramine, IL-silane, and
Glycidoxypropyl-trimethoxysilane were mixed and stirred vigorously for about 24
h. After that in sol-gel reaction different weight ratios 1:1:9 of acetic acid, metha-
nol, DI water solution were added in silane mixture. Then, polymer membrane was
fabricated by the solution cast technique. The prepared samples were mixed with
1.0M LiPF; in EC/DEC (1/1 v/v) liquid electrolyte to prepare PE. The EIS measure-
ment of prepared PE was done on a CH instrument to calculate ionic conductivity
by assembling it between SS electrodes. For EIS calculation the measurements were
taken in the frequency range of 0.1 Hz to 1 MHz at a voltage range of 10 mV. The
ionic conductivities of 9.4 x 10 S cm™ and 6 x 1073 S cm™! were recorded at 80 °C
and room temperature respectively by the prepared polymer electrolyte. The higher
conductivity indicates that the ionized group plays a crucial part in the betterment of
the ion transport properties.

In 2022, Wang et al. (Wang et al. 2021) synthesized trimethylolpropane tri-
methylacrylate (TMPTMA)-based polymer electrolyte with help of LiTFSI, DMC,
and ionic liquid N, , , ,TFSI by in situ polymerization method. The N, ,, ,TFSI was
used due to its excellent capability to increase ion transportation by dissociating
Li ions and their solid properties, therefore decreasing the ohmic resistance. The
high dielectric constant of N, ,,,TFSI was mainly responsible for increased ionic
conductivity. Polymer electrolyte with 10% of ionic liquid showed the highest
ionic conductivity of 6.15 x 10 S cm™. Approximate non-linear behavior of graph
was plotted between log o vs. T, putting forward that GPE followed the Vogel-
Tamman-Fulcher (VTF) empirical equation

o=0,T " exp (E/R (T -T ) (6.4)

Here o, stands for pre-exponential factor, T for temperature, 7, glass transition tem-
perature, E, activation energy, and R gas constant.

In 2019, Tan et al. (Tan et al. 2019) synthesized the GPEs made up of poly-
acrylonitrile/thermoplastic polyurethane/polystyrene (PAN/TPU/PS). To prepare
the solution, different quantities of TPU, PS, PAN (5:1:5) were dissolved in DMF.
For mixing, the solution was stirred at 60 °C for 12 h, and then it was carried into
electro-spun with a syringe with a 0.5 mLh™! rate of flow. A potential difference
of 24 kV was maintained across the nozzle tip. The dried films were saturated
in 1 mol L LiPF,-EC/DMC electrolyte to make it GPE in a glove box in an
argon atmosphere. Afterward, these were used to assemble button cells. On per-
forming EIS of prepared samples of PAN/TPU/PS GPE had the bulk resistance
(R,) of only 1.76 2, and ionic conductivity of 4.24 x 10~ was obtained as shown
in Figure 6.5b. Due to higher electrolyte uptake of electrolyte and porosity of
film, the conductivity heavily depends on more amount of Li-ion concentration.
82% of porosity was calculated and uptake behavior 31.5%. High porosity and
high uptake behavior was the reason for high conductivity of prepared GPE. In
2021, Jiang et al. (Jiang et al. 2021) prepared thermoplastic polyurethane (TPU)
polymer electrolyte based on hydrophilic-lipophilic TiO,. The TPU electrolyte
incorporated with TiO, nanoparticles was fabricated by phase separation technol-
ogy. As discussed earlier sufficient electrolyte uptake is a very important factor
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for increasing ionic conductivity. The ATP-TPU membrane could soak up more
electrolyte than the PP membrane due to its enlarged surface area. The ATO-TPU
membrane has an electrolyte absorbance of 259% which is much higher than the
PP separator (72%). Due to these properties of ATO-TPU GPE, the ionic con-
ductivity was recorded to be 1.59 x 1073, as shown in Figure 6.5d. Low crystal-
lization is favorable for enhancing the ionic conductivity of polymer electrolytes
(Solarajan et al. 2016).

In 2021, Zhang et al. (Zhang et al. 2021) prepared porous PVdF-HFP-PEO-
SiO, gel polymer electrolyte through the universal immersion precipitation
method. A very useful EIS technique was used for the calculation of ionic con-
ductivity. GPE based on PVdF-HFP showed better ionic conductivity than the
Celgard 2325 separator which has the property of absorbing liquid electrolyte.
The ionic conductivities of 2.46 x 10~ S cm™, 1.12 x 10% S cm™! and 4.33 x
10> S cm™ were measured for pure PVdF-HFP, PVdF-HFP-PEO-SiO, GPE and
Celgard 2325 separator. There were the following reasons for the improvement
of ionic conductivity. First, the high electronegativity of the fluorine atom of
PVdAF-HFP makes it easier for Li ions to move in the amorphous region. Another
reason is, in comparison to empty orbitals of the lithium atom electron, the PEO
has a segment of a function group having oxygen with excess electrons. Thus, it
becomes easy for lithium ions to coordinate with ether oxygen functional groups
(Cui et al. 2014; Fang et al. 2021). Third, an increase in electrolyte absorbance
ratio was due to the high porous nature and good pore interconnectivity of
PVdF-HFP-PEO-SiO,.

In 2021 Whba et al. (Whba et al. 2021) reported the synthesis of acrylonitrile
grafted epoxidized natural rubber (CAN-g-ENR) with LITFSI salt via UV curing
technique. The maximum conductivity of CAN-g-ENR was reported to be 1.1 x
10-°S cm™ with 40% wt of LiTFSI and thereafter decreases as shown in Figure 6.5a.
The increase in conductivity in electrolytes with salt content indicates an increasing
number of charge carriers (Lee et al. 2019). In 2019, Borzutzki et al. (Borzutzki et al.
2019) synthesized single ion conducting gel polymer electrolyte based on polysul-
fonamide along with PVdF-HFP in a 3:1 ratio. At different temperatures 20 °C and
60 °C, the ionic conductivity of 0.5 x 102 S cm™ and 1.08 x 102 S cm™ respec-
tively were achieved for polymer electrolyte membrane (1:3), which are amongst the
highest values achieved by PVAF-HFP and polysulfonamide-based single Li-ion PEs
(Zhang et al. 2014). Li et al. (2022) prepared an SPE by constructing a dual-range
ionic conduction path at ambient temperature. They blended polymer with EO and
PO block structure (B-PEG@DMC) with PEO to improve the conductivity of SPE.
The ionic conductivity was recorded at 1.1 x 10 and 2.3 x 10~ S cm! before and
after blending respectively.

In 2020 Li et al. (Li et al. 2020) synthesized SPE in the presence of photoinitiator
under UV irradiation comprised of different molecular weights of PEGDA and boric
easter bonds by photopolymerization. Improved conductivity was shown by boronic
ester bonds containing covalently cross-linked polymer-stabilized electrolyte. EIS
technique was used for calculating ionic conductivity of polymer electrolytes. With
5:5 and 5:4 mass ratio of diGMPA to BA, the polymer electrolyte P(n-BA)-diGMPA
delivered very less ionic conductivity of 9.5 x 10-¢* S cm™ and 5.7 x 10=¢ S cm™
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respectively which are a lot less for the practical application. Again, the ionic con-
ductivity of P2K-diGMPA electrolyte with different components was plotted at
60 °C. The highest calculated ionic conductivity was 2.4 x 10~* S cm™ at 60 °C
when PEGDA and diGMPA were combined with 3:5 mass ratio. In 2021 Cao et al.
(Cao et al. 2021) fabricated an imine bond based on a new type of self-healing poly-
mer electrolyte, solid polymer electrolyte (ShSPE). The ShSPE was synthesized by
changing amounts of polyoxyethylene bis (amine) and terephthaladehyde by an easy
Schiff base reaction. At 60 °C, the ShSPE with maximum amount of NH,-PEG-NH,
delivered highest ionic conductivity of 1.67 x 10+ S cm™. It is clear that the con-
ductivity highly depends on PEG concentration for salt dissociation capacity of the
ethylene group. Meantime, the ionic conductivity is also affected by the lithium ion
per ethylene oxide units present in the polymer matrix.

In 2021 Chen et al. (Chen et al. 2021) prepared semi-IPN SPE by thiol-tosylate
polycondensation of pentaerythritol terakis (3-mercaptopropionate) (PETMP) with
non-self-polymerized precursors, DTSPEG and TsPEGME, and then blended with
PEO. Among all fabricated membrane SPEs, self-standing SIS, 5, prepared from
the DTSPEG,,_, and TSPEGME;, possessed the highest ionic conductivity of value
o =13 x10"*S cm™. It is observed that ionic conductivity is increasing with an
increase in temperature thereby following VTF relation.

In 2021 Didwal et al. (Didwal et al. 2021) demonstrated the synthesis of solid
polymer electrolyte (SPE) having mesoporous silica nanoparticles (MSN) as the
filler and incorporated with poly(propylene carbonate) (PPC) as the host matrix.
Different samples of CSPE were prepared with different amounts of MSN filler and
their ionic conductivity was calculated. 4 wt% of MSN filler demonstrated the high-
est ionic conductivity of 8.48 x 10-* S cm™.

In 2021 Hu et al. (Hu et al. 2021) demonstrated the fabrication of SPE with the
function of single ion conduction by multi-nozzle electrospinning process and there-
after hot pressed treatment was given to it. The ionic conductivity of prepared SPE
was increased to 5.4 x 10~ S cm™ by the introduction of hydrophilic and hydropho-
bic silica (SiO,) which encourages dissociation of Li ions by decreasing the crystal
behavior of PEO.

In 2021 Kalybekkyzy et al. (Kalybekkyzy et al. 2021) prepared a series of
UV-photocross-linked flexible SPEs comprising PEGDA, ETPTA, and LITFSI salt,
with the addition of polydimethylsiloxane with acryl-PDMS to reduce the crystallin-
ity of the PEG chain. The conductivity of cross-linked SPE with a high salt amount
([EOQJ/[Li*] = 6) was 1.75 x 10-¢ S cm™" at room temperature and 1.07 x 10~* S cm™
at 80 °C. In 2021 Karpagavel et al. (Karpagavel et al. 2021) prepared SPE consist-
ing LiBr salt dispersed with PVAF-HFP/PVP blend polymer electrolyte by solution
casting technique. Figure 6.5c shows the frequency-dependent conductivity spectra
of SPE at various temperatures. The highest conductivity of 1.13 x 10-° S cm™! was
recorded for 4 wt% of lithium bromide salt.

In 2021, Li et al. (Li et al. 2021) synthesized SPE with the help of PVdF and cel-
lulose acetate as matrix and filler in the form of montmorillonite was used. The ionic
conductivity of solid polymer electrolyte film was 3.40 x 10~* S cm™. It was seen that
with the increase in the concentration of MMT the ionic conductivity first increased
and then decreased.
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6.4.2 ELecTROCHEMICAL POTENTIAL WINDOW

Electrochemical stability/potential window is a very important factor which mea-
sures the safe limit for battery operation. To check the decomposition behavior of
polymer electrolyte, the LSV technique is performed. Some recent ESW measure-
ments of polymer electrolytes are discussed next.

In 2018 Gupta et al. (Gupta et al. 2018) prepared liquid polymer electrolyte with
PEO+ 20 wt% LITFSI + 20 wt% ionic liquid by solution casting technique. A cath-
ode material LiNi, JMN, ,Co, ,0, was also synthesized along with this polymer elec-
trolyte. LSV of the prepared sample was taken at a scan rate of 0.05 mVs~'. From
the LSV curve it is concluded that the electrochemical stable window of prepared
electrolyte was 4.3V vs. Li*/Li as shown in Figure 6.7d. The electrochemical reaction
involved during the charging and discharging process was observed with the help
of CV technique. The CV was carried out in voltage range 2.4—4.3V with scan rate
of 0.05 mV s~!. The redox peaks of prepared PE were observed at 3.3V and 3.9V as
shown in Figure 6.6d.

In 2021 Zhou et al. (Zhou et al. 2021) examined polymer electrolyte film consist-
ing of PVdF as a polymer, SPI and MMT inorganic filler as additive group. The Li/
SPE/LFP half-cell was fabricated and the CV was taken in 2.6—4.5 voltage range
at scanning speed of 0.5mVs~. Figure 6.6a suggests that the reduction peak of pre-
pared cell was obtained at 2.91V vs. Li/Li* during the discharging process and oxi-
dation peak is observed at 3.94V vs. Li/Li* during the charging process. Figure 6.7b
represents the LSV curve suggesting the electrochemical potential window of 5.1 V
at 25 °C suggesting very steady electrochemical properties. In 2020 Srivastava et
al. (Srivastava et al. 2020) prepared gel polymer electrolyte with the help of PVdF-
HFP+PMMA with varying mass of EMIMTFSI and 20 wt% of LITFSI by solution
casting technique. The electrochemical performance was performed using lithium
rich nickel manganese cobalt oxide cathode and graphite anode. The CV curve of the
cell indicates that at room temperature the reduction took place at —0.40V and oxi-
dation at 0.40V vs. Li/Li* as shown in Figure 6.6b. In 2021 Wang et al. (Wang et al.
2021) reported the synthesis of prepared a solid polymer electrolyte with a property of
healing by itself with the help of poly(HFBM-co-SBMA) network, ionic liquid based
on imidazole (EMI-TFSI), and LiTFSI salt. The self-healing SPE exhibited a satis-
fying electrochemical potential window of 4.9V vs. Li/Li* which is quite appealing
for a safer Li-ion battery. In 2021 Sadiq et al. (Sadiq et al. 2021) examined blend PE
film based on PVA-PEG with dopant NaNO; salt by solution casting technique. The
cyclic voltammetry (CV) of the samples was examined for three cycles at a scan rate
of 0.0lmVs™ in =3V to +3V voltage range as shown in Figure 6.6c. Also, the linear
sweep voltammetry (LSV) measurements were taken at a scan rate of 0.01 mVsin a
voltage range between —3V to 43V to measure the electrochemical stability window
of prepared PE films. The prepared PB30 film showed an ESW of 3.9V.

In 2022 Guo et al. (Guo et al. 2022) used the solvent voltilization method for
synthesis of PE of PVdF-HFP/PMMA/CMC. The LSV technique was used for con-
firming the electrochemical stability window of GPE at a scan rate of SmVs™ in a
range of 0 to 6 V vs. Li/Li*. The electrochemical stability of 4.8, 4.5, 4.6 V were
observed for PVAF-HFP/PMMA/CMC, PP, PVdF-HFP/PMMA respectively. The
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results show that PVAF-HFP/PMMA/CMC is very compatible with carbonate elec-
trolyte. High electrochemical stability was attained by the addition of CMC. The
optimized ESW concludes PE for commercial application for high-energy LIBs. In
2022 Gao et al. (Gao et al. 2022) reported the synthesis of polyurethane/cellulose
PE by facile immersion approach. The prepared samples were marked as C-PU18,
C-PU20, C-PU22, C-PU26, and C-Pu29. The electrochemical stability window of
C-PU electrolyte was measured by LSV technique using Li/SS cells. The C-PU18
and C-PU29 exhibited electrochemical stability of approximately 4.8 V, concluding
these PE can be applied for high-energy and -voltage batteries.

In 2021 Guo et al. (Guo et al. 2021) reported the synthesis of GPE having PEG elec-
trolyte including TEP and nano-TiO, with dual acceleration conduction mechanism
for LIBs. Better results of electrochemical stability were achieved with involvement
of nano-TiO, and TEP. For the LSV scan the polymer electrolyte was sandwiched
between working electrodes of stainless steel. For PEG-TEP, PEG-TiO, a satisfying
electrochemical stability window of 5.18 V, 4.55 V respectively was achieved. The
electrochemical potential window of PEG-TEP-TiO, GPE was 5.32 V vs. Li*/Li.

In 2020 Jie et al. (Jie et al. 2020) fabricated NPH-GPE based on PVdF-HFP with
a cautious electrolyte. Cyclic voltammetry (CV) and linear sweep voltammetry
(LSV) techniques for assembled SS/GPE/Li cell were used at 0.1mVs~! to obtain
electrochemical stability window. CV was performed from —0.2 to 2.5 V and LSV
from 2.5—-6 V. At room temperature electrochemical stability window of 5.15 V was
observed for NPH-GPE and at 70 °C 5.2 V ESW was observed. In 2019 Tan et al.
(Tan et al. 2019) fabricated and synthesized high-performance GPE made up of PAN/
TPU/PS. The LSV technique was performed to study the electrochemical stability
window (ESW). The electrochemical stability window of PAN/TPU/PS came out to
be 5.8 V. The higher electrochemical stability makes polymer membrane a perfect
candidate for use in higher voltage cathode materials and high-performance batter-
ies. In 2019 Prasanna et al. (Sai Prasanna and Austin Suthanthiraraj 2019) prepared
nanocomposite gel polymer electrolyte with nanofiller Al,O,, TiO, PVC/PEMA-
based blend GPE plasticized with Zn(OTf,) salt and EMIMTFSI ionic liquid. The
LSV studies of prepared GPE were carried out in a three-electrode system to find
out electrochemical stability windows and to find their capacity to conduct zinc ions.
The LSV of GPE distributed with 3 wt% Al,O; and TiO, nanofillers was taken and
electrochemical stability was found to be 4.27 and 4.09 V respectively. The received
ESW is enough to use this GPE in advanced energy storage devices (Li et al. 2022).

In 2017 Li et al. (Li et al. 2021) prepared a gel polymer electrolyte membrane
with a liquid electrolyte and PEO as host polymer. LSV of synthesized GPE was
examined at a scan rate of 0.5 mVs~ in range of 0 to 6 V vs. Li*/Li for measurement
of electrochemical stability window. The electrochemical stability of prepared GPE
was found to be 5.2 V which is very satisfying for its practical application. In 2019
Zhou et al. (Zhou et al. 2019) demonstrated the fabrication of a self-healing PE with
supermolecular network reinforcement via consolidation of SiO,-UPy in the poly-
mer matrix of PEG and LiTFSI (EO/Li* molar ratio 16:1). Different samples were
prepared with SiO,-UPy in different weights of the copolymer. The LSV technique
was used at ImVs™ scan rate to examine elctrochemical stability window of SHCPE-
10. The current (oxidation) increases remarkably up to 5.1 V vs. Li*/Li, referring



Composites for Lithium-lon Batteries 165

a high electrochemical stability window of PE, making it applicable to common
5 V cathode materials and in high-voltage batteries. The LSV curve is shown in
Figure 6.7a.

In 2021 Yuetal. (Yu et al. 2021) prepared P(PEGMA-co-MMA)-based PE having
different [EO]:[Li] ratios through in situ polymerizations of electrolytes. The poly-
mer electrolyte exhibited superb coordination with electrode material of prepared
Li/LiFePO, cells. LSV curves were observed to find the electrochemical potential
window of the prepared electrolyte. Among all prepared samples the PE based on
P(PEGMA-co-MMA) had a better electrochemical stability of 5.20 V vs. Li/Li*,
indicating it is appropriate for higher-voltage battery applications. The LSV curve
is shown in Figure 6.7c. CV and LSV curves of some of the previously discussed
polymer electrolytes are presented next.

6.4.3 GALVANOSTATIC CHARGE-DISCHARGE REsuLT

GCD is a mode of electrochemical measurement which identifies the mechanism and
kinetics of reactions at electrodes. To an electrode, a constant current pulse is applied
and by the galvanostatic method, the change in resulting current is measured. The
reaction rate is measured by using GCD. In GCD a graph is plotted between poten-
tial and time at constant current. In 2021 Swiderska-Mocek et al. (Swiderska-Mocek
and Kubis 2021) prepared PE comprising LiODFB and LiBOB salts with liquid
MeP1PyrNTf, or MePrPyrNFT, in polymer matrix TMS and PVdF by solution cast-
ing technique for lithium-ion batteries. Using LiFePO, as an electrode with different
PE, the GCD outline of the prepared LPFIPEILi cell was measured with current den-
sities ranging from C/10 to 1C. The initial reversibility of 185 mAhg-! was observed
at rate of C/10. With the increase in current density to C/2, the discharge capacity
dropped to 132 mAhg! with coulombic efficiency of 99%. The reversible discharge
capacity of 164 mAhg' was observed after 50 cycles at a C/10 rate as shown in
Figure 6.8b.

In 2022 Long et al. (Long et al. 2022) reported the synthesis of thermotolerant
and fireproof GPE consisting of diethyl vinyl phosphonate in cross-linked PEG diac-
rylate network and LiPF, salt. The battery was prepared with LiFePO, electrodes
and prepared polymer electrolytes for examining charging/discharging results. The
battery conveyed a capacity of 142.2 mAhg™! at a scan rate of 0.2C with capac-
ity retention near 100% for 300 cycles at atmosphere temperature. The battery can
attain balanced charge-discharge for 100 cycles with 95.5% of coulombic efficiency
at a scan rate of 1C at 80 °C.

In 2021 Fang et al. (Fang et al. 2021) prepared PE by a ring-opening reaction
of PEGDE with the ethoxy group and polyether amine (PEA) with amino groups,
fabricated inter-connected polyethylene glycol-based resin (c-PEGR). The prepared
PE reflected an excellent galvanostatic charge/discharge profile. The LCOIILi cell
prepared with c-PEGR gel at a scan rate of 0.2C exhibited an opening capacity of
159.1 mAhg!. The capacity was retained to 146.3 mAhg™! after 100 cycles with a
capacity retention of 91.95% and coulombic efficiency of 99.92%.

In 2021 Luo et al. (Luo et al. 2021) reported the preparation of PVdF-HFP-
based GPE, having UV operable polymer matrix through UV-irradiation technique.
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LiFePO,IPVdF-HFP/PETEA-GPEILi battery was placed together to reveal the elec-
trochemical performance of GPE. At a rate of 0.1C, the battery revealed a discharge
specific capacity of 16lmAhg-'. The discharge specific capacity of the battery was
reported to be 159, 151, 144 mAhg! at 0.2, 0.5, 1C rate respectively. Showing with
increasing current density, discharge capacity decreases. The battery exhibited
capacity retention of 148 mAh/g! after cycle and average high coulombic efficiency
of 99%.

In 2021 Jiang et al. (Jiang et al. 2021) synthesized TPU gel polymer electrolyte
filled with ultrafine hydrophilic-lipophilic TiO, nanoparticles (ATO). The initial
specific discharge capacity of ATO-TPU GPE was recorded to be 145 mAhg™! and
after 50 cycles it dropped to 139 mAhg! having capacity retention of 95%. In 2019
Tan et al. (Tan et al. 2019) prepared GPE comprising PAN/TPU/PS. The first dis-
charge and charge capacities of 161.44 mAhg~! and 161.70 mAhg-! were observed for
the prepared Li/GPE/LiFePO, cell at a 0.1C rate as shown in Figure 6.8d. After 50
cycles, the capacity retention was 93.4%. The possible reason for the improved result
is a huge number of pores in the polymer membrane which supply a compulsory way
for ion transportation and ease fast ionic transport.

In 2021 Das et al. (Das et al. 2021) prepared PVdF-HFP-based polymer electro-
lyte with PVAF-HFP, 20 wt% LAGP, 20 wt% LITFSI, and 35 wt% EMITFSI. In
GCD measurement of fabricated cell-II was calculated at higher and lower voltage
range of 4.0 and 2.7V respectively at a constant 0.05C rate of current. The discharge
and charge voltage levels of 3.49 and 3.33V respectively were observed. A lower
value of resistance between electrode and electrolyte may be its predictable rea-
son (Maia et al. 2022). The cell prepared was tested for 50 cycles. The maximum
achieved capacity was 151 mAhg! at 0.05C. The capacity retention was 100% of
the initial charge/discharge capacity as shown in Figure 6.8c. Table 6.1 shows recent
advancement in polymer electrolytes for Li-ion batteries.

In 2022 Deng et al. (Deng et al. 2022) examined the electrochemical perfor-
mance of synthesized self-healing polymer electrolyte (PBPE) membrane having
NH,-PEG-NH, with LIFSI, LIDFOB, LiPF; salts in EC/FEC/EPC. Excellent dis-
charge capacity of 118.2 mAhg™! was exhibited by LPF cell with PBPE at 5C rate
and capacity retention of 97.8% over 125 cycles and coulombic efficiency close to
100%. In 2022 Deng et al. (Zhou et al. 2018) reported the preparation of adjustable,
self-alleviating, and highly elastic PE for LIB. This polymer electrolyte exhibited a
special property of self-healing after getting damaged. The polymers were prepared
with a variable amount of UPyMA and PEGMA with the help of reversible addition-
fragmentation chain transfer polymerization technique. PE was prepared by solution
casting technique with UPy units and LiTFSI salt. The novel shPE was fabricated
to Li metal batteries using Li metal anode and LiPO, cathode. A lithium metal bat-
tery was assembled using LiPO, as cathode, Li metal as anode and a prepared self-
healing PE. The LPF/shPE/Li cell conveyed an earlier discharge capacity of 157
mAhg! with coulombic efficiency of 92.4% at a 0.1C rate as shown in Figure 6.8a.
With the increase in current density rate to 0.2C and 0.5C, the battery maintained a
high capacity of 152 mAhg' and 132 mAhg™' respectively. After 100 cycles, capac-
ity retained to 143 mAhg' and 97.9% of coulombic efficiency. In 2021 Ding et al.
(Ding et al. 2021) prepared PEO-based PE in the composition of PEO, LITFSI, and
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TABLE 6.1

Recent Advancement in Polymer Electrolytes for Li-lon Batteries.

Sr no.

AN R W N =

Material Used

IPDI + DEG + DBTDL + DMF + FPC3018

PVdF-HFP + PMMA + CMC

PEO + B-PEG@DMC

PEGDA + DEVP

PVA + PEG + NaNO3

(PVdF + PHFP) + LiTFSI + EMITFSI +
LAGP

NH,-PEG-NH, + LiPF, + LiFSI + LiDFOB

GMA + PEGDA + BP

TPA + DGEBA + NH2-PEG-NH2

UPyMA + PETEA + LITFSI + NMA + FEC

PEG + PEGME + PETMP + TEA + LITFSI

PPC + LITFSI + MSN

PEO + LITFSI

PEGDE + PEA

PVdF + soybean protein isolate +
montmorillonite (MMT)

PVdF-HFP-PEO-SiO,(gel)

PEGDA + LITFSI + AIBN + DME + TEP +
TiO,

Li,CO; + CuSO, + SiO, + PVdF-HFP

ATO + TPU + LiPF; + DMC + TiO,

lonic

Conductivity
(x 103 S cm™)

2.4
4.43
0.023
0.6
0.0153
4.49

4.79
0.24
0.167
1.79
0.13
0.85
0.28
0.7
0.256

1.12
1

0.054
1.59

Cation
Transference
Number

0.42

0.43
0.97
0.38
0.39
0.79
0.24

0.86

0.47
0.77

0.48

0.96

ESW (V)

4.8
4.2

39
1.8

45
53
45
4.5
43
4.8
35
4.36
5.1

4.7
5.32

3.8
4.3

Capacity
(mAhg-")

134
162
109
142

151

118
141
117
143
171
155
146
100

147
125

145
139

Coulombic Retention
Efficiency  Capacity
(%) (%)

99 96

- 93.5
100 73
100 96.6

- 100
100 97

- 97.7

- 86.1

97.1 93.6
100 86

- 95

99.92 91.

94 100

95.05 -

- 88.1
100 95

Year

2022
2022
2022
2022
2021
2021

2021
2021
2021
2021
2021
2021
2021
2021
2021

2021
2021

2021
2021

Reference

(Gao et al. 2022)
(Guo et al. 2022)
(Li et al. 2022)
(Long et al. 2022)
(Sadiq et al. 2021)
(Das et al. 2021)

(Deng et al. 2022)
(Zhang et al. 2021)
(Cao et al. 2021)
(Jaumaux et al. 2020)
(Chen et al. 2021)
(Didwal et al. 2021)
(Deng et al. 2022)
(Fang et al. 2021)
(Zhou et al. 2021)

(Zhang et al. 2021)
(Guo et al. 2021)

(Hu et al. 2021)
(Jiang et al. 2021)

(Continued)
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TABLE 6.1 (Continued)
Recent Advancement in Polymer Electrolytes for Li-lon Batteries.

Sr no. Material Used lonic Cation
Conductivity ~ Transference
(x103Scm™) Number t

21 ETPTA + HMPP + LiPF, + DEC + 0.91
PVdJF-HFP

22 LiTFSI/OMMT/CA/PVdF 0.34 0.3
23 LiTFSI-N 1,4,4,4 TFSI-DMC(70:20:10) 6.15 0.59
24 PVdF + LiODFB + EtMeImNTf, + TMS 321 0.03
25 PVdF-HFP + PETEA + HMPP 0.5 -
26 PVdF-HFP + NMP 0.724 0.57
27 PVdF HPF + SIPE 0.5 0.9
28 PEO + 1-methyl-3-trimethoxysilane 5.9 0.57
29 PAN + TPU + PS 39 -

ESW (V)

5.1

4.2
53
34

4.8
52
4.0

5.8

Capacity Coulombic Retention

(mAhg)
151

112
183
168

151
150
163
156
161

Efficiency
(%)

100
97
99.4
99

922

Capacity
(%)

99
80

Year

2021

2021
2021
2021

2021
2020
2019
2019
2019

Reference

(Luo et al. 2021)

(Li et al. 2021)

(Wang et al. 2021)

(Swiderska-Mocek
and Kubis 2021)

(Luo et al. 2021)

(Jie et al. 2020)

(Borzutzki et al. 2019)

(Tsao et al. 2019)

(Tan et al. 2019)
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low viscous solvent. The electrochemical performance of electrolytes was examined
using LiFePO,/Li cell. The fabricated electrolyte exhibited discharge of 155.4 and
157.8 mAhg! at 1C for designed and carbonate electrolyte. After 100 cycles the
cyclic performance of designed and carbonate electrolytes was high with capacity
retention of 98.5% and 75.5% respectively.

In 2021 Kim et al. (Kim et al. 2021) optimized synthesis of the ion-conductive
track in UV-healed SPE via a semi-permeate polymer matrix having minimum liquid
content. The USPE had ETPTA as backbone film with ion solvated GPE (Li*/PVdF-
HFP) for increasing Li* conduction. The charging-discharging capacities of the cell
were examined by GCD profile. With various C-rates 0.2, 0.5, 1.0, 2, 3, 5, and 10 C,
a charge/discharge curve was obtained. USPEs having 3, 6, 9, and 12 wt% of HFP
content in PVAF-HFP showed extra steady C-rate ability and a high-rise discharge
capacity.

6.5 CONCLUSIONS

In conclusion, we reviewed the role and recent work by researchers/scientists in
polymer electrolytes for lithium-ion batteries (LIBs). This chapter mainly discusses
the important role of polymer electrolytes in Li-ion batteries. Li-ion batteries were
developed from 1970s, and the introduction of commercial Li-ion batteries in 1991
changed the dynamics of the energy storage world. The different components of
Li-ion batteries are discussed in detail. The electrolyte has a very important role
in a battery, and a polymer electrolyte can rectify the problems with conventional
electrolytes. Different polymer electrolytes have their specific advantages and dis-
advantages. And hence intense research is conducted by researchers. Here recent
developments in electrochemical properties of polymer electrolytes have been dis-
cussed. There is the enhancement of many properties of polymer electrolytes like
better conductivity, self-healing properties after damage, etc.

Lithium-ion batteries have attracted researchers because of the growing need
for energy. Polymer electrolytes have a very crucial responsibility in enhancing
electrochemical performance of LIBs. The important factors that are required to
be communicated are ionic conductivity, electrochemical potential window, and
charge-discharge capacity, although there is scope for modification of a few param-
eters like ionic conductivity, thermal stability, coulombic efficiency, and cyclic sta-
bility. So, distinct schemes have to be implemented for improving energy density and
efficiency for their practical use in commercial LIBs.
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7.1 INTRODUCTION

Electrochromism is the phenomenon by which a substance is able to reversibly mod-
ify its optical properties in the entire electromagnetic spectrum, such as in the near-
infrared region (e.g., 1000—2000 nm) and in the visible region (400—800 nm) under
the influence of an externally applied voltage (Park et al. 2016; Thakur, Ding, Ma,
Lee, & Lu, 2012). This alteration in optical properties is the manifestation of the
change in the electronic state of the substance due to various redox reactions occur-
ring in the substance when an external voltage is applied. The change is reversed
when the polarity of applied voltage is reversed. Electrochromic materials when inte-
grated in the form of a device can modulate the emittance, absorbance, reflectance and
transmittance of the electromagnetic radiation incident on the material (Grangvist,
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2005; Chua et al. 2019). Currently, electrochromic devices (ECDs) are attracting the
increasing attention of researchers as well as industry for exploiting their commer-
cial applications. Some of the examples of applications of electrochromic devices
include electrochromic windows, sensors, electrochromic displays, goggles, helmet
visors, anti-glare mirrors, etc. (Figure 7.1). Significant benefits of ECDs such as flex-
ible features, low power consumption, simple adjustable structures, eye-soothing
display modes, etc. make them promising energy-saving candidates for smart win-
dows and next-generation displays (Patel et al. 2017). Among all these ECDs, recently
electrochromic windows (ECWs), also called smart windows, have captured great
interest for energy saving and enhancing indoor comfort. ECWs are active solar con-
trol glasses capable of controlling the transmittance of solar radiation and light into
vehicles and buildings. ECWs provide enhanced indoor comfort by preventing glare
and thermal discomfort (Eh, Tan, Cheng, Magdassi, & Lee, 2018; Granqyvist et al.
2018). They also help in saving a large amount of energy by reducing the depen-
dence on air conditioning and artificial lighting in buildings. ECWs are more efficient
in saving energy from electric lighting and cooling as compared to photochromic/
thermochromics windows. Figure 7.2 shows the comparison of cooling and electric
lighting energy needs for different types of windows. Clear glass with high transpar-
ency does not need too much energy for lighting, but it consumes the highest energy
for cooling, while reflective glass enables better heat transfer blocking, but needs high
lighting energy. It may be noted that only ECW allows minimum energy for both light-
ing and cooling (Gillaspie, Tenent, & Dillon, 2010; Selkowitz, 1990).

FIGURE 7.1 Various applications of ECDs. (a) EC window; (b) Smart switchable windows
in an aircraft; and (c) EC lens.

Source: (a) Reproduced with permission from Korgel (2013). (b—) Reproduced with permission from
Osterholm et al. (2015).
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FIGURE 7.2 Comparison of electric lighting energy and cooling energy among different
glazing typologies.

Source: Reproduced with permission from Granqvist et al. (2009).

ECWs can change their optical state (can be colored and bleached with application
of voltage) when low voltage is applied, allowing the users to regulate the amount of
heat and/or visible light entering the premise according to their preferences and com-
fort (Rauh, 1999; Sibilio et al. 2016). The use of electrochromic rear-view mirrors for
vehicles is already well known. They help the drivers in comfortable driving during
night time. Electrochromic sunglasses can be used to get protection from harm-
ful ultraviolet (UV) radiation (Cannavale, Ayr, Fiorito, & Martellotta, 2020). Thus,
ECWs have a wide potential applicability in a large number of fields. The working
electrode, which is an electrochromic material, and the electrolyte are two major
active components of ECWs (Sim & Pawlicka, 2020). The working efficiency of
ECWs depends mainly on these two components. Electrochromic materials mainly
include transition metal oxides (TMOs) such as iridium oxide, tungsten oxide, ruthe-
nium oxide, cerium oxide, cobalt oxide, etc. and conjugated organic polymers like
polyaniline, polypyrroles, polythiophenes, etc. (Yang et al. 2020). In TMOs, the
transition metal ion can undergo reversible redox reactions on application of exter-
nal voltage. Whereas in conjugated polymers, the delocalization of the m electrons
leads to electrochromism. Electrolyte is another most important active component
of ECWs. Electrolyte provides conduction of ions between the counter and working
electrode. It also acts as a physical gap between the two electrodes to avoid short
circuiting. The electrolyte can be in solid, liquid or gel form. Normally an electro-
lyte consists of one or more liquid solvents with one or more salts that provide ions
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on dissociation. Various kinds of electrolytes have been explored for ECWs such
as liquid electrolytes, solid inorganic electrolytes, ceramic electrolytes and polymer
composite electrolytes. Each electrolyte has its own pros and cons. Polymer com-
posite electrolytes are capturing wide research attention as suitable electrolytes for
ECWs, owing to their remarkable characteristics like easy processing, high mechan-
ical strength, low reactivity, enhanced stability, wide range of operating temperature,
high optical transparency, etc. Here in this chapter, we will discuss in detail the role
of polymer electrolytes in enhancing the performance of ECWs. First, a brief insight
of various layers and the electrochromic mechanisms of ECWs has been given. Some
important key parameters suggesting the performance of ECWs has been discussed.
Then, a detailed description of various kinds of polymer electrolytes used for ECWs
is given. Finally a detailed results and discussion section has been provided for use
of polymer electrolytes in ECWs.

7.1.1  LAvers ofF ELecTRocHROMIC WINDOWS (ECWs)

Electrochromic (EC) windows usually consist of five layers—transparent conduct-
ing substrate (TCS), working electrode (WE), electrolyte, counter electrode (CE),
and transparent conducting substrate (Figure 7.3). The substrate chosen for ECWs
are usually made of glass. The substrate is coated with a conducting material (e.g.,
fluorine tin oxide (FTO) and indium tin oxide (ITO)). The substrate along with
conductive coating makes the outermost layers of ECWs. The inner layers next
to the transparent conducting substrate (TCS) are that of electroactive materials.
One of them is called WE and the other is called CE. The working electrode is an

Electrolyte —— Voltage

source

FIGURE 7.3 Schematics of various layers of ECWs.
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electrochromic layer, where CE is an ion storage material that can be either an opti-
cally passive or complementary electrochromic material. The working and counter
electrodes are separated by an electrolyte (solid, liquid or gel) that acts as an ionic
conductor with high electronic resistance to avoid short circuiting. Optical modula-
tion occurs when ions through the electrolyte move from the working electrode to
the counter electrode and the vice versa. The movement of ions occurs through the
application of potential between the two conducting layers.

7.1.2  ELECTROCHROMIC MECHANISMS

Electrochromism is induced in an electrochromic material by insertion of both
electrolytic ions and electrons simultaneously with application of external voltage
between the two transparent conducting films. Figure 7.4 represents the schematics
of the electrochromic mechanism of ECWs. On applying external voltage, small
electrolytic ions like H*, K* and Li* move in between the WE and the CE (ion stor-
age layer). Electrons from the external circuit move towards the electrochromic
material and vice versa, leading to optical changes in the electrochromic material
through redox reactions. The EC material undergoes a change in its color (colored
state <> bleached state). Coloring and bleaching occurs through different redox pro-
cesses. The optical state can be reversed by changing the polarity of the applied
voltage. In ECWs, a very small amount of external voltage is required for switch-
ing from colored to bleached state and vice versa. The optical state (colored or
bleached) remains in the same state even after removing the applied voltage. This is
because of the memory effect of the EC material. Let us unfold this mechanism by
taking the example of WO, as WE and V,0; as CE. Both are EC materials. When
external voltage is applied, at the cathode, WO, would change its color from yellow
to blue after insertion of electrolytic ions M* and electrons. At the anode, M, V,O5
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FIGURE 7.4 Schematic illustration of mechanism of an ECW.
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will change its color from pale yellow to brownish yellow on removal of M* and
electrons. The reverse reactions take place when polarity of external applied volt-
age is changed.

WO, + xM " + xe~ > M, WO,

Yellow Blue
M, V,0; - V,05 + XM " + xe~
Pale blue brownish yellow

7.1.3  Key PERFORMANCE PARAMETERS FOR ECWs

There are certain parameters that are used to evaluate the performance of electro-
chromic windows (Figure 7.5). Some of these key parameters are contrast ratio,
switching time, cycling life, color, etc. Table 7.1 summarizes the requirement for
large-area ECWs. Some of these parameters have been discussed here (Hassab &
Padilla, 2014; Thakur et al. 2012; Yang et al. 2020).

7.1.3.1 Optical Modulation

The optical change (i.e., the change in the absorbance (AA) or transmittance (AT)
between the colored and bleached state) is termed as optical modulation.

BA= A~ A,
AT =T, -T,

Where A, T, and A, T, are absorbance and transmittance in colored and bleached
state, respectively.

7.1.3.2 Contrast Ratio (CR)

Optical contrast is a parameter that quantitatively determines the optical change
intensity in an ECW. It is defined in terms of contrast ratio as

CR=1b
lC

Where [, is the intensity of light reflected/transmitted from the colored state and /, is
the intensity of light reflected/transmitted from the bleached state.

7.1.3.3 Optical Density (OD)

Optical density of an electrochromic material is a measure of the optical transmit-
tance (7') of that material corresponding to a particular wavelength. It is given as

OD =log,, (1/T)

If the bleached state of the material is not completely transparent, then optical den-
sity is given as

OD =log(T, /T,)
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TABLE 7.1

Key performance criteria for ECWs.

Parameters Values
Colored state solar transmittance 10-20%
Bleached state solar transmittance 50-70%
Colored state visible transmittance < 10-20%
Bleached state visible transmittance 50-70%
Applied voltage (small/large area) 1-3/10-24 V
Cycling life 10*-10° cycle/5-20 year
Open circuit memory 1-12h
Operating temperature -20to 85 °C

Source: Lampert (1989).

7.1.3.4 Electrochromic Efficiency

Electrochromic efficiency is also known as coloration efficiency and defined as the
ratio of change in optical absorbance (AA) for a given amount of charge injected per
unit area (Qg) with units of inverse charge density (i.e., cm?/C).

-
Qs
In terms of optical density (OD), | can be written as
A(OD
n:—( ):Lxlog(Tb/Tc)
Q &

It is a practical parameter which is used to determine the power requirements for
color switching. High value of n signifies better utilization of electronic input.
Electrochromic efficiency depends upon the electrochromic material used in ECWs.
Inorganic EC materials with lower molar absorbance have lower efficiency in com-
parison to organic EC materials.

7.1.3.5 Switching Time

Switching time or response time is a key parameter to assess the performance of
ECWs. It is defined as the response time required by an EC material to switch from
colored to bleached state and vice versa. Defining more precisely, switching is the
time taken to reach 90% of T, from 7, and vice versa. Its value may be from few sec-
onds to minutes depending upon the size of ECW. Switching time mainly depends
upon the electronic conductivity, ionic conductivity of the electrolyte of the elec-
trodes and electrolyte thickness. It depends also on the morphology and film thick-
ness of the EC material, diffusion of electrolytic ions in the EC film and the applied
voltage.
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7.1.3.6 Write-Erase Efficiency
It is defined as the fraction of the original coloring that can be erased or bleached.

7.1.3.7 Cyclic Life

When an EC material undergoes repeated cycling between its colored and bleached
state, the performance of the device degrades with time. This is due to physical and
chemical changes occurring in the device. If the applied voltage exceeds the safe
limit for ECW, the cyclic life of the device is reduced.

7.1.3.8 Stability

The stability of an ECW is measured by the service life of an ECW which is based on
optical change after multiple switching between colored and bleached states. The applied
voltage and external environmental conditions are two important factors determining the
stability of an ECW. The packing of an ECW should be proper to avoid adverse impacts
of external factors on the stability of the ECW. Suitable EC materials and proper
choice of electrolyte with minimal leakage are encouraged for highly stable ECWs.

7.1.3.9 Memory Effect

The ability of an ECW to maintain a particular optical state (colored/bleached) during an
open circuit state is termed as memory effect. The ECW device can attain a stable colored
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FIGURE 7.5 Performance parameters of ECWs.
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as well as bleached state even after turning off the applied voltage. It does not require a
continuous power supply to maintain a desired optical state as in the case of light emit-
ting diodes (LEDs). The EC material and electrolyte play a crucial role in deciding the
memory of the ECW. A solid state ECW will have high memory in comparison to liquid
ECWs. This is because solid ECWs will have limited diffusion of electroactive compo-
nents during the off state thus avoiding the self-erasing of the optical state.

7.2 ROLE OF ELECTROLYTES IN ECWs

The electrolyte plays a very significant role in determining the optical performance
of ECWs. Electrolyte is an ionic conduction medium between WE and the CE and
acts as a separator that avoids electric contact between the two electrodes. Electrolyte
can be a solid, liquid or gel. For better performance of ECW, the electrolyte must
possess the following useful characteristics:

* High ionic conductivity
The electrolyte should possess high ionic conductivity (o) to facilitate the
transportation of ions between the working and counter electrode. High
conductivity also leads to rapid motion of electrolytic ions from the electro-
lyte to the electrochromic layer and the other way around leading to rapid
switching between bleached and colored states. Ideally, the ionic conductiv-
ity should lie in the range of 107 to 107 S cm™! (Thakur et al. 2012). The
conductivity of the electrolyte should not degrade due to drying after a long
time of storage. Also, the small-sized ions such as H*, Li* are preferred due
to their high mobility.

e Low/negligible electronic conductivity
The electrolyte should be electronically insulated. There should not be any
electronic transfer between the WE and CE through electrolyte as this will
lead to a short circuit condition.

* High optical transparency
The electrolyte must be optically transparent. High optical transparency of
the electrolyte leads to transparency of ECW during bleaching. Electrolyte
must be free from light scattering effects.

o Wide potential window
A potential window for an electrolyte is defined as the voltage range under
which the electrolyte can be safely used. Exceeding the voltage beyond this
limit, the electrolyte undergoes degradation. High potential window of the
electrolyte means that the electrolyte can be safely used for high-voltage
applications.

e Thermally stable
The electrolyte should be thermally stable. The electrolyte should be stable
for a wide range of temperatures so that ECWs with such electrolytes can
be used under extreme temperature conditions.

e Chemically stable
The electrolyte with high chemical and electrochemical stability is suitably
preferred for ECWs. The electrolyte must be chemically stable in potential
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range of switching for ECWs. Also electrolyte must be compatible with
anodic and cathodic layers.

e Low cost and eco-friendly
For use of ECWs on commercial scale, it is highly desirable that different
components of the device should be of low cost and environmentally safe. The
electrolyte with low cost and easy availability is preferred for ECWs to reduce
the cost of fabrication of ECWs. The electrolyte should also be eco-friendly.

Beside these mentioned features, the electrolyte should be compatible with both the
electrodes (WE and CE), safe to humans (non-explosive, inflammable) and have long
operating hours. Various kinds of electrolytes such as liquid electrolytes, polymer
electrolytes, solid inorganic electrolytes, etc. are used for ECWs. Liquid electrolytes
have the advantage of high ionic conductivity but there are some limitations to the
use of liquid electrolytes for ECWs such as low chemical stability, leakage issue, and
safety issues. Polymer electrolytes have gained wide research attention in the field
of ECWs because they can be easily processed as thin films of desired thickness/
shape for compact and smart packing of ECWs (Choudhury, Sampath, & Shukla,
2009; Gongalves et al. 2012). Excellent mechanical, chemical and electrochemical
stability of polymer electrolytes helps in fabrication of robust ECWs. Along with
that, high ionic conductivity and low electronic conductivity of conducting polymers
make them a favorable choice as electrolyte for ECWs. Use of polymer electrolytes
for ECWs provides flexibility, light, and moldable shape, etc. and safety against leak-
age and short circuiting (Aziz et al. 2020).

7.3 POLYMER ELECTROLYTES FOR ECWs

Polymer electrolytes are used in ECWs and provide a path for ion conduction. Two
principal requirements for polymer electrolyte are high conductivity and high trans-
parency. Polymer electrolytes basically consist of molten salts dissolved in a polymer
matrix. The ions of the salt are screened by the polymer host (PEO, PMMA PEI,
PPO, etc.). They are widely used in a number of electrochemical devices like super-
capacitors, batteries, fuel cells, etc. Over the past three decades, research has been
accelerated in using polymer electrolytes for electrochromic devices such as EC dis-
plays, ECWs, anti-glare mirrors, sunroofs, etc. Polymer electrolytes offer numerous
advantages over usual liquid electrolytes. Their high ionic conductivity, high elec-
tronic resistivity, wide operating windows, thermal stability, mechanical stability,
chemical stability, easy processibility, flexibility, light weight, etc. (Arya & Sharma,
2019) make them a better choice as electrolyte for ECWs. Polymer electrolytes are
further categorized as (i) gel polymer electrolytes (GPEs), (ii) solid polymer electro-
lytes (SPEs), (iii) composite polymer electrolytes (CPEs) and (iv) polyelectrolytes.
The details of these electrolytes are given next:

* Gel polymer electrolyte
GPEs, also called plasticized polymer electrolytes or third-generation poly-
mer electrolytes, have gained increasing attention since their introduc-
tion by Perche and Feuillade in the year 1975 (Feuillade & Perche, 1975).
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They are usually obtained by mixing a polymer matrix with an alkaline
metal salt, usually a lithium salt and a solvent/liquid plasticizer capable of
making a stable gel with the host polymer matrix (Krejza & Vondrék, 2009;
Srivastava & Tiwari, 2009). They constitute a polymer-solvent-salt system
with ionic conductivity higher than 10 S cm™' (Agnihotry, Pradeep, &
Sekhon, 1999). The addition of plasticizer in the polymer host matrix results
in the formation of swollen polymer matrix in a suitable solvent. Based
on the procedure of synthesis, gel polymer electrolytes are categorized
as (i) physical gel electrolytes and (ii) chemical gel electrolytes (Arya &
Sharma, 2017). Physical gel consists of a polymer matrix enclosing lig-
uid electrolyte. For example, poly(methyl-methacrylate) matrix enclosing
LiCIO,/EC/PC electrolyte is a physical gel electrolyte. In such polymers,
there do not exist any chemical bonds between the polymer matrix and
the electrolyte. On the other hand, in chemical gels, the liquid electrolyte
is linked to the host polymer matrix with covalent bonds. The formation
of chemical bonds can be either by direct chemical reaction of functional
groups of polymer matrix with liquid electrolyte or by addition of cross-
linking agents. The cohesive nature of solids and diffusive nature of liquids
are simultaneously indulged in a gel polymer electrolyte (Adebahr, Byrne,
Forsyth, Macfarlane, & Jacobsson, 2003). GPEs are widely used in a lot
of applications (energy storage/conversion devices, chemical sensors, etc.),
but recently the research has been focused to their use in electrochromic
applications. Their outstanding characteristics including high ionic conduc-
tivity, low electronic conductivity, excellent thermal and chemical stability,
light weight, geometric flexibility, making them ideal candidates as electro-
lytes for electrochromic devices including ECWs (Ngai, Ramesh, Ramesh,
& Juan, 2016; Nicotera, Coppola, Oliviero, Castriota, & Cazzanelli, 2006;
Uma, Mahalingam, & Stimming, 2005). The use of gel polymer electro-
lytes for ECWs leads to preventing leakage and internal short circuiting.
Gel electrolytes also help in improving the lifetime of the device (Ramesh,
Liew, & Ramesh, 2011; Song, Wang, & Wan, 1999). These unique proper-
ties of gel electrolytes make them a better replacement of liquid electro-
lytes in ECWs (Gongalves et al. 2012). GPEs have certain limitations. The
incorporation of liquid electrolyte inside the polymer matrix leads to poor
mechanical stability of the electrolyte. Addition of plasticizers lowers the
interfacial stability of the electrolyte causing poor cyclic performance of
electrochromic devices (Fu, 2010).

Solid polymer electrolyte

The research for solid polymer electrolytes (SPEs) started from the year
1975 when Wright reported the electrical conductivity of poly (ethylene
oxide) (PEO)-based ionic complexes (Armand, 1994; Murata, Izuchi, &
Yoshihisa, 2000; Wright, 1975). SPEs are solvent-free electrolytes having
an ionic conducting phase produced by dispersing an alkali salt (usually
lithium salt) into a host polymer matrix. The most commonly used lithium
salts are LiClO,, LiPF,, LiPF,, LiN(SO,CF;),, LiB(C,0,),, LiCF;SO;, etc.
These salts are dispersed in a suitable polymer matrix like PEO, PMMA

187



188

Polymer Electrolytes and their Composites

and PVdF, etc. No organic solvent is used in SPEs. The metal ions from
the metal salt are linked to the polymer chain through electrostatic forces
by formation of coordination bonds. SPEs offer many advantages like light
weight, wide temperature operating range, good electrode/electrolyte con-
tact, flexibility, low volatility, excellent chemical and electrochromic sta-
bility (Ramesh & Wen, 2010). SPEs like GPEs can be easily processed in
desired shape and geometry. The solvent-free nature of SPEs offers the
advantage of eliminating liquid leakage and harmful gases from side reac-
tions and in turn helps in increasing the shelf life of the device. SPEs offer
excellent mechanical strength (Aziz, Woo, Kadir, & Ahmed, 2018; Ngai
et al. 2016). Apart from so many advantages, SPEs have certain shortcom-
ings also. Low ionic conductivity and high crystallinity are hampers in the
wide-scale use of SPEs in various applications. Ionic conductivity of SPEs is
lower than 108 S cm™" at room temperature. Only at high temperatures are
they able to attain practically suitable values for ionic conductivity. Usually,
a polymer electrolyte consists of both crystalline and amorphous regions.
But the polymer host matrix used for SPEs are usually or a crystalline or
semi-crystalline nature. The amorphous regions are more prone to trans-
portation of ions (high conductivity) as compared to crystalline regions.
Thus low ionic conductivity of SPEs is related to their high crystallinity.
Hence, to augment the ionic conductivity of SPEs, the crystallinity of the
host polymer chains needs to be suppressed (Srivastava & Tiwari, 2009).
Low crystallinity will lead to better mobility of the polymer matrix which in
turn accelerates the movement of cations thereby increasing the conductiv-
ity. Various processes like copolymerization (Yagmur, Ak, & Bayrakceken,
2013; Yu, Chen, Fu, Xu, & Nie, 2013), blending (Nguyen, Xiong, Ma, Lu, &
Lee, 2011), cross-linking (Y. Wang et al. 2019), grafting (Puguan & Kim,
2017), alloying and inorganic filler blending (addition of ZnO, SiO,, BaTiO;,
etc.) (Rosli, Muhammad, Chan, & Winie, 2014) of the polymer matrix
can increase the ionic conductivity of SPEs to a greater extent. All these
attempts to advance the performance of SPEs lead to the formation of new
kinds of materials called CPEs discussed next.

Composite polymer electrolytes

Composite polymer electrolytes (CPEs) have the potential to eliminate the
issues faced by SPEs. The addition of inorganic inert nano-fillers with high
dielectric constant to the polymer electrolytes (low dielectric constant) leads
to the formation of CPEs. The interaction of inorganic nano-fillers with the
host polymer electrolytes leads to improved mechanical and electrochemical
properties of the original polymer electrolyte (Kam, Liew, Lim, & Ramesh,
2014). Fillers are usually inorganic oxides such as SiO,, ZnO, MgO, Al,O;,
PbTiO;, BaTiO;, etc. (Srivastava & Tiwari, 2009). The ionic conductivity
of the electrolyte depends on particle size, surface area, porosity, concen-
tration and interaction of polymer host composite with nano-fillers (Ngai
et al. 2016). Apart from high mechanical strength and ionic conductivity,
CPEs also offer some other important benefits such as better interfacial
contact, flexibility, thermal stability, etc. Some other ways of fabrication
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of CPEs include (i) copolymerization, (ii) cross-linking, (iii) blending, (iv)
doping of nanomaterials and (v) addition of ionic liquids (Luo, Conrad, &
Vankelecom, 2013). CPEs, owing to their enhanced optical, mechanical and
electrochemical properties, have gained wide research attention as efficient
electrolyte for electrochromic windows (ECWs).
* Polyelectrolytes

Polyelectrolytes are polymers with a substantial portion of the repeating
unit containing an electrolyte group. The electrolyte group gets dissociated
in aqueous solution leaving the polymer matrix charged (Meka et al. 2017).
Polyelectrolytes are thus charged polymers enjoying the features of both
the electrolyte and the polymer. They are classified as (i) cationic polyelec-
trolytes and (ii) anionic polyelectrolytes based on the presence of a positive
or negative charged ionizable group on the monomeric unit of the polymer.
There is another class of polyelectrolytes called polyampholytes, which
contain a mixture of both positive and negative charged monomer units. In
polyelectrolytes, the anions of the salt are immobile as they are covalently
linked to the host polymer matrix while the cations of the salt are mobile.
Polyelectrolytes are therefore known as a single ion conductor. The ionic
conductivity of polyelectrolytes results from the self ion-generating group.
Perfluorosulfonic ionomers are among the most commonly used ionomer
electrolytes. There exist some natural polyelectrolytes such as desoxyribo-
nucleic acid (DNA), ribonucleic acid (RNA), proteins and polysaccharides
(Thakur et al. 2012).

7.4 RESULTS AND DISCUSSION

Utilization of polymer electrolytes for the fabrication of electrochromic devices has
been increasing at a rapid pace in comparison to liquid electrolytes, owing to their
leak-proof ability and easy fabrication with desired shape and size. Gel electrolytes
have been widely explored for electrochromic applications. For example, Lee et al.
fabricated UV-cured poly(methyl methacrylate)-based gel electrolyte for their use in
smart EC windows (Lee et al. 2020). The UV curing time has a huge impact on the
performance of the electrolyte. An ECW based on 10 minutes of UV curing showed
excellent electrochromic performance with optical transmission of 51.3% corre-
sponding to a wavelength of 550 nm. The brilliant performance of the ECW was
accredited to superior connectivity of the gel electrolyte with the electrode mate-
rial. The ECW also possessed low switching time for both colored state (2 s) and
bleached state (1.5 s). The device also exhibited high electrochromic efficiency of
133.1 cm? C-! for bleaching and 178.6 cm? C-! for coloration, respectively. The device
was also able to reach high cyclic stability of 98.9% after 11,500 cycles. Further
the device was tested for thermal stability at different temperatures. The devices
showed thermal stability over an extensive temperature range from —20 °C to +70 °C.
Thus, UV-cured gel electrolyte appeared as potential candidate for electrochromic
windows.

A highly transparent gel polymer electrolyte with ionic cross-linking was devel-
oped by Chen et al. by free radical polymerization (W. Chen et al. 2019). The gel
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electrolyte consisted of propylene carbonate (PC), LiClO,, acrylic acid (AA), acryl-
amide (A Am), azobisisobutylonitrile (AIBN) and was called as PADA gel polymer
electrolyte. The value of o for PADA was observed to be 1.3 x 102 Sem ' at 25 °C.
PADA was sandwiched between WO, and NiO electrodes coated onto FTO glass
substrate to form an EC device with configuration as glass FTO/WO,//PADA gel//
NiO/FTO glass. The device showed black blue color in its colored state, corre-
sponding to potential of —2.3 V and was transparent in its bleached state for a posi-
tive potential of +2.3 V. Transmittance for colored and bleached state was 72.4%
and 11.4%, corresponding to a wavelength of 660 nm providing 61% optical modu-
lation at 660 nm. The switching response of the device was very high with color-
ation time of 8.5 s and bleaching time of 7.5 s owing to superior ionic conductivity
of the electrolyte. Excellent color efficiency of 78.7 cm? C-! suggested that the
device could give excellent performance corresponding to low-energy input. When
tested under open circuit conditions for 24 h, the transmittance increased from
11.4% to 33.4% for the colored state, suggesting that the colored state of the fabri-
cated device is stable to be used on daily basis without energy consumption.
However, gel electrolytes suffer from limitation of poor mechanical stability owing
to the incorporation of liquid electrolyte inside the polymer matrix. To overcome
such limitations, solid polymer electrolytes (SPEs) have gained wide research atten-
tion. They are solvent-free electrolytes; hence the problem of leakage is solved with
SPEs. Also, the solid electrolytes have excellent mechanical stability. Esin fabri-
cated biodegradable polymer-chitosan-based SPE for electrochromic devices (Esin,
2019). The electrolyte was prepared using chitosan, LiTRIF, and PC. The effect of
addition of PEDOT:PSS to the electrolyte was investigated. To test the electrochro-
mic behavior of the electrolyte, an EC device (glass/ITO/WO,//SPE//ITO/glass)
was fabricated. Addition of PEDOT:PSS led to improved electrochromic perfor-
mance of the device. The value of o for chitosan-based electrolyte with PEDOT:
PSS was calculated to be 4.2x10™* Scm™ which was higher than electrolyte with-
out PEDOT:PSS (3.4x10™ S cm™).

Enhanced o led to the fast switching response of the device for coloration (0.29 s)
and bleaching (3 s), respectively. The device also exhibited a contrast ratio of 22%
corresponding to wavelength of 800 nm. The device exhibited high coloration effi-
ciency of 67 cm? C'.

Wang et al. designed a novel PVB:PEG-based quasi-solid polymer electrolyte and
tested its electrochromic performance by fabricating an ECD with PProDOT-Me, as
WE and Li-Ti-NiO as CE (W. Wang, Guan, Li, Zheng, & Xu, 2018). The electrolyte
exhibited o value of 10~ S cm™ with transmittance of >70% in the visible region
(400-800 nm). The fabricated ECD possessed a high contrast ratio of 43.8% corre-
sponding to 585 nm. The device switched between its colored (deep blue color) and
bleached (transparent) state on applying an external voltage of —1.8 V and +2 V,
respectively. The device exhibited hasty switching between its bleached and colored
state with 7, =2.6 s and 7 = 1.2 s. The stability of the device after repeated cycles
of coloring and bleaching plays a crucial role for EC applications. It was observed
that the fabricated device also showed excellent cyclic performance with 84% of
optical modulation retained after 20,000 cycles. This increased stability was attrib-
uted to the highly viscous skeleton structure of PVB, making the electrolyte in a
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suitable structure during the transportation of ions. The results suggested that the
electrolyte has wide potential applicability for ECWs and anti-glare mirrors.

Another green solid polymer electrolyte based on chitosan was developed by Eren
for electrochromic applications (Eren, 2019). The electrolyte was prepared using
PEDOT, PSS and chitosan polymers with LiTRF as lithium salt and PC as plasticiz-
ers. Figure 7.6 illustrates the schematics of the fabrication process of the electrolyte.
The electrochromic device was fabricated using PEDOT and PMeT as EC materials
with configuration as ITO PEDOT//Ch:PEDOT:PSS:LiTRIF:PC//ITO PMeT. The
device exhibited an optical contrast ratio of 32.2% under an applied voltage £2V. The
device also possessed fast switching response, with switching time 0.24 s and 0.52 s
for colored and bleached state, respectively. The better switching response was due
to the presence of PEDOT:PSS which act as conductive binder reducing the electro-
lytic resistance to ease the transportation of electrolytic ions. High coloration effi-
ciency of 228.65 cm? C! was observed credited to PEDOT:PSS-based percolation
channels inside LiTRIF/chitosan supporting homogenous rate of coloring/bleaching
process of the device. These results suggest the electrolyte has potential for fabricat-
ing efficient EC windows.

Zeng et al. fabricated a flexible and energy saving electrochromic window device
using transparent solid polymer (SPE) electrolyte (Zeng et al. 2019). The electro-
lyte consisted of metal salt-lithium perchlorate (LiClO,) and the polymers poly-
oxypropylene glycol (PPG), and polymethacrylate (PMMA). The electrochromic
performance of the electrolyte was tested using two different working electrodes
(electrochromic materials), PTCDA and 4EDOT-2B-COOCH,. PTDCA was used
as cathodic EC material. The device configuration was ITO PET//SPE//PTCDA

Chitosan (Ch) PEDOT:PSS LiTRIF

PC
?\6@)7{@ + @ @ + F3C- (S) OLi
O o

Ch/PEDOT:PSS/LITRIF electrolyte

d o d o
?/Z_ﬁ\; (PEDOT)
HO

\_/

SO;H SO;H SO,H

OOOOO .

FIGURE 7.6 Schematics of fabrication of PEDOT:PSS/chitosan-based solid polymer
electrolyte.

Source: Reproduced with permission from Eren (2019).
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film/ITO PET (named as ECD3). 4EDOT-2B-COOCH; was used as anodic EC
material with device configuration as ITO PET/SPE/AEDOT-2BCOOCH; film/
ITO PET (named as ECD4). UV absorption spectroscopy was used to test the
transmittance of the SPE. The electrolyte showed a high transmittance >88%
in the visible region. The electrolyte exhibited high value of conductivity about
1.01 x 103 S cm~!. The flexible device ECD3 showed a color switching from red to
black with an applied voltage between =3 V and +2.7 V. The device returned from
black color to red color. In a similar way, ECD4 showed color switching from red
to blue by applying voltage from —2.9 V to + 2.5 V. Both the devices showed very
fast switching between the colored and bleached states. ECD3 exhibited switching
time of 2.4 s and 5.6 s for colored and bleached states, respectively. On the other
hand, colored and bleached states of ECD4 had switching time of 5.2 s and 2.6 s,
respectively. Both the devices (ECD3 and ECD4) also exhibited better cyclic sta-
bility with 79.7% and 81.4% of initial charge maintained after 600 cycles, respec-
tively. The coloration efficiency of 186.3 cm? C! and 230.6 cm? C~! was observed
for ECD3 and ECD4, respectively. Open circuit memory for both the devices was
also calculated. ECD3 had a transmittance of 10.2% corresponding to voltage of
-3.0 V for 700 nm. When voltage was removed for 12 h, the transmittance for
700 nm increased to 22.5%, still maintaining 81.5% of initial optical contrast. In
a similar way, ECD4 maintained 74.7% of the initial optical contrast. All these
results suggested that the ECDs based on this kind of SPE have a wide potential
applicability for electrochromic windows.

Jeong et al. investigated the use of hydroxypropyl methylcellulose (HPMC)-
based SPEs for EC devices with WO, as WE and Prussian blue (PB) as CE (Jeong,
Kubota, Chotsuwan, Wungpornpaiboon, & Tajima, 2021). HPMC, owing to its
high polarity, excellent mechanical stability and environment-friendly nature, was
chosen over other industrially synthesized polymers. The electrolyte was prepared
using lithium perchlorate as metal salt, and polyethylene glycol (PEG) as polymer
matrix. HPMC was added to the electrolyte. The electrolyte demonstrated excel-
lent value of o (5.07><1073 Scm™ ).The fabricated EC device underwent color-
ation and bleaching corresponding to applied voltage of —1.2 V and +1 V (Figure 7.7a).
The coloration and bleaching arose from the reduction of WO, on intercalation of
K* ions and oxidation of K,Fe,[Fe(CN) ] by deintercalation of K* ions and vice
versa.

WO, + mK ™ + xe~ <> K WO,

Colorless Blue
K,Fe,[Fe(CN), |&> Fe,[Fe(CN), |+4K" +4e”
Colorless Blue

Optical switching time for colored and bleached states was found tobe 6 s and 16 s,
respectively. The device also displayed high coloration efficiency of 139 cm? C-'.
Figure 7.7b represents the transmittance spectra of the device corresponding to
colored and bleached state. Figure 7.7c shows the real photos of the device during
coloring and bleaching. The EC performance of this solid polymer electrolyte-
based device was also compared with their previously reported EC device
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based on a gel polymer electrolyte (Jeong, Watanabe, & Tajima, 2021; Tajima,
Watanabe, Nishino, & Kawamoto, 2020a, 2020b). They observed that SPE-based
ECD showed overall better electrochromic performance in comparison to GPE.
The SPE solved the problem of leakage and complex manufacturing process as
faced by GPEs.

Isfahani et al. fabricated an SPE with Gellan gum (Ge) host matrix doped with
LiTFSI and plasticized with glycerol (Gly), and evaluated their optical and electro-
chromic properties (Isfahani et al. 2021). The electrolyte exhibited a non-linear tem-
perature variation of o with lowest conductivity of 8.69x 10-* S cm™! at 90°C and
277%107*S cm™! at 22°C.

An EC device using the same electrolyte with configuration ITO glass/TiO,-
CeO,/lelectrolyte//PB/ITO glass was fabricated to test the electrochromic perfor-
mance of the electrolyte. The device exhibited optical variation (dark blue at +0.5 V
and transparent at —2.5 V), corresponding to the following redox reactions followed
by intercalation/deintercalation of Li* ions and vice versa.

K(Fe[Fe(CN), )+ Li* +& « K(LiFe[ Fe(CN), ])

Dark blue Transparent
(a) | (b) 100 L w= = Bleached
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FIGURE 7.7 (a) Color and bleach state of the EC device; (b) transmission spectra of the
device in color and bleach state; (c) real photos of the device in color and bleach state.

Source: Reproduced with permission from Jeong, Kubota, et al. (2021).
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The device exhibited excellent electrochromic features with fast switching time,
optical modulation of 37.1% at 630 nm and efficiency of 2062 cm? C-!, encouraging
their potential for electrochromic applications. Although SPEs are found to exhibit
excellent electrochromic performance, low ionic conductivity is a major hurdle in
use of SPEs for EC applications. Composite polymer electrolytes (CPEs) had their
origin in attempts to augment the ionic conductivity of SPEs. CPEs are fabricated
using a variety of methods including (i) addition of nano-fillers, (ii) copolymeriza-
tion, (iii) cross-linking, (iv) blending, (v) doping of nanomaterials and (vi) addition
of ionic liquids. For instance, Wang et al. synthesized a self-healed dually cross-
linked polymeric electrolyte for flexible EC applications (Y. Wang et al. 2019). It was
synthesized using vinyl hybrid silica nanoparticles (VSN), 1-vinylimidazole (VIm)
and acrylic acid (AA) by copolymerization process. The cross-linking of VSN helps
in enhancing the mechanical strength of the polymer chain, and formation of a
homogeneous polymeric network. The electrolyte exhibited excellent value of o~
1.26 x 10~* S cm™. The electrochromic performance of the electrolyte was tested
by fabricating an EC device with viologen (1, 1'-disubstituted-4, 4'-bipyridinium)
derivative (Bpy) as EC material and PANTI as ion storage material. Bpy was incor-
porated into the electrolyte to form an EC gel that works both as an EC material
and an electrolyte (Figure 7.8a). The device with an original green color turned
purple during coloration and returned back to green on bleaching (Figure 7.8b).
The fabricated Bpy/PANI/Fc device exhibited fast switching response for color-
ation (2 s) and bleaching (1.8 s) along with high color efficiency of 406.96 cm? C-!,
which suggested that the device exhibited better optical modulation behavior. The
device also possessed high stability with 83% retention of initial AT even after
5000 cycles.

Chen et al. reported the fabrication of a cross-linked GPE based on ionic liquid for
EC devices (W. Chen et al. 2021). The electrolyte was synthesized using ionic liquids,
methyl methacrylate (MMA), 2-diethylaminoethyl methacrylate (DEA), acrylic acid
(AA) and LiTFSI. Ionic liquid was encapsulated as a uniform phase inside the 3D
network of polymers. This whole structure with continuous channels available for
transportation assisted rapid migration and diffusion of the ions, thereby escalating
the ionic conductivity of the electrolyte. The ¢ value of the electrolyte was found to
be 3.29 x 103 S cm™!. The electrochromic performance of the electrolyte was tested
by fabricating an EC device (glass/FTO/WO,//CPE//FTO/glass). The devices showed
coloration (blue color) and bleaching (transparent) at applied voltage of +3V and -3V,
respectively. Optical contrast of 49.9% was observed corresponding to wavelength
650 nm. Also, the device exhibited fast switching time for both coloration (7s) and
bleaching (4s), credited to the elevated o for the electrolyte. High color efficiency of
96.2 cm? C-! suggested that the device obtained high optical modulation at low input
energy which can help in energy saving.

Bae et al. synthesized dual-cations-based composite polymer electrolyte (Bae,
Kim, Kim, & Kim, 2021). Two ionic sources were used—LiTFSI (lithium salt) as Li
ion source and PSSA as proton source. MXene was taken as a filler to boost the value
of o for the polymer electrolyte. MXene helped in fast dissociation of salts through
acid-base interactions and facilitated the movement of cations between the polymer
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FIGURE 7.8 (a) Schematics of the fabrication process of flexible EC device on plastic sheet;
(b) images of ECD during bleaching and coloring state along with bending.

Source: Reproduced with permission from Y. Wang et al. (2019).

matrix and MXene. The electrochromic behavior of the electrolyte was investigated
through the fabrication of an EC device with PEDOT:PSS as WE and PANI:PSS as
CE. LiTFSI provided excellent AT and PSSA provided very fast response. The device
exhibited an excellent transmittance of 66.2% with rapid switching for coloration
(8 s) and bleaching (15 s). The device also exhibited excellent color efficiency of
340.6 cm? C.

Gelatin, a biopolymeric material owing to its profound characteristics such as
flexibility, biodegradability, renewability, intrinsic transparency, natural abun-
dance, nontoxicity and low production cost has been widely explored as polymer
electrolyte by compounding it with plasticizers and salt. Wootthikanokkhan et al.
fabricated a transparent adhesive polymer electrolyte based on gelatin for the fab-
rication of EC glass (Wootthikanokkhan, Jaruphan, Azarian, & Yosthisud, 2020).
The electrolyte was prepared by blending EAA copolymer-based ionomer resin
with gelatin. LiClO, was used as a lithium source. The optical performance of the
electrolyte was tested by fabricating an ECD with configuration ITO/WOs//electrolyte//
NiO/ITO. The optical contrast (AT)% for gelatin-based electrolyte was 43.35%
while it was 30.07% for EAA (2.5% wt.)/gelatin-based electrolyte. The switching
time for both gelatin and EA A/gelatin electrolyte was same for both coloration (10 s)
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and bleaching (50 s). The coloration efficiency of EAA/gelatin-based electrolyte
was higher (60.34 cm? C') in comparison to that for gelatin-based electrolyte (53.90
cm? C). Higher efficiency suggested that less energy is required to obtain larger
optical modulation for EAA/gelatin electrolyte in comparison to gelatin electrolyte.
Thus, EAA ionomers lead to perking up the overall optical performance of the
electrochromic device.

Sydam et al. synthesized a hybrid kind of polymer electrolyte called as iono-
gel which is a blend of a polymer matrix entrapping an ionic liquid (IL) (Sydam,
Ojha, & Deepa, 2021). Heptyl viologen (HV) was used as cathodic EC material
and PB was used as anodic EC material. An ionic additive, EDTA was added to
the ionogel electrolyte to perk up the write-erase efficiency of the HV-based EC
device, as these devices were found to become permanently colored after a few
switchings. EC devices with and without EDTA were fabricated to investigate
the electrochromic response of the electrolyte. Figures 7.9a and 7.9b show the
color change for EC devices without EDTA. At —1.8 V, the device turned blue
corresponding to the formation of HV* species. On applying positive potential
of +1.5 V, the device returned to its original transparent state due to formation
of HV?* species. But after a few cycles, the device did not return to its original
state after bleaching. This was due to the reduction of HV* radical to pale colored
HVC. The addition of EDTA in the ionogel electrolyte prevented the reduction of
HV* radical to pale colored HV? by interacting with the radical cation and hence,
improved the EC performance of the device. Figures 7.9c and 7.9d—f represent the
bleach and color states of the device at various potentials with a clear transparent
bleached state.

To enhance the conductivity of polymer electrolytes, Zhang et al. focused on syn-
thesizing a hybrid organic-inorganic gel electrolyte for EC applications (W. Zhang,
Zhang, & Shen, 2021). The electrolyte was fabricated by blending methoxypoly-
ethylene glycol poly(propylene glycol)-based precursor with bis(2-aminopropylene
glycol)-based precursor followed by hydrosilylation and addition of LiTFSI-based
liquid electrolyte. The electrolyte possessed excellent 6~1.67 x 107 S cm™. A TGA
test was conducted to find the weight loss of the electrolyte with temperature. It was
observed that the electrolyte did not undergo any appreciable weight loss for temper-
ature change from 25 °C to 315 °C suggesting excellent thermal stability of the elec-
trolyte over an extensive temperature range. To explore the electrochromic behavior
of the electrolyte, an EC device (ITO glass/WO,//CPE//ITO glass) was made up. The
device exhibited excellent EC behavior with high optical contrast (38%), and high
color efficiency of 282.9 cm? C..

There is another class of polymer electrolytes called polyelectrolytes that are
widely explored for electrochromic applications. For instance, Puguan et al. fab-
ricated polyelectrolyte based on 1,2,3-triazole with a pentaoxyethylene spacer
for EC devices (Puguan, Boton, & Kim, 2018). The electrolyte was developed by
cyclic addition of copper-catalyzed alkyne-azide- terminal monomer quaternized
using alkyl halides followed by anion exchange with several fluorinated salts. An
EC device was made up by sandwiching the synthesized polyelectrolyte between
two ITO glass-based PEDOT:PSS electrodes. The device exhibited an optical con-
trast of 18% corresponding to wavelength 648 nm with switching time of 4.75 s for
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FIGURE 7.9 (a-b) Images of HV/gel/PB ECD in bleached and colored state, respectively;
(c) in bleached state; (d—f) HV/EDTA in gel/PB ECD in progressive colored states under the
different applied potentials.

Source: Reproduced with permission from Sydam et al. (2021).

coloration and 11.8 s for bleaching. The color efficiency was evaluated to be 356
cm? C1. Wang et al. fabricated a viologens-based EC device with poly ionic liquids
(PIL) as electrolyte (X. Wang, Guo, Cao, & Zhao, 2020). For fabrication of the EC
device, various electrochromic chromophore viologens—(DHV(PF),, HBV(PF),
and PHBV(PF,),)—were blended with ferrocence (Fc) and poly(VBImBr) electro-
lyte gel, and the obtained gel was sandwiched between two ITO glass substrates. PIL
electrolyte helped in suppressing the dimerization of viologen radical cation dur-
ing the process of switching from colored to bleached state and vice versa, thereby
enhancing the electrochromic performance of the device. The optical contrast for
DHV-, HBV- and PHBV-based ECDs was found to be 47.7%, 45.4% and 41.1%
respectively. The optical efficiency for the three ECDs was 109.8 cm? C!, 106.2 cm?
C! and 105.7 cm? C7, in that order. DHV-based ECD exhibited maximum cyclic
stability of 96% after 4000 cycles. Figure 7.10 represents the transmission spec-
tra of different viologen-based ECDs along with images representing their colored
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Source: Reproduced with permission from X. Wang et al. (2020).

and bleached states. Table 7.2 presents the performance parameters of some of the
recently fabricated EC devices using polymer electrolytes.

7.5 CONCLUSIONS

In the present age, electrochromic windows (ECWs) have gained huge research
interest in the field of academics and industries owing to their controllable trans-
mission. In the energy sector, ECWs are proving to be revolutionary energy saving
technology. Using ECDs or smart windows in houses and buildings, the amount
of sunlight entering the building can be controlled reducing the cost and energy
consumption for air conditioning and artificial lightning. Use of ECWs helps in
building a healthy environment for future generations by enhancing the energy
efficiency of the solar energy and reducing the dependence of the present genera-
tion on the artificial sources of energy. The fabrication of an ECW consists of five
layers—transparent conducting substrate (TCS), working electrode (WE), elec-
trolyte, counter electrode (CE), and transparent conducting substrate. EC material

&)



TABLE 7.2

Electrochromic Parameters of Various EC Devices Using Polymer Electrolytes.

EC Device Electrolyte

Host

Gel Polymer Electrolytes (GPE) 1.3 x 102

ITO/WO,//GPE//ITO 2-APPG
ITO glass/WO,//gel PMMA
electrolyte/ITO

FTO WO,//GPE//NiO FTO PADA

ITO/WO,//GPE//ITO PMDA+2-APPG

PProDOT-Me,//GPE/ITO  GMA+AAm
PET

ITO glass/WO,//CPE//
NiO/ITO glass

Acrylate-based UV
curable glue

Solid Polymer Electrolyte (SPE)
ITO glass/WO,//SPE// Chitosan
Ce0,-TiO,/ITO glass

ITO glass/WO,//SPE//ITO  Chitosan+PEDOT+PSS

glass
FTO glass/WO,//SPE//
ATO/ITO glass

PEGDMA+PEGMA

lonic
Conductivity
(S cm™)

1.01x1073
at room temp.

at 25 °C

3.1x10*
at25 °C

1.68 x 1073
at 30 °C
42x10™

1.31x107°
at 30 °C

Optical
Modulation
AT(%)

51.3(550 nm)

61 (660 nm)

81.9 (550 nm)

49 (582 nm)

53.2 (550 nm)

4.1 (550 nm),
9.2 (633 nm)

22.0 (800 nm)

35 (800 nm)

VJ/V, (V)  AOD
-1/+1 0.38
-1.2/0 -

23423 -

2520 019
“1/+1 -

—2.8/+2.8 0.03 (550

nm),
0.04 (633
nm)
“3/43 -
-1.5/+1.0 -

Tc

2.0

7.5

11.1

0.29

60 300

Tp
(s)

2.0

15

3

Stability %
(Cycles)

98.9 (11,500)

98.5 (25),
93.8
(1 month)

96 (1000)

84 (2000)

Reference

(Zhou, Wang, Li, &
Shen, 2018b)
(Lee et al. 2020)

(W. Chen et al.
2019)

(D. Zhang, Zhou, &
Shen, 2021)

(Q. Chen, Shi,
Sheng, Zheng, &
Xu, 2021)

(Mengying, Hang,
Xu, & Xungang,
2021)

(Alves et al. 2018)

(Esin, 2019)

(Choi et al. 2019)

(Continued)
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TABLE 7.2 (Continued)

Electrochromic Parameters of Various EC Devices Using Polymer Electrolytes.

EC Device Electrolyte
Host

ITO glass/PProDOT-Me,// PVB+PEG
electrolyte//Li-Ti-NiO/
ITO glass

ITO PEDOT//SPE//ITO Chitosan+PEDOT+PSS
PMeT

ITO PET/PTCDA//SPE//  PPG+PMMA
ITO PET

ITO PET//SPE//AEDOT-  PPG+PMMA
2BCOOCH,/ITO PET

WO,//SPE//PB PEG

ITO glass/TiO,-CeO,// Gellan gum

electrolyte//PB/ITO glass
Composite Polymer Electrolyte (CPE)
ITO glass/'WO,//CPE/ITO PPG-PEG-PPG

glass triblock copolymer

ITO glass/WO,//CPE//ITO 2-APPG+ICS
glass

ITO glass/WO,//PAEG//  PMHS+PPG-PEG-PPG
ITO glass
Bpy/PANI/Fc PAA

lonic
Conductivity
(S cm™)

~1.0x10°

1.01x1073
5.07x1073

2.77x1073

1.1x10*
at 30 °C

1.43x 1073
at 30 °C
6.5%x 10
at 30 °C
1.26x 10
at room temp.

Optical VJ/V, (V) AOD
Modulation
AT(%)
43.8 (585 nm) ~1.8/+2 -
1.01x 1073
32.2 (650 nm)  2/+2 -
61.0 “3/+2.7 -
(700 nm)
48.6 (700 nm) 2.9/+2.5 -
49 (633 nm) ~1.2/+1.0 2.349
37.1 (630 nm) ~2.5/4+0.5 1.34
18 (550 nm) - 0.56
- “3/42 -
49 (550 nm) 2/+2 0.39
45 (581 nm) -1.2/+0.3 -

n
(cmz C)

106.0

228.65
(700 nm)
186.3
(700 nm)
230.6
(700 nm)
139
(633 nm)
2062
(630 nm)

675
(550 nm)

267.4

406.9
(581 nm)

Tc
(s)

1.2

0.24

2.4

52

13

Tp
(s)

30

1.8

Stability %
(Cycles)

84 (20,000)

74.0 (50)
79.7 (600)

81.4 (600)

83.0 (5000)

Reference

(W. Wang et al.
2018)

(Eren, 2019)
(Zeng et al. 2019)
(Zeng et al. 2019)

(Jeong, Kubota,
et al. 2021)

(Isfahani et al.
2021)

(Liu, Saikia, Wu,
Fang, & Kao,
2017)

(Zhou, Wang, Li, &
Shen, 2018a)

(Deka et al. 2019)

(Y. Wang et al.
2019)
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glass/FTO/WO,//CPE//
FTO/glass

PEDOT:PSS//Electrolyte//
PANI:PSS

ITO/WO,//CPE//ITO NiO

HV/EDTA in gel/PB

ITO glass/WO,//CPE//ITO
glass

Polyelectrolytes

ITO glass/PEDOT:PSS//
PIL//PEDOT:PSS/ITO
glass

ITO glass/PEDOT:PSS//
PIL//PEDOT:PSS/ITO
glass

ITO glass//DHV*
EC-based gel//ITO glass

PMMA+PAA+DEA

PEGDA

Gelatin

PMMA

2-APPG

PEG

poly(3-alkyl-4-

PEG1,2,3-triazolium)

poly(VBImBTr)

3.29%x 1073

4.46x 107

1.67x1073
at 25 °C

1.20x 10

1.16x10*
at 30 °C

49.9 (650 nm)  “3/+3
66.7 (600 nm) ~1.2/+0.5
30.1 (600 nm)  ~3/+3
73.1 (606 nm) ~0.6/+1.5
38 “3/+3
22 (648 nm) -
18 (648 nm) -
46.8 (606 nm) 1.1/0

0.35

0.279

96.2
(650 nm)
340.6
(600 nm)
60.34
(600 nm)
346.2
(606 nm)
282.9

356
(648 nm)

109.8
(606 nm)

7

8

2.5

4.75

11.1

50 -

(W. Chen et al.
2021)
(Bae et al. 2021)

(Wootthikanokkhan
et al. 2020)

35 ~93(10,000), (Sydam et al. 2021)

68 (2 years)
3.2 -
11.8 -
19.9 96 (4000)

(W. Zhang et al.
2021)

(Puguan, Jadhav,
Boton, & Kim,
2018)

(Puguan, Boton,
et al. 2018)

(X. Wang et al.
2020)
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and electrolyte are the most important components of ECWs. The choice of suit-
able EC material and the electrolyte leads to the development of ECWs with excel-
lent performance parameters. Some important performance parameters of ECWs
have been discussed herein. The performance of ECWs highly depends on the
chosen electrolyte. The electrolyte with high ionic conductivity, high electronic
resistivity, high thermal/mechanical/chemical stability and high compatibility
with electrode material is highly recommended for ECWs. Among various kinds
of electrolytes, polymer electrolytes have gained wide research focus for ECWs
owing to their leakage resistance, high ionic conductivity and chemical stability.
Various kinds of polymer electrolytes such as GPEs, SPEs, CPEs and poly electro-
lytes have been discussed in detail in this chapter. In recent years, a lot of research
has been focused on using these polymer electrolytes in ECWs. Among them SPEs
and CPEs are found to have superior mechanical stability in comparison to GPEs.
SPEs possess high mechanical stability but their ionic conductivity is low. CPEs,
on the other hand, possess high ionic conductivity and high mechanical stability
along with excellent electrochromic performance. Recently the research has been
focused on fabricating new kinds of SPEs and CPEs with excellent electrochromic
performance to be used in ECW applications.
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8.1 INTRODUCTION

Climate change, population increase, and rising energy consumption are just a few
of the major worldwide problems driving contemporary efforts to create and expand
renewable, sustainable, and clean energy options (Boboescu et al. 2016). The need
to create alternative energy sources and ways for regenerating waste materials and
energy sources has resulted in a slew of large-scale research projects that focus not
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only on waste treatment but also on waste harvesting for energy and value-added
goods. The discovery of electrochemically active microorganisms that employ
transfer of electrons through a direct way in their physiology has lately spawned
the area of bio-electrochemical waste remediation (Kim et al. 1999). One example
of this technology is microbial fuel cells (MFCs). MFCs use live catalysts to trans-
form energy into electricity from industrial, sustainable, and home waste sources.
MFCs may also be used to collect bio-electrochemical power from carbohydrates,
in addition to removing organic materials in wastewater (He, Minteer and Angenent
2005). Microbial fuel cells (MFCs) are devices that oxidize organic and inorganic
substances and generate electricity using microorganisms as catalysts. H-shaped
MEFCs are generally made up of two parts: the anodic and cathodic chambers, which
include the two electrodes joined by a tube carrying a half-cell separator, including a
salt bridge, ceramic or PEM, that is commonly a CEM (cation exchange membrane;
e.g. Nafion). Electrons created by bacteria on these substrates are transmitted to the
anode (negative terminal) and flow to the cathode (positive terminal) via a conduc-
tive substance including a resistor, or the system is operated under load (i.e. produc-
ing electricity that runs a device) (Figure 8.1). A positive current flows in the opposite
direction of electron flow, from the positive to the negative terminal, by convention.
The device must be able to replenish the substrate oxidized at the anode on a continu-
ous or intermittent basis; otherwise, the system is termed a biobattery.

Electrons can be transmitted to the anode via electron mediators or shuttles
(Rabaey et al. 2005), direct membrane associated electron transfer (Bond and Lovley
2003), so-called nanowires (Reguera et al. 2005) created by bacteria, or perhaps
additional as yet unknown mechanisms. The separator permits protons to readily
migrate to the cathode owing to a potential gradient while preventing O, (or the
electron acceptor used in the cathodic compartment) from diffusing to the anode in a
way that might harm the bacteria present. The biocatalyst is also significant, and it is
widely available, since it may be derived from a variety of wastewater resources. The
electrode materials show a major role among all MFC components in the generation
of electricity for MFCs. The cost of the electrodes will be a major element in select-
ing whether or not to use MFC technology on a wide scale.

8.1.1 ELECTRODE MATERIAL

Electrode materials are important in MFCs because electron transport is crucial to
their function. Materials of metals, carbonaceous, or their mixtures with polymers,
are commonly employed as electrode materials in MFCs. The durability, biocompat-
ibility, and chemical/environmental inertness of carbon-polymer composite materi-
als have piqued curiosity, whereas metal electrodes are unstable and corrosive in
aquatic environments (Narayanasamy and Jayaprakash 2020). There are some com-
mon requirements for anode and cathode materials.

8.1.1.1 Anode

Low cost, non-fouling, non-corrosive, non-toxic to microorganisms, big surface area,
and highly conductive are the most essential parameters for an anode material. The
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FIGURE 8.1 General set up of a typical two-chamber MFC highlighting the potential appli-

cations and essential requirements for anodes, separator/membranes, and cathode materials
in terms of energy and environment aspects.

anode chamber’s produced electrons must be capable of moving from the solution to
the anode material’s surface. Microorganisms must have the ability to adhere to the
surface and create biofilm in order to achieve effective electron transfer (Chatterjee
et al. 2019). As a result, despite their strong conducting qualities, some materials,
like stainless steel, are not appropriate for the production of power in MFCs. Carbon-
based electrodes are a cost-effective alternative to metal-based anodes. Carbon-based

&)
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materials are thus preferred for the treatment of vast amounts of wastewater at a low
cost and the increase of transfers of electrons since they are inexpensive and stimu-
late the requisite bacterial growth.

8.1.1.2 Cathode

Carbon-based materials, which are commonly used as cathodes, have the same fun-
damental substance as an anode. However, processes that need a catalyst (like Pt)
to actually occur on a cathode’s surface, like ORR (oxygen reduction reaction),
pose a significant obstacle. The most common application of platinum is as a cath-
ode catalyst. However, using these cathode catalysts is neither sustainable nor cost-
effective. As a result, when used on a broad basis, Pt-based catalysts are necessary
for replacement by less expensive compounds of metal like TMO (transitional metal
oxides) and Ni, Co, Fe metal centre macro cyclic organic compounds (Santoro et al.
2018).

8.2 CARBON-POLYMER-BASED NANOCOMPOSITES ELECTRODE

Electrode modification is an appealing technique for improving the catalytic
activity (cathode) and the surface area (anode) of MFCs and, as a result, their perfor-
mance. Improved performance of electrodes in microbial fuel cells is mostly depen-
dent on lowering internal resistance, but it should also be aimed on lowering costs to
promote widespread deployment. Carbon-based products like carbon cloth, graph-
ite rod, rod of carbon, carbon brush, carbon sheet, carbon mesh, carbon felt, granu-
lar graphite, granular activated carbon, activated carbon power, graphite plate, and
reticulated vitreous carbon are all typical materials for electrodes in MFCs (Huang
et al. 2016). Carbon-based materials are potentials for scaling-up because of their
superior chemical stability and electrical conductivity (Figure 8.2a-1). 3D materi-
als, like carbon mesh and brush, yield higher current densities as compared to 2D
materials, like graphite rod or plate and carbon paper, because of their large surface
area. Researchers have previously used chemical or physical approaches, like addi-
tion of electroactive coating or highly conductive coating, to construct numerous
bulk and surface-modified carbon electrodes. Adding conducting polymers to car-
bon electrodes is the most commonly used chemical technique. The most beneficial
conducting polymers (CPs) employed in MFCs are generally polyaniline (PANI),
polypyrrole (PPy), poly(3, 4-ethylenedioxythiophene) (PEDOT), and polythiophene
(PTh). There were several different types of conducting polymers that were often
employed in microbial fuel cell applications. In conjugated chains, an electron pho-
non cloud pair or an electron deformation pair is known to exist in the structure of
conducting polymers (i.e. double and single bonds). As shown in Figure 8.2m, the
conductivity of CPs is triggered by the molecule’s constant migration of double
bonds, which stabilizes the charge by surrounding atoms. By including conduc-
tive fillers like carbon fiber, carbon black, and some metallic species, the electrical
conductivity of certain insulating polymers can be increased while maintaining
their polymeric features. Some nanoscale conductive fillers are presently available
like graphene materials (Sahoo et al. 2021) and metal nanoparticles (Aepuru et al.
2020), and carbon nanotubes (CNTs) (Chou et al. 2014) have also been researched
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in general for the manufacture of conductive polymer composites for application
in MFCs. Filler particles inside the polymer matrix have conductive channels; as
a result of the conductive paths, the conductivity of polymer composites improves,
which is influenced by filler matrix interactions, including a number of factors: the
intrinsic characteristics, geometry and dispersion state of nanofillers. As a result,
selecting a composite preparation process of filler distribution with the proper
amount is of primary importance since the concentration of conductive filler affects
a composite’s electrical conductivity. The filler concentration is sufficient to gener-
ate a continuous conductive network throughout the composite when it reaches the
percolation threshold. The composite achieves a percolation threshold at a certain
critical loading, when the conductivity begins to increase by several orders of mag-
nitude with only a minor increase in filler quantity. As a result, it’s been identified
that as the aspect ratio (length to diameter) of the filler increases, the amount of the
percolation threshold drops.

The electrical characteristics of the conducting polymers (CPs) are similar to
those of metals and semiconductors. These polymers have good electro kinetic char-
acteristics, as well as high electron mobility, biocompatibility, stability, and anticor-
rosion qualities. They are more appealing than traditional polymers because of their
ease of synthesis process, which could be because of the possibility of chemical sur-
face alteration with species that are physiologically active to improve the functional-
ity and biocompatibility of the electrodes that are essential for electrodes of MFC.
Chemical or electrochemical methods can be used to make CPs in general. Addition
polymerization or condensation polymerization are commonly used in chemical syn-
thesis. Chemical synthesis allows for the creation of a wide range of CPs using a
variety of processes (e.g. condensation or addition polymerization) and is thus the
most often used approach for CP production. Chemical polymerization is the only
means to make certain unique CPs with changed monomers, while electrochemical
synthesis is confined to particular polymeric materials. Because, in some situations,
when a potential for polymerization is applied, the monomer may be oxidized, form-
ing reactive radical ion intermediates. Due to its interesting properties, such as envi-
ronmental stability, non-biodegradability, ease of fabrication, and high conductivity
at room temperature, PANT acts as a potential candidate for different applications in
the synthesis of biosensors, batteries, supercapacitors, actuators, electronic devices,
chemical sensors, and fuel cell applications.

In the electrode fabrication for MFCs, various other criteria like redox potential
appropriate to bacterial metabolism, biocompatibility, and surface area are taken
into account in addition to conductivity of electrodes. As a result, over the last few
years, there have been lots of researches into bulk modification or surface modifica-
tion of conducting, semiconducting, or insulating polymers. This chapter examines
the current state of knowledge and data on MFCs with electrodes of carbon-polymer-
based composites. To support the selection of materials for this study, a comparison
of their performances has been offered. MFCs commonly use carbon-polymer-based
composite electrodes, which are divided into two types:

¢ Bulk-modified carbon-based electrodes (BMEs)
¢ Surface-modified carbon-based electrodes (SMEs)
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8.2.1 Buiwk-Mopbiriep ELecTRODES (BMEs) FOR MicroBIAL FUEL CELLS

Carbonization, doping, electroactive coatings, or chemical changes are used to mod-
ify carbon-based electrodes in bulk. There are two types of bulk-modified carbon-
based electrodes:

1. Polymer-derived carbon-based bulk-modified electrodes (PBMEs)
2. Polymer/carbon composite-based bulk-modified electrodes (PCBMEs)

8.2.1.1 Polymer-Derived Carbon-Based Bulk-Modified Electrodes (PBMEs)

Graphite is mechanically stiff, which is critical to create precise shapes with large
surface areas. Converting polymeric materials to carbonaceous structures can be a
good way to make a low-cost carbon electrode, which is doped by heteroatoms con-
taining high carbon with large surface area. The polymer precursor is carbonized
(graphitized) or pyrolyzed to increase the amount of carbon and doped with a het-
eroatom like F and N to keeps the porous structure intact to make polymer-derived
carbon electrodes. Carbonization, which needs a long residence period because of
pyrolysis, and stepwise heating, which needs a short residence period because of the
rapid rate of heating, are the two procedures most commonly utilized for fabricat-
ing PBMEs. Both of these processes add to the carbon concentration. Nitrogen-
containing polymers are commonly used in this carbonization procedure. Polymers
containing N, F such as polytetrafluoroethylene, polyacrylonitrile, and polyaniline
Produce heteroatom-doped carbon compounds when thermally treated. It has been
claimed that adding a second heteroatom to N-doped carbon materials, such as B, S,
or P, controls the electronic and surface polarities, increasing the carbon material’s
ORR catalytic activity. The polymers that are commonly utilized as PBMEs are
polyacrylonitrile (PAN), polyacrylamide (PAM), polydopamine (PDA), polyaniline
(PANI), and polytetrafluoroethylene (PTFE) (Zeng et al. 2018). The benefits of uti-
lizing polymer-derived carbon-based BMEs include (i) because of heteroatom dop-
ing, catalytic activity of ORR increases, and (ii) the porous shape and large surface
area is suitable to biofilm adhesion. The following sections address different PBMEs
utilized in MFC investigations.

8.2.1.1.1 PBMEs as Anode Material

Pre-oxidation, hot-pressing, and carbonization (up to 1050 °C) of polyacrylonitrile
(PAN)-based carbon electrodes were obtained employing an activating agent. PAN
carbon fibers are ionically and electrically conducting, porous, active electrochemi-
cally, and also have large surface areas, making them ideal for use as electrodes in
MEFC:s. Electrospinning and solution-blowing of a 3D carbon fiber anode resulted
in a bio electrocatalytic anode current density of up to 30 A/m? (Chen et al. 2011).
With such an ultrahigh porosity of 98.5%, it was the highest value ever recorded for
electroactive microbial biofilms. Wang et al. (2015) and Chen et al. (2011) developed
a unique open-cell scaffold (CS) anode having 3D configuration using supercriti-
cal CO, as the physical foaming agent and low-cost PAN as precursor (Wang et al.
2015; Chen et al. 2011). The maximal power density of the MFC with the CS anode
is 30.7 mW m, that is 28.5 percent greater than a commercially available carbon
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felt anode (23.9 mW m™). As a result, the MFC’s performance is enhanced by the
3D open-cell scaffold (CS) anode (Wang et al. 2015). How fiber diameter affects
anodic performance was investigated by He et al. (2011) and they found that moder-
ate diameter and high porosity of fiber anodes (size of microorganism range between
about diameter of 0.5 um and length of 1 um) are also necessary for greater current
density (He et al. 2011). Carbon black (CB) deposition and APS/H,SO,-based chemi-
cal oxidation resulted in the material of a three-dimensional network structure that
serves as a solid substrate for the development of bio films. For a thickness of 3 mm,
the capital expense of ACS was just $2.5 per m?, which is like an order of magnitude
lower than the cost of most marketed carbon electrodes. The output of the composite
anode produced 2.2 times that of the CC anode (926 mW m) and had a faster start-
up period (23 h).

8.2.1.1.2 PBMEs as Cathode Material

Because the heteroatomic dopants have a synergistic effect on carbon, catalysts for
heteroatom-doped carbon-based cathodes with varied dopants, like Fe, Co, gra-
phene, and N, have been used to obtain improved the activity ORR (Guo et al. 2019).
Figure 8.3a shows how to make Co,NX-T@NC by copolymerizing the Co**-Aniline-
Pyrrole system and heating it to a higher temperature and pyrolyzing it, resulting
in efficient oxygen reduction electrocatalysts made of Co,N nanoparticles embed-
ded in N-doped mesoporous carbon. Similarly, phytic acid-doped polyaniline was
pyrolyzed onto AC to produce N and P co-doped carbon-modified activated carbon
(NPC@AC) (Lv, Zhang and Chen 2018). In an air-cathode MFC, NPC@AC-0.7 had
mesoporous properties, a greater degree of graphitization and bigger surface area,
resulting in 2 times greater power density of 1223 mW m™ and higher ORR elec-
trocatalytic activity compared to a pristine AC catalyst with power density of 595
mW m~2. In a similar way, PANI-Fe-C, a new type of carbon-nitrogen-metal catalyst
that was produced using calcination technique and obtained a max power density
about 10.17 W m= in the MFC, which is marginally greater than Pt/C-based catalyst
(9.56 W m™) (Lai et al. 2013).

Graphite oxide-polyaniline hybrid (GO-PANI) carbonization with activation of
KOH (PNCN) was also observed by Wen et al. (2014), resulting in a greater value
of power density about 1159.34 mW m~2 in MFC, which was greater as compared
to Pt/C-based catalyst (858.49 mW m=2) (Wen et al. 2014). Melamine, like polyani-
line, has been proven to be effective as a heteroatom-doped cathodic catalyst due
to its nitrogen and carbon content (Bi et al. 2018; Chan et al. 2015; Figure 8.3b).
Sawant et al. (2018) made NCFs (N-doped carbon foams) with a 3D configuration out
of RF resin (i.e. resorcinol-formaldehyde resin) and showed a greater power density
about 35.74 Wm, which was greater about 1.15 times as compared to commercial
Pt/C-based catalyst (Sawant et al. 2018; Figure 8.3c). Meng et al. (2015) analyzed the
ORR catalytic effect in carbon black (BP-NF) which is N- and F-co-doped, and was
synthesized through pyrolysis method of BP-2000 mixture and PTFE (polytetrafluo-
roethylene) under ammonium atmosphere, which show as extremely proficient ORR
electrocatalysis in the air cathode, with a max power density (672 mA cm2 in the
MFC) that was greater as compared to marketable Pt/C-based catalyst (572 mA cm2)
(Meng et al. 2015). Ghasemi et al. (2011) applied an alternative ORR catalyst which is
activated carbon nanofibers from PAN by applying chemically activated electrospun
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carbon nanofibers (ACNFs) with 8 M KOH, which could generate more power (78 %)
as compared to physically and 16 % more power than chemically activated ACNFs
with 4 M KOH and plain carbon paper, respectively (Ghasemi et al. 2011).

)
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TABLE 8.1
Comparison of Different PBMEs for MFCs Applications.

Carbonization/

Electrode Anode: Polymer Cathode: Pyrolysis Power Density/

Materials Source Polymer Source Condition Increased by  References

PBMEs as PAN—GR: 0.3 mg/cm? Carbonization 30.7 mW/m? Wang et al.
anode Polyacrylonitrile ~ Pt—catalyst at 1000 °C in (28.5% higher (2015)
material (20wt% Pt/C) N, (4.5h) than CF)

on CP
N/PCs: Melamine Carbon brush Pyrolysis at 800  2777.7 mW/m? Bietal.
on carbon cloth °CinAr (5h) (98% higher (2018)
than CC)
NCFs:RF Pt-carbon paper ~ Carbonization 35.74 W/m? (15% Sawant
sol—gels at 900 °C in higher than etal.
N, (1h) Pt-CP) (2018)
NC@CCT: 0.5 mg/cm? Pt Carbonization 931 + 61 mW/m?> Zeng et al.
Polydopamine on CC at 1000 °C in (80.5% higher (2018)
Ar(1h) than CF)

PBMEs as Carbon brush PNCN coated SS  Carbonization 1159.34 mW/m?>  Wen et al.
cathode net: PANI at850°C (1h) (35% w.rt. Pt/C) (2014)
material ~ Carbon fiber NPGC on SS Carbonization 1323 mW/m? Chan et al.

brush mesh: Melamine  at 620-700 °C (11% w.rt. Pt/C)  (2015)
inN, (4 h)
Heat treated BPNF on CC: Pyrolysis at 950 672 mW/m? (17% Meng et al.
carbon mesh PTFE °Cin NH, w.r.t. Pt/C) (2015)
Heat treated NPC@AC onSS  Pyrolysis at 950 1223 mW/m? Lvetal
graphite felt mesh: PA-doped  °Cin Ar (2 h) (105% w.r.t. AC/  (2018)
brush PANI SSM)
Carbon felt CNTs/CNFs Carbonization 306 = 14 mW/m?  Cai et al.
electrode: PAN at 1050 °C in (39.09% w.r.t. (2019)
N, (1h) Pt/CCC)

The main disadvantage was that ACNFs with 8 M KOH were 2.65 times more
expensive per unit power as compared to typical platinum cathodes. According
to Cai et al. (2019), interconnected fiber aggregated into the structure like thorn
on carbon nanotube (CNT)/(CNF) electrodes led to strong ORR catalytic activity
exhibiting low internal resistance (0.18 Q0 cm~2) and excellent exchange current den-
sity (13.68 A m~?) (Cai et al. 2019). With these electrodes, MFCs with a maximum
power density of 306 + 14 mWm™ were achieved, which is 140 percent greater
than with Pt/C. Garcia-Gomez et al. (2015) created anode mats made of TiO, and
carbon dual electrospun nanofibers (TiO,-PVP-PANI), with a high current density
of 8 A m™ (0.8 mA cm™) and a low resistance of 3.149 Q in a half microbial fuel
cell (Garcia-Gomez et al. 2015). Table 8.1 compares the significant improvements
in power performance of different polymeric materials utilized as anodes and cath-
odes in PBMEs.
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8.2.1.2 Polymer/Carbon Composite-Based BMEs (PCBMEs)

While synthesizing cathodic catalysts for MFCs, to bind the catalyst/dopants to the
carbon materials, polymeric materials are commonly used as binder like carbon
black, activated carbon and graphite. They’re also employed as anodic modifiers to
make carbon materials more biocompatible and hydrophilic. The price of the binder
has a considerable impact on the overall value of MFC. The importance of the
binder cannot be overstated for the modified electrodes’ excellent performance and
stability. Here’s a more in-depth look at the topic of several polymers employed as
binders and their price use in carbon electrodes which is bulk modified.

8.2.1.2.1 PCBMEs as Anode Material

A simple and environmentally friendly PPy-CMC-CNTs/CB composite anode was
prepared to obtain a high energy storage and good performance for MFCs (Wang,
Zhu and An 2020; Figure 8.4a). The power density of the PPy-CMC-CNTs/CB
composite anode (2970 mW/m?) was 4.34 times higher than the bare anode (683
mW m~2) due to its excellent biocompatibility and presence of selective electrogenic
bacteria. PVA (Polyvinyl alcohol) (Chen et al. 2015), which is hydrophilic due to
oxygen-containing groups, has been suggested for use as an anode binder in MFCs,
because of its properties like biocompatibility and hydrophilicity. As a anode binder
for electrocatalysts applied in MFCs, PVA has indeed been proposed as a substitute
for PTFE (Chen et al. 2015). The maximal output power of an E. coli-based MFC
employing PVA as an electrocatalyst in that CNT anode, was 1.631 W m~2, which
is 97.9% higher than the MFC using PTFE as the binder (0.824 W m~2). However,
because PVA also has the qualities of an electronic insulator, it may have a negative
impact on electron transmission in between the anode and bacterium. Roh (2015)
used in situ chemical polymerization for coat polypyrrole on activated PAN/CNT
nanofibers, resulting in a 40% increase in maximum power density over carbon cloth
(CC) anodes that is unmodified (Roh 2015). GPF (graphite phenol formaldehyde)
was tested as an anode by Navaneeth et al. (2015; Figure 8.4b). It was constructed by
mixing 25% (w/v) natural GP (graphite powder) with 75% (by volume) industrial-
grade novolac-type phenol-formaldehyde (PF) resin. The efficiency of the GPF was
somewhat lower than that of a graphite electrode (GE) oriented photo-bio electro-
catalytic fuel cell (PhFC) (Navaneeth et al. 2015). Polytetrafluoroethylene (PTFE)
in a composite with graphite electrodes at 24 to 36% (w/w) could have a substantial
impact on current generation efficiency in MFCs. The power density of an E. coli-
catalyzed MFC with a composite anode containing 30% PTFE and a conventional
air cathode was 760 mW m=2. AC cathodes produced with various amounts of the
binder (10 to 40% PTFE) (Wei et al. 2012) did not indicate any consistent pattern
for current produced, implying that the PTFE binder content was not a necessary
factor in the performance of AC and that applying of binder can be minimized to
actually reduce the cost of the cathode. Wang et al. (2010) employed a cheap mix-
ture of PTFE and Nafion to bind Pt/C catalyst to air cathodes, and with the quantity
of Nafion in the binder, the maximum power density changed linearly, with values
of 844 and 685 mW m~2 for 67% and 33% respectively. Given the high expense of
large-scale MFCs, this suggests that Nafion-PTFE mixtures could be utilized as a
replacement for pure Nafion. Using a diethylamine-functionalized Nafion polymer
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as the catalyst binder improved the growth of nitrifying bacterial biofilm on the sur-
face of cathode. Furthermore, changing the chemical functionality of the catalyst
binder, which is the outer part of an air cathode’s solution facing side, does not add
another layer to the cathode surface, and hence does not raise the internal resistance
(Yang et al. 2019).

8.2.1.2.2 PCBMEs as Cathode Material

In MFC air cathode (Joel Koffi and Okabe 2020), polyvinylidene fluoride (PVdF)
was utilized as a binder through a phase inversion method instead of the traditional
“mix and paste” technique, and the max power density was somewhat lower (286
mW m?) (Figure 8.4¢). Low price of the polymer and the simplicity of the phase
inversion technique may encourage its use in the production of MFC cathodes (Yang
et al. 2014).

8.2.1.2.3 PCBMEs as Both Anode and Cathode Materials

Graphite powder (GP) was mixed with commercial epoxy resin and doped with dif-
ferent MS (metal salts) to create MS-GECE (graphite-epoxy composite electrodes),
that were verified utilizing Pseudomonas aeruginosa as the biocatalyst. Other metal-
doped electrode combinations provided much lower power density in the MFC
(1679.9 = 98.04 uW m~2) than the Fe** doped graphite cathode. Casting was used to
make bulk improved GPECE (graphite polyester composite electrodes) doped with
MS-GPECE (metal salts) (Narayanasamy and Jayaprakash 2018). A laboratory-scale
H-shaped Pseudomonas catalyzed microbial fuel cell (MFC) was used to investi-
gate the impact of redox behaviour of electrodes suitable to bacterial metabolism on
improved biofilm growth (Figure 8.4d). With cathode material such as Ni- GPECE
and anode material such as graphite block, the maximum power density (1575 +
223.26 uW m) has been attained.

8.2.2 Surrace-MobiriED ELecTRODES (SMEs) FOR MicroBIAL FueL CELLS

Surface-modified polymer/carbon-based electrodes are categorized into three kinds
based on whether they are doped, electroactive coated, or chemically treated just on
the active or inactive surface:

1. Polymer-derived carbon-based surface-modified electrodes (PSMEs)
2. Polymer/carbon composite-based surface-modified electrodes (PCSMEs)

8.2.2.1 Polymer-Derived Carbon-Based SMEs (PSMEs)
8.2.2.1.1 PSMEs as Anode and Cathode Materials

Three-dimensional (3D) electrodes provide the enormous active surface areas for bac-
terial adhesion, making them suitable anodes in MFCs (Chen et al. 2019). The power
density of a carbon-encapsulated metallic nanoparticle-based cathode with a core
shell shape developed for MFCMBR by carbonization of melamine foam was found
to be 38 times greater than that of unmodified electrodes. When analyzed as a high-
performance cathode in a MFC, carbon nanofiber-skinned 3D Ni/carbon micropillars
modified by carbonization and activation of the phenol-melamine precursor-based
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polymeric film produced a maximum power density of ~ 2496 mW m=2, 10 times
greater than that obtained by pristine carbon film electrodes.

8.2.2.2 Polymer/Carbon Composite-Based SMEs (PCSMEs)

There are two forms of polymer/carbon composite-based SMEs (PCSMEs): polymer
coated on carbon and carbon coated on polymer.

8.2.2.2.1 Polymer Coated on Carbon as Anode and Cathode Materials

Conducting polymers like polyaniline, polythiophene, and polypyrrole have been
produced in various shapes using various techniques, and their morphology has a
significant impact on MFC power output. Several groups (Zhao et al. 2018; Zhao
et al. 2019) have developed conducting polymers with various morphologies on the
surface of carbon cloth that might be employed as anode materials. Due to the large
specific area that provided enough surface for growth of microbial and transport
of charged species, electrochemical measurements demonstrated that both charge
transfer resistance and electron transfer resistance were low. Interfacial polymeriza-
tion was employed to create conductive polyaniline nanofibers (PANInf) that were
applied in electrode composites using CB (carbon black). Commonly, two varieties
of process, namely electro-polymerization (Lv et al. 2014) and chemical polymeriza-
tion (Papiya et al. 2018) are employed in synthesizing conductive polymers (Figure
8.5a; Table 8.2). Polyaniline’s anodic performance is affected by doping with metal
or non-metal dopants. As a result, polyaniline anode modification is an effective
method for increasing the performance of MFCs (Liao et al. 2015). To enhance
power output, carbon nanotube/polyaniline composites have been tried as anodes in
MEFCs (Yellappa et al. 2019). The findings showed that a 20 wt% carbon nanotube
composite anode with Escherichia coli as the microbial catalyst had the best electro-
chemical activity, with a higher power density about 42mW/m?. Electro-polymerized
PANI and CNTs deposited on the surface (CNT/PANI/GF) achieved an output volt-
age about 342 mV across an external resistance of 1.96 k() constant load, and the
highest power density (257 mW m) rose by 343 and 186%, respectively, compared
to MFCs with pure GF and PANI/GF. During MFC operation, a larger number of
bacteria was associated to the CN'T/PANI/GF anode compared to the PANI/GF anode.
As aresult, the PANI/CNT-based composites performed well as both anode and cath-
ode (Kashyap et al. 2015). In the absence of external electron mediators, an MFC using
CNT composites (i.e. polypyrrole (PPy)-coated as the anode and Escherichia coli as the
biocatalyst) displayed a higher power density about 228 mW m~2. Various researchers
created conductive (PPy)/(rGO) composites using environmentally friendly, simple,
cost- and time-effective bio-reduction and in situ polymerization processes (Rikame,
Mungray and Mungray 2018). Researchers found that the highest power (output) of
the MWCNTSs/PANI composite anode was 527.0 mW m=2, four times greater as
compared to carbon felt which is unmodified (Fu et al. 2016). Metal-oxide or met-
als dopants, like V,05 (Ghoreishi et al. 2014), MnO, (Wang et al. 2017), TiO, (Yin
et al. 2019), Fe,O; (Prakash et al. 2020), and SnO, and WO, (Wang et al. 2013), are
thought to be influenced by the conducting polymer electrode’s catalytic activity by a
variety of factors. In benthic MFCs, electrochemical behaviour of surface-modified
electrodes was investigated with Fe,O; (FP), MnO,-Fe,O; (MFP), and polypyrrole
(PPy)-coated MnO, (MP) nanocomposites. Carbon felt composite with polyaniline
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TABLE 8.2
Comparison of Different PCBMEs in Microbial Fuel Cell Applications.

Percentage of

Electrode Polymer Used Power Density/
Materials Anode Cathode as Binder Increased By References
PCBMEs  PVA coated Pt/C on Cp 10% PVA 1.631 W/m? Chen et al.
as anode carbon felt (3.0 (0.2 mg (97.9% w.r.t. (2015)
material cm x 3.0 cm) cm2) PTFE)

PPy-PAN/CNT  CC/Pt (0.5 10 wt% PAN 455 mW/m? Roh (2015)
mg cm2) (40% w.r.t. CC)

Graphite polymer Gr plate 75% PF resin 114 mW/m? Navaneeth et al.

composite with natural (=57% w.r.t. (2015)
electrode (GPF) graphite powder  graphite plate)
(4x4x0.5cm) (25% wiv)
PCBMEs  Graphite fiber AC and PTFE 10 wt% PTFE 1100 mW/m? Wei et al. (2012)
as cathode  brushes on SSM (12% w.r.t.
material Pt/C)

Graphite block Ni-doped 50% (unsaturated 1575 +223.26  Narayanasamy
graphite polyester) with ~ uW/m? (1557%  and Jayaprakash
polyester graphite w.r.t. Grblock)  (2018)
composite
electrode
(Ni-GPECE)

Carbon mesh PVdF-based 10% (w/v) PVdF 3.96 +3.01 Joel Koffi and
activated solution W/m3 (118% Okabe (2020)
carbon on containing 26.5  w.r.t. Pt/Cp)

SSM mg/cm? of AC
and 8.8 mg/cm?
of carbon
black (CB)

(PANI) and petaline NiO (NiO@PANI-CF) was fabricated by in situ polymerization
technique and growth. Zhong et al. (2018) noted that the combined high capacitive
properties of NiO and high conductivity of PANI effectively improved the capacity
of the generation of electricity in NIO@PANI-CF. The MFC’s highest output power
density and charge transfer resistance were 563% (1078.8 mW m~) greater and 68%
(10.4 Q) lower than CF-MFC’s. The hybrid bioanode (PEDOT/MnO,/(CF) had the
greatest electron transfer efficiency about 6.3 x 10~ mol cm™ s7'2 and a maximum
power density of 1534 + 13 mW m2, which is about 57.7% greater as compared to a
bare carbon felt anode that is about 972 + 21 mW m~2 (Liu et al. 2019). In the appli-
cations of MFC, regarding anode materials, Table 8.2 analyzes numerous polymer/
carbon composite-based SMEs (PCSMEs).

With a 75 wt% PANI/MWNT composite cathode, Jiang et al. (2014) achieved a
greater power density about 476 mW m~2, that was greater as compared to pure MWNT
cathode (367 mW m~2) but lower as compared to Pt/C cathode (541 mW m™2). Some
of THE ternary composites have been proposed as both anode and cathode materials
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in various articles. At the cathode, a ternary PANI-TiO,-GN catalyst showed higher
activity of ORR, allowing for increased extracellular electron transport to the anode
(Han et al. 2018; Figure 8.5b). PANI-TiO,-GN outperformed PANI-TiO, and PANI
as an ORR catalyst, with greater catalytic activity, stability, and power output. The
immobilization of bacteria on the catalyst matrix boosted the EET substantially at
the anode, hence improving the MFC’s performance. The MFC with a S. oneidensis
(S. o)-immobilized PANI-TiO,-GN anode generated a high-power density of 79.3
mW m~2, which was 1.3 and 2.7 times greater than that of PANI-TiO,-GN without
S. o and plain carbon paper anode with immobilized S. o, respectively. Likewise,
Khilari et al. (2015) showed a noble metal-free MFC composite material employing
a manganese ferrite (MnFe,O,)/polyaniline (PANI) as both anode and cathode. The
researchers discovered that adding MnFe,O, NPs to Vulcan XC or PANI increased
catalytic activity at both the anode and cathode. In a single-chambered MFC, the
MnFe,0, nanoparticles (NPs) and MnFe,O, NPs/PANI hybrid composite not just
outperformed the air cathode in terms of ORR activity, the redesigned carbon cloth
anode’s half-cell potential was also enhanced. The MnFe,O, NPs/PANI composite’s
ORR activity has been found to be equivalent to that of ordinary Pt/C. The anode
treated with MnFe,O, NPs had a higher half-cell potential than the bare CC anode,
resulting in more power being generated in the MFC. The presence of multivalence
cations and capacitive characteristic of MnFe,O, NPs were attributed to the exoelec-
trogens’ enhanced extracellular electron transport. Furthermore, electrochemically
active PANI was shown to offer a superior catalytic support than traditional Vulcan
XC. The PANI/C/FePc cathode’s maximum power density (630.5 mW m=2) was
shown to be greater as compared to C/FePc cathode power density of 336.6 mW m2,
and even the Pt cathode has a power density of 575.6 mW m=2. The PANI/C/FePc
cathode, on the other hand, has 7.5 times the power per cost as the Pt cathode. As a
consequence, PANI/C/FePc might be a suitable replacement for platinum in MFCs
(Yuan, Ahmed and Kim 2011). MFCs using mechanically mixed-MnCo,0, NRs/
PPy, in situ-manganese cobaltite nanorods (MnCo,0, NRs/PPy), catalyst-free (just
Vulcan XC) and MnCo,0, NRs/Vulcan XC cathodes had maximum volumetric
power densities of 4.22, 6.11, 1.77, and 5.05 W m™3, respectively.

This indicated not only that the conducting polymer PPy is superior to the com-
monly used Vulcan XC as a conducting support, and also that the cathode composite
production technique is critical for improved electrode performance. Electrochemical
and chemical polymerization processes were used to synthesize PEDOT (Poly(3,4-
ethylenedioxythiophene))-Polystyrene sulfonate that is characterized for its electro-
chemical characteristics on various carbon substrates, and was effective including
anodes and cathodes. Air-cathode rGO/PEDOT/Fe;0,/CC composite had the high-
est MFC power density about 3525 mW m~.

8.2.2.2.2 Carbon Coated on Polymer as Anode and Cathode Materials

Carbon anode materials having a porous structure and large specific surface area,
such as graphite granules, graphite foam, polyurethane-sponges, and graphite fiber,
offer a lot of promise for boosting MFC power generation. The tiny holes within
the anode design, on the other hand, provide high transfer resistance and also cre-
ate a limited region for bacterial development, limiting bacterial colonization and
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bacterial blockage of the pores (Xu et al. 2018). Electrochemical behaviour, biomass
distribution, MFC performance, and active biomass content are all used to evaluate
electrode optimization (Li, Cheng and Thomas 2017; Zhou et al. 2018). Polyurethane
foam (PUF) containing macropores has lower toxicity and greater mechanical
strength. Perez-Rodriguez et al. (2016) employed polyurethane (PU) foam/graphite/
polypyrrole (PU/Graph/PPy) composites to grow anaerobic bacteria and test them as
anodes in microbial fuel cells (MFCs) utilizing municipal wastewater as fuel.

The anode efficiency of the low-cost MFC utilizing PU/Graph/PPy-FeCl; was
2.13 times higher than that of the pure PU foam MFC. Wang et al. (2019) mentioned
that a multilayer porous sponge 3D material that is coated with nitrogen-doped car-
bon nanotube/polyaniline/manganese dioxide (S/N-CNT/PANI/MnO,) as a bio-
anode (capacitive bioanode) in an MFC attained a greater power density (1019.5mW/
m?), which about 2.2 and 5.8 times greater as compared to the bioanode (S/N-CNT/
MnO,) (Wang et al. 2019). In the manufacture of electrodes for MFCs, polyester has
been used as a support material (Pang, Gao and Choi 2018). Xie et al. (2011b) made
CNT-textile anodes and found that the highest current density was 7.2 A/m?, which
was 2.6 times greater than carbon cloth anodes (2.8 A/m?), indicating that the carbon
nanotube covering acted as a key electron carrier in between textile substrate and
biofilm (Xie et al. 2011a). Pt nanoparticles were placed on this material by Xie et al.
(2011b), and the maximum power density of the CNT-textile-Pt cathode was about
559 mW/m?, 2.14 times greater than the CNT-Pt cathode (391 mW m™), trying to
imply that the CNT-textile-Pt cathode had a larger surface area and porous network
as compared to the CNT-Pt cathode (Xie et al. 2011b).

8.3 CONCLUSIONS AND OUTLOOK

Modified electrode materials with improved electron transport, biocompatibility, and
conductivity are now a hot topic in MFC research. As a result, the recent progress
in the development of electrode materials for microbial fuel cells based on carbon-
polymer nanocomposites has been discussed in this chapter. The advantages of
enhancing the performance of microbial fuel cells have also been underlined, as have
the recently discovered surface- and bulk-modified composite electrodes. Simple
pyrolysis/graphitization (carbonization) of the polymer precursor improved the car-
bon content while keeping the porous structure, making doping with heteroatoms like
F and N easier. Polymeric materials, such as polyvinylidene fluoride (PVdF), polyvi-
nyl alcohol (PVA), polyester and epoxy resin, on the other hand, when used to attach
metal ions/metal oxide to carbon compounds as binders, like carbon black, graphite,
and activated carbon, effectively enhanced the rate of oxygen reduction reaction and
anode/biofilm electron transfer. The kind of polymer used in design of electrodes
has a significant influence on the overall cost of an MFC. The trend of progress in
MFCs reveal that carbon-polymer nanocomposites can have a major role in cost and
performance of the MFC’s electrodes. However, this synergic effect of the carbon-
polymer nanocomposites alone cannot fulfil the requirement for electrodes in MFCs.
However, various combinations of carbon-polymer nanocomposite electrodes can be
very efficient alternative electrodes in MFCs in the near future, with reference to
energy production as well as sustainable environmental application.
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9.1 INTRODUCTION

The increase in pollution of the earth and shortage of safe, sustainable, and environ-
mentally friendly energy resources become a serious threat in the world. The tremen-
dous increase in the use of non-renewable energy resources like oil, coal, fossil fuel,
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and natural gas causes environmental issues such as air pollution, CO, emissions, and
the greenhouse effect and also leads to a shortage of available energy resources. The
efforts in resolving these problems have forced scientists of the world to search
the alternative energy resources like wind energy, solar energy, thermal energy, geo-
thermal energy, etc. Among various renewable energy resources, solar energy is con-
sidered one of the most powerful alternative energy resources due to its clean, safe,
and abundant energy supply (Gong et al. 2017). The fraction of energy consumed
by humans in a year to the total energy released by the sun in an hour is very small;
therefore solar energy is expected to meet the world’s energy demand (Lewis 2007).
To fulfill environmental security and energy demand, photovoltaic (PV) solar cells,
which convert solar energy into electrical energy, have been developed. Moreover,
these PV solar cells generate electricity without any movable mechanical compo-
nents. The evolution of PV solar cells consists of three generations, namely, first-,
second-, and third-generation solar cells (Chebrolu and Kim 2019). First-generation
solar cells were based on single-crystalline and multi-crystalline silicon cells which
governed the market and are very popular due to their high efficiencies but their
high manufacturing costs become an obstacle in their worldwide applications (Pi
et al. 2012; Dekkers et al. 2006). Second-generation solar cells are comparatively
much cheaper to produce but have lower efficiencies than first-generation solar cells.
Second-generation solar cells include amorphous silicon (a-Si) solar cells, Cadmium
Telluride (CdTe) solar cells, and Copper Indium Gallium Selenide (CIGS) solar cells.
The arising third-generation solar cells include organic tandem solar cells (Meng
et al. 2018; Ameri et al. 2013), inorganic solar cells (Miles et al. 2007; McCandless and
Sites 2011), organic and inorganic perovskite solar cells (Zhang et al. 2016; Tzounis
et al. 2017), quantum dots solar cells (Tvrdy and Kamat 2011; Ning et al. 2015),
and dye-sensitized solar cells (DSSCs) (Kavan 2017; Feldt et al. 2010; Dette et al.
2014), which are still in the development phase of production for commercialization.
Nowadays, silicon-based solar cells of the first-generation, whose light-to-electricity
conversion efficiency reaches up to 15-20%, dominate the market. However, the
requirement of highly purified silicon and its high cost of production has paved the
way for research for environmentally friendly and low-cost dye-sensitized solar cells.

In 1991, Brian O’Regan and Michael Grétzel designed a photovoltaic solar cell
known as the Gritzel cell or dye-sensitized solar cell whose workings were based on
plant photosynthesis. The incident photon to current conversion efficiency (IPCE)
for this cell was reported as 7.1-7.9%. The excellent stability of about five million
turnovers without decomposition, a large short circuit current density (Jgo >
12mAcm™2), and the low cost of fabrication had established the practical and feasible
utilization of this cell. The current energy conversion efficiency of lab-sized DSSC
improves from 7.1% achieved in 1991 to 14.3% reported in 2015 (Regan and Grétzel
1991; Kakiage et al. 2015). This improvement arises due to optimization of the
device, use of transition metal redox coupled with desirable dye, and a solvent having
low viscosity like acrylonitrile (ACN). A new DSSC configuration has been designed
using copper-based electrolytes with the highest energy conversion efficiency of
about 32% under low light intensity conditions (Cao et al. 2018). These spectacular
improvements in conversion efficiency of DSSC have resulted in developing large-
scale DSSCs and also the small module that focuses on convenient electronics
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FIGURE 9.1 Classification of solar cells/photovoltaic (PV) cells.

(Pradhan et al. 2018). A dye-sensitized solar cell (DSSC) consists of a photoanode
(working electrode) and cathode (counter electrode) with an electrolyte sandwiched
between them.

9.2 CLASSIFICATION OF SOLAR CELLS

Solar cells (or PV cells) are generally made up of two types of semiconducting mate-
rials, namely n-type and p-type, and these materials have some important features
to absorb incident sunlight. Solar cells can be fabricated by using only a single layer
of light-absorbing materials (i.e. single-junction solar cells) or by using multi-layered
light-absorbing materials that form multi-junctions to take the advantage of various
absorption and charge separation mechanisms. Based on these properties of materi-
als, solar cells can be classified into different classes as shown in Figure 9.1.

9.2.1 FirsT-GENERATION SOLAR CELL

This generation of solar cells is the oldest and most commonly used solar cell due
to their high efficiency. These cells are manufactured on wafers that can provide a
2-3 Watt power supply per wafer. To enhance the power, an assembly of such solar
cells (known as solar modules) is constructed. Based on crystallization level, first-
generation solar cells are divided into two categories: (i) single crystal solar cells
and (ii) multi-crystal solar cells. Single crystal solar cells are produced by only one
crystal (i.e. the whole wafer consists of a single crystal). On the other hand, multi-
crystal solar cell wafers consist of crystal grains. The multi-crystal-based solar cell
has a lower efficiency in comparison with a single crystal solar cell, but its easier and
cheaper cost of fabrication made them good competition.

9.2.2 SEcOND-GENERATION SOLAR CELL

The second-generation solar cell involves amorphous Si (a-Si)-based thin-film solar
cell, CIGS-solar cells, and CdTe/cadmium sulfide (CdS)-solar cells (Carlson and
Wronski 1976; Choubey et al. 2012). Second-generation solar cells are based on thin-
film technology to produce a cheaper solar cell. This generation of solar cells uses
less material and has a low manufacturing cost as compared to the first-generation
solar cell. Other advantages of thin-film solar cells are their flexibility, and they can
be extended up to large areas of nearly 6 m?, while first-generation solar cells can
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be grown up to wafer dimensions (Sharma et al. 2015; Fakharuddin et al. 2014).
However, the use of toxic materials and lower overall efficiency than first-generation
solar cells put restrictions in the way of second-generation solar cells.

9.2.3 THIRD-GENERATION SOLAR CELL

The main motive for the evolution of the third-generation solar cell is to increase the
electrical performance of second-generation solar cells with very low manufacturing
costs. Third-generation solar cells are based on nanostructured materials and con-
sist of pure organic components or a mixture of organic and inorganic components
which allow for a huge and limitless choice of materials. Among various types of
third-generation solar cells are nano-crystal-based solar cells, polymer solar cells,
DSSCs, and concentrated solar cells. DSSCs have attracted many researchers for the
development of next-generation renewable and sustainable energy devices because
of their feasible properties such as low production cost, flexibility, eco-friendliness,
ease of fabrication, long life, mechanical robustness, and they have the potential for
both indoors and outdoors application and can work under the low intensity of inci-
dent light (Choubey et al. 2012; Sharma et al. 2015; Fakharuddin et al. 2014).

9.3 DYE-SENSITIZED SOLAR CELLS (DSSCs)

DSSC was introduced by Gritzel and co-workers two decades ago and is a photo
electrochemical cell that converts solar energy into electricity. DSSC is assembled by
sandwiching a thin film of electrolyte between a working electrode soaked with a dye
(or sensitizer) and a counter electrode (Regan and Gritzel 1991; Pradhan et al. 2018).

9.3.1 WoORKING PriNciPLE oF DSSC

The construction and working principle of DSSC is shown in Figure 9.2. The work-
ing mechanism of DSSC follows a series of processes such as absorption of the
incident photon, electron injection, and transportation of electrons through external
circuit and collection of current. These basic processes which DSSC goes through
are explained next (Grétzel 2004). Absorption of the photon: initially light incident
on working electrode and electrons in the ground state (D) of dye absorbs photos and
gets transferred to the excited state (D) of dye.

D+hu— D"

1. Electron injection process: the excited electron of dye is injected into the
conduction band of the semiconductor (TiO,) which results in the oxidation
of dye.

D" >D'+e

2. Transportation of electrons through the external circuit: these injected
electrons after traveling through semiconductor nanoparticles diffuse
towards transparent conducting FTO glass plate and enter the external cir-
cuit. Through the external circuit, electrons reach the counter electrode.
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FIGURE 9.2 Construction and working principle of DSSC.

3. Regeneration of dye: the electron deficiency of cationic dye is required by
accepting an electron from the |~ ion on the electrolyte and giving rise to
the initial state (D) of the dye, and also oxidation of the |~ ion into I3
ion occurs.

D" +31" > D+l5.

4. The |5 ions diffuse towards the counter electrode and reduce into | ~ ion by
accepting electrons at the counter electrode.

Iy +2e =31~

Thus, the circuit is completed via transportation of electrons through the external
load and I- ion being regenerated by the reduction of the /;~ ion at the counter elec-
trode. Therefore, in the DSSC, by following the previous steps the conversion of an
incident photon to electricity takes place. Along with the forward charge transporta-
tion processes, backward charge transportation processes also take place in one
complete cycle, which results in a sharp decrease in the efficiency of DSSC. The
following processes lead to the backward charge transportation mechanism in
DSSC:

1. Extraction of electrons by the oxidized dye from the semiconductor

2. Transfer of electrons from the excited state to the ground state of dye

3. Production of dark current by recombining injected electrons with the
electrolyte

)
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To minimize the previously mentioned effects of the backward charge transportation
processes, the following steps should be followed (Andersen and Lian 2005; Hara
et al. 2003; Gong et al. 2012):

1. Transfer of charge to semiconductor must occur with a high quantum yield

2. The rate of electron injection to the semiconductor should be higher than
the transportation rate of electrons from the excited state to the ground state
of dye

3. The lowest unoccupied molecular orbital of the dye should be more nega-
tive than the conduction band of the semiconductor and the highest occu-
pied molecular orbital should be more positive than the redox potential of
the electrolyte

9.3.2 IMPORTANT PARAMETERS OF DSSC

The important characteristics of DSSCs—Ilike overall electrical conversion effi-
ciency (n%), short circuit current density (J,), open-circuit voltage (V,), incident
photon to current efficiency (IPCE), and fill factor—depend on spectroscopic prop-
erties of dyes, surface morphological properties of semiconductors, and the electrical
properties of electrolytes. The production of electrical power on receiving incident
light by the DSSC shows the capability of the DSSC to generate a current through
the external load and voltage over an external load simultaneously. The characteris-
tic plots of current density vs. voltage (J-V) and power vs. voltage (P-V) curve of the
DSSC are shown in Figure 9.3.

J-V Curve
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FIGURE 9.3  Short circuit current density, J., and power, P, vs. voltage plot of DSSC.
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The maximum current (short circuit current, /., or short circuit current density,
J,.) is produced when the cell is short-circuited under illumination (i.e. at zero volt-
age). Thus, the electrical power generated is also zero. On increasing the inten-
sity of incident light, the short-circuit current reached its maximum value (J,

WI(IX)
expressed as:
Jo = I (V =0) (CAY

The maximum voltage (open-circuit voltage, V, ) is generated under open-circuit
conditions when no current flows through the circuit. As the incident light intensity
increases, the open-circuit voltage increases (V,,,,) and is written as:

Vie= Ve {=0) 0.2
The maximum efficiency of the DSSC required to convert incident solar energy into
electricity illustrates the maximum power output (P,,,,) of the DSSC. The maximum
output power point can be determined by evaluating the maxima of output power
(Pmay) Which is calculated by the product of V,,, and J,,, expressed as:

Frex = Vineax X Jmex 9.3)

It can be concluded from the plot of power versus voltage (as shown in Figure 9.3)
that on increasing the current density and voltage, initially the value of output power
increases and reaches its optimal value at maximum voltage and maximum current
density and then gradually starts decreasing up to zero value at an open-circuit volt-
age (V,.). The fill factor (FF) is an important parameter of DSSC which signifies
the overall capability of the cell and indicates the electric generation loss. It is a
measure of the quality and idealness of the solar cell. The value of the fill factor can
be obtained by comparing the maximum short circuit current density (J,.) and maxi-

mum open-circuit voltage (V,) to the maximum power output (P,,,.).
Vi X J
FF—_tm _ ‘mpX-mp ©4)
Voo xJdse Voe X
The n (%) of DSSC is the ratio of maximum electrical output power (P,,,,) to the

input power (P,,) of incident light. It describes the percentage of incident light energy

converted into electricity, and the overall conversion efficiency of the cell is mea-
sured by using the following equations:

P Jn XV,
n(%)=-"%x100 =—"—"2 x100 ©9.5)
in in

Voe xJ FF

and n (%) = ~2C =L X7 10 9.6)
in

Incident photon to current conversion efficiency, IPCE(%), is one of the most signifi-

cant parameters of DSSC. It has been used to analyze different mechanism processes
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in DSSC such as current generation, recombination, and diffusion mechanism. It is
calculated by the ratio of the number of electrons flowing through the external circuit
to the total number of photons incident on the surface of DSSC at any wavelength, A:

Rnxax4

IPCE (%) = T e

100 O.7

where ¢ is the electron charge, & is Planck’s constant, and c is the speed of light.
The ideal output power, P,,,,, of DSSC is obtained as a product of short-circuit

current density, J,. and open-circuit voltage, V,

Raea = Jsc xVoc 9.8)

On the other hand, the product of V,,, and J,,, gives the value of maximum output
power, P, ... Equations (9.5) and (9.6) show the dependence of the overall conversion
efficiency of DSSC on both the maximum output power and ideal output power. The
difference between the ideal output power and maximum output power occurs due

to the resistances of the cell, electrolyte, electrode, and other components of DSSC.

9.3.3 CompoNenTs oF DSSC

9.3.3.1 Transparent and Conductive Substrate (FTO/
or ITO Coated Glass Sheet)

The construction of DSSCs requires two glass sheets coated with a transparent con-
ductive substrate which provides support for the deposition of semiconductor and
catalyst and also acts as a current collector in DSSCs. The substrate must have the
following two properties to achieve effective DSSC performance: (i) the transpar-
ency of substrate must be greater than 80% for focusing maximum sunlight to the
active area of the DSSCs and (ii) the electrical conductivity of the substrate must
also be high to produce an efficient transfer of charges and to decrease energy loss
in DSSCs (Sima et al. 2010). FTO (Fluorine tin oxide, SnO,:F) and ITO (Indium tin
oxide, In,0,:Sn), which consist of a soda-lime glass sheet coated with fluorine tin
oxide and indium tin oxide layer respectively, are generally employed as the trans-
parent conductive substrates. ITO film exhibits an average light transmittance >80%
and FTO film has a transmittance of nearly 70% in the visible region. On sinter-
ing for 2 h at 450° C in the oxygen atmosphere, the sheet resistance of ITO film
enhanced from 18 () cm= to 52 Q cm™ while that of FTO film remained constant
(i.e. 8.5 Q/cm?). This property of low and temperature-independent sheet resistance
made FTO-based photoanodes highly suitable for DSSCs (Murakami et al. 2004).
Due to being less expensive and flexible, polymers can be treated as an alternative
to the glass substrate. Although polyethylene terephthalate (PET) and polyethylene
napthalate (PEN) coated with ITO have reported 3.8% and 7.8% efficiencies, respec-
tively (Ito et al. 2006; Weerasinghea et al. 2013), the restrictions in the accessible
temperature range prohibited the use of polymers as substrates in DSSCs (Jun et al.
2007). Metals like tungsten, titanium, and stainless steel can also be used as sub-
strates (Lupan et al. 2010). On using stainless steel as substrate, an efficiency of 6.1%
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has been observed. However, corrosion caused by electrolytes and their high cost
limit the use of these metals as substrates in DSSCs.

9.3.3.2 Working Electrode

The working electrode is developed by applying a thin paste of semiconducting mate-
rials such as titanium dioxide (TiO,), zinc oxide (ZnO), niobium pentaoxide (Nb,Os),
silicon dioxide (SiO,), and tin dioxide/stannic dioxide (SnO,) (Han et al. 2009; Fukai
et al. 2007), etc. on a transparent conducting glass sheet usually made of FTO or
ITO. The electron transport rate which affects the efficiency of DSSC depends on the
morphological, crystallinity, and surface area of semiconducting materials. Among
several semiconducting materials, TiO, is considered an ideal semiconductor due to
its good morphological and photovoltaic features, non-toxic nature, low cost, easy
availability, and greater efficiency than ZnO and SnO, based DSSC (Park et al. 2000).
Out of two allotropic forms of TiO,, viz. anatase and rutile, anatase-based DSSCs
are more efficient than the rutile form due to some interesting features of the anatase
form such as high energy band gap of 3.2 €V, better chemical stability, fast electron
transport rate, and more short-circuit current density (Li et al. 2005). The semicon-
ducting materials assign a large surface area for the deposition of dye molecules. The
semiconductors receive electrons from the excited state of the dye and transfer them
to the external circuit to conduct electric current (Dai and Rabani 2002).

9.3.3.3 Dye (or Photosensitizer)

Dye or photosensitizer is one of the important components of DSSC that absorb max-
imum photos from the incident light. The semiconducting layer deposited on a trans-
parent conducting glass plate absorbs only a small fraction of light. Thus, to enhance
the absorption process at the surface of the semiconductor, the working electrode is
immersed in a dye solution. Because of the highly porous structure and large surface
area provided by the semiconductor, a large number of dye molecules get attached
to its surface. Until now synthetic dyes have been widely used in the fabrication of
DSSC; the overall power conversion efficiency of DSSC using Ruthenium complexes
dye was reported as 11 to 12%. Although Ruthenium complex is the most stable and
effective dye, it is expensive, toxic, and difficult to produce. Therefore, natural dyes,
which can be extracted from flowers, roots, plants, and fruit have been developed.
Despite their lower stability and efficiency than synthetic dyes, several features of
natural dyes, like their abundance in nature, easy production, non-toxicity, and low
production cost (Neale et al. 2005), attract research, and various modifications have
been performed to improve the efficiency of DSSC. A photosensitizers or dye should
have the following characteristics (Kusama and Arakawa 2005):

* Dye should have the property of luminescence.

e It should absorb the light in ultraviolet-visible (UV-vis) and near-infrared
(NIR) regions.

It should easily transfer the electron from the lowest unoccupied molecular
orbit to the semiconductor (i.e. TiO,).

* Dye should be compatible with the electrolyte (i.e. the highest unoccupied
molecular orbital should lie lower).
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* Dye should have high chemical stability which enhances the durability
(long-term stability) of cells.

* Dye should have the minimum aggregation in between dye and semiconduc-
tor surfaces. The aggregation of dye molecules near the dye semiconductor
interface limits the recombination reaction (lowers the cell efficiency).

9.3.3.4 Counter Electrode

The function of the counter electrode in DSSC is to regenerate the electrolyte. The
oxidized electrolyte is propagated towards the counter electrode where it receives the
electrons from the external circuit. A catalyst is deposited on the transparent con-
ducting glass plate which speeds up the reduction process of electrolyte. Platinum
(Pv) is generally used as a catalyst for counter electrodes due to its high catalytic abil-
ity, high exchange current density, high efficiency, and transparency. However, Pt is
very expensive and less abundant. Other materials which can be used as a catalyst for
counter electrodes are graphene and conductive polymers (Gritzel 2004). But they
show lower efficiency as compared to platinum catalysts.

9.3.3.5 Electrolyte with Redox Couple

The DSSCs are thin-layer PV cells formed by sandwiching the soluble redox couple
[(lodide/triiodide(I-/1;7) or Co**/Co3*]-based electrolyte in between two electrodes,
photoanode and photocathode (photoanode—a mesoporous TiO,-coated semicon-
ducting layer with a photosensitizer; photocathode—platinum/graphite-coated coun-
ter electrode). The electrolyte having redox couple is one of the key components of
DSSC which greatly affect its performance and durability. An electrolyte consisting
of redox couple should have the following properties as follows (Nogueira et al.
2004; Andrade et al. 2011):

* Redox couples present in the electrolyte should be able to regenerate the
oxidized dye efficiently

* Electrolyte should have high chemical, thermal, mechanical, and electro-
chemical stabilities

* It should have a non-corrosive property with the other components of
DSSCs

* Electrolyte should have a high electrical conductivity (~10-* — 10-2S/cm), a
proper electrode-dye interface that also permits the fast diffusion of charge
emission

* Redox couples should have low volatility and minimum corrosive property

* The compatibility of electrolyte (high chemical stability) with dye is
required to prevent the degradation of dye molecules, hence electrolyte
must be compatible with the dye

The essential role of an electrolyte in DSSC is to regenerate the dye molecules
after the electrons from the excited state of dye are injected into the conduction
band of the semiconductor. The long-term stability of the DSSC is influenced by the
properties of the electrolyte. In the last few decades, the developments of DSSCs are
quite good in terms of efficiency, but still, they need further modification in terms



Dye-Sensitized Solar Cells 241

of durability, performance, and conversion efficiency, etc. Thus, to enhance the con-
version efficiency and other features of these cells, researchers have to focus on the
development of electrolytes, electrode materials, and sensitizers. To improve the sta-
bility and performance of the DSSCs different electrolytes such as gel electrolytes,
quasi-solid state electrolytes, ionic liquid as electrolytes, ionic liquid-based polymer
electrolytes, composite polymer electrolytes, etc. have been used.

Liquid electrolytes (i.e. organic solvent/ionic liquid-based electrolytes) were
widely used and investigated in DSSCs due to the following properties like low vis-
cosity, high conversion efficiency, and fast ion diffusion easy to design (O’Regan and
Gritzel 1991; Dresselhaus and Thomas 2001; Nazeeruddin et al. 1993). DSSC based
on liquid electrolyte has a high conversion efficiency of the order of 13% (Mathew et
al. 2014). The constituents of the electrolytes include organic solvent/ionic liquid,
redox couple, and some additives. Organic solvents may be nitrile like acetonitrile,
valeronitrile, 3-methoxy propionitrile and some esters like propylene carbonate
(PC), ethylene carbonate (EC), and y-butyrolactone (GBL), etc. In place of redox
couple generally, I"/I;~ couple is used. Whereas some other redox couple was also
used like Br/Br,, SCN-/(SCN),, Co**/Co*, and SeCN/(SeCN), (Bergeron et al.
2005; Sapp et al. 2002; Oskam et al. 2001). But the performance of the couple I;7/1~
is much better than the others. The commonly used additives are 4-tert-butyl pyri-
dine (TBP) and N-methyl benzimidazole (NMBI). The addition of these additives in
the electrolyte may suppress the dark current and improve the conversion efficiency.
But the DSSCs based on organic electrolytes have several disadvantages like less
durability, leakage problems, volatility in nature, chemical instability (Oskam et al.
2001), etc.

9.4 IONIC LIQUIDS (ILs) AS ELECTROLYTES IN DSSCs

Tonic liquids, also known as room-temperature molten salts, are very exciting mate-
rials to use as additives in the electrolyte for DSSC fabrication. ILs have several
advantages over organic solvents such as high chemical and thermal stability, high
ionic conductivity, negligible vapor pressure, non-flammability, wide electrochemi-
cal stability window, and ions (charge carriers) are present in dissociated form. The
DSSCs have high potential applications to be commercialized due to their simplic-
ity in fabrication and low cost. The use of nanometer-sized TiO, nanofiller having
efficiency ~7-8% with the electrode material was a breakthrough in the development
of DSSCs in 1991 (O’Regan and Gritzel 1991). An organic solvent like acetonitrile
was used to form an electrolyte to develop DSSCs. But it has a low boiling tem-
perature and easily vaporizes at room temperature. Later on, organic solvents having
high boiling temperatures like ethylene carbonate (EC), propylene carbonate (PC),
valeronitrile, 3-methoxy propionitrile (MPN), and N-methyl-2-pyrrolidone (NMP)
were used as stable electrolytes (Wu et al. 2015). Nevertheless, DSSCs still face sev-
eral problems related to the fabrication of DSSCs at a large scale due to their leakage
problem, chemical instability problem, sealing problem (Harikisun and Desilvestro
2011), etc.

As a result, several substitutes for organic solvent were discovered as additives
in the electrolyte. In all the solvents, ionic liquids (ILs) were identified as ideal
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materials. ILs have several advantages over the other organic solvents stated as fol-
lows (Eftekhari et al. 2016; Hosseinnezhad et al. 2017; Gorlov and Kloo 2008):

* High ionic conductivity

* Almost negligible vapor pressure

* Large liquids range

* High thermal and chemical stability

* Large chemical stability window

* Non-flammability

¢ Poor coordination between cations and anions and no need for solvent for
dissociation of its cations and anions

Due to their excellent properties, ILs have quickly gained popularity and are accepted
as green solvents for several potential applications as well as industrial applications
(Omara et al. 2017). For the development of an electrolyte, imidazolium-based ionic
liquids are commonly used, and by using ILs several solid and gel-based electrolytes
have been discovered. The ILs are also known as designer solvents because by tai-
loring the size of cations/anions, millions of types of ILs can be synthesized with
desired properties. Imidazolium cation-based ILs are commonly used due to their
several advantages like low viscosity, high ionic conductivity, high diffusivity, high
thermal and chemical stability compared with pyridinium ammonium and pyrro-
lidium cation-based ILs (Murugesan et al. 2014).

Liquid electrolytes have been used in most electrochemical devices. Using liquid
electrolytes as a medium for charge transportation, DSSC achieves the highest con-
version efficiency. But the problems of leakage and volatilization of solvent, photo
degradation and adsorption of dye, and corrosion of counter electrodes led to devel-
oping the best alternative to liquid electrolytes. The polymer electrolyte not only
eliminates the limitations of liquid electrolyte but also comes with further advan-
tages including good electrode-electrolyte interface, lesser weight making them
more portable, freedom over shape and size, etc. For the preparation of polymer
electrolytes, suitable salt is dissolved in a polymer having a high molecular weight
(film-forming ability). The use of salt reduces the degree of crystallinity of the poly-
mer network and hence increases the ionic conductivity.

9.5 POLYMER ELECTROLYTE (PE) IN DSSCs

For the development of PV devices like DSSCs, polymer electrolytes are probable can-
didates due to their unique ionic conductivity, thermal stability, chemical stability, and
mechanical flexibility. For the development of DSSCs, PEs are optimized as probable
applicants to replace the liquid electrolytes. In photovoltaic cells, PEs are in the form of
solid state or quasi-solid-state-like gel (Su’ait et al. 2015; Karuppannan et al. 2015; Meng
et al. 200)3. The PEs have excited lower electrical conductivity at room temperature
than the liquid electrolytes but one can enhance the electrical conductivity with other
desired properties by adding nanofillers (ceramic fillers like Al,O;, SiO,, TiO,, carbon
nano tubes (CNTs)) (Kim et al. 2009; Singh and Saroj 2021, 2015; Kumar et al. 2019),
etc. Several polymer electrolytes are based on poly(ethylene oxide) (PEO), poly(methyl
methacrylate) (PMMA), poly(vinyl pyrrolidone) (PVP), poly(vinyl chloride) (PVC),
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poly poly(vinyl alcohol) (PVA), poly(vinyl fluoride) (PVdF), poly(vinylfl uoride-hexafl
uoro propylene) (PVAF- HFP), etc. In DSSCs, the PEs are used as solvent-free elec-
trolytes and these materials have several advantages over liquid electrolytes such as
being leakage-free, non-corrosive, non-volatile, thermally stable, and photo stable and
having good electrochemical stability (MacCallum and Vincent 1989). In these mate-
rials charges (i.e. cations/anions) are chemically bonded with the polymeric chains
whereas counter ions (solvated by a high dielectric constant solvent) are free to move
in the network. In gel electrolytes, polymer and salt are mixed with an appropriate
solvent having a wt% ratio greater than 50% with the additives (polymer acts as a
stiffener and provides a network) and cations/anions are free to move through the free
volume present in the matrix (liquid-like phase). For solar cells applications, the use
of polymer electrolytes began in 1999, and the first DSSC based on polymer electro-
lytes was reported by Nogueira et al. in 1999 (Nogueira et al. 1999). They assembled
the DSSC using poly(o-methoxyaniline) as a sensitizer and co-polymer of PEO (i.e.
poly(epichlorohydrin-co-ethylene oxide)), poly(ECH-co-EO) containing Nal/l, as
electrolyte. Its reported conversion efficiency was ~1.3%, and the I-V curve with V=
0.71 volt, J,, = 0.46 mAcm~2 is shown in Figure 9.4 (Nogueira et al. 1999). Later on in
2000, the same material was used for DSSC application with Ruthenium complex sen-
sitizer and reported the overall conversion efficiency 0.22% with open-circuit voltage
0.71 Volt and short-circuits current ~0.46 mAcm= (Nogueira et al. 2000). After that,
several efforts have been made to develop new polymer electrolytes that could increase
the conversion efficiency and other performance of DSSCs.
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FIGURE 9.4 Current density and voltage characteristics curve of poly(ECH-co-EO)-based
polymeric electrolyte photovoltaic cell under 120 mW cm™2.

Source: Reproduced with permission from Nogueira et al. [2000, © Elsevier 2000].
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9.6 PLASTICIZED OR GEL POLYMER ELECTROLYTES IN DSSCS

Ionic conductivity of PEs can be enhanced by increasing inorganic/organic salt con-
centration (lithium perchlorate, LiClO,, sodium chloride, NaCl, lithium hexafluoro-
phosphate, LiPF;, lithium tetrafluoroborate, LiBF,, etc.) and also by adding the low
molecular weight organic liquids like low molecular weight polyethylene glycol (PEG-
200/400), PC, EC, dimethyl formamide (DMF), dimethyl sulfoxide (DMSO) (Saroj
et al. 2017; Teo et al. 2020). The use of plasticizers reduces the crystalline phase of
the polymer matrix and hence the amorphous network results in an increase in ionic
conductivity with mechanical stability. In Figure 9.5, J-V characteristics for DSSC con-
taining polymer electrolyte of poly(ethylene-coepichlorohydrin) [P(EO-EPI)], Lil/I,
with and without plasticizer y-butyrolactone (GBL) is presented (Freitas et al. 2009).

9.7 NANOPARTICLES IN ELECTROLYTES FOR DSSCs

Nanoscience and nanotechnology play an important role to improve the power con-
version efficiency, durability, and large-scale manufacturability of DSSCs. The
materials having a size less than 100 nm are called nanomaterials. Generally, these
materials can be divided into three categories: (i) metal oxide, metal carbide, sulfide,
and nitride-based nanofillers; (ii) carbonaceous-based nanofillers; and (iii) clay-
based nanofillers (Ali et al. 2016). Besides the use of conventional plasticizers like
EC, PC, PEG, etc. and ionic liquids (ILs), other additives like metal-based nanoma-
terials such as SiO,, TiO,, aluminum oxide (Al,0O;), ZnO, magnetite (Fe,0,), etc. can
be explored to improve the properties of polymer electrolytes. By using these fillers,
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FIGURE 9.5 Photovoltaic curve (J-V) of the DSSC containing P(EO-EPI), Lil/l,, (o) with
and (o) without GBL as plasticizer at 100 mW cm™.

Source: Reproduced with permission from Freitas et al. [2009, © RSC 2009].
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mechanical, thermal, electrical transport properties can be enhanced and DSSCs can
be developed with high open-circuit voltage and conversion efficiency. The pioneer-
ing work was reported by Croce et al. in 1998. In this work, the addition of TiO, and
other nanofillers was used to improve the ionic conductivity and other properties of
polymer electrolytes. It is well established that the use of these nanofillers modifies
the conduction mechanism and changes ionic conductivity and mechanical proper-
ties, but how these fillers act is still the subject of research. To develop DSSCs based
on nanofillers, TiO, nanoparticles were frequently used (Venkatesan and Lee 2017,
Stergiopoulos et al. 2002; Zhang et al. 2007; Kang et al. 2008). Stergiopoulos et al.
in 2002 reported the DSSC based on TiO, nanoparticles-doped PEO-based polymer
electrolyte having the V. = 0.66volt, J,. = 7.2mAcm™2, and 1 = 4.2%. In this system,
PEO was used as a polymer network and TiO,, lithium iodide (Lil), and I, are the addi-
tives. Lil is used as a salt and I, as a redox material. The nanofillers have a large sur-
face area which prohibited the recrystallization and hence decreased the degree of
crystallinity of PEO (Singh et al. 2016). TiO, nanotubes are also used as nanofillers
[75]. Akhtar et al. investigated electrolyte based on poly ethylene glycol (PEG)—10
wt% TiO, (nanotubes) (TiNT)—and ionic conductivity was found to be 2.4 x 1073 S/
cm. DSSC fabricated using this electrolyte showed open-circuit voltage 0.73, J,.= 9.4
mAcm2, and | =4.4% and FF = 0.65 under the illumination power 100 mWcm= and
DSSC performance for PEG—xwt%TiNT. x = 5, 10, and 20 is shown in Figure 9.6
(Akhtar et al. 2007). Other nanofillers like Al,O;, SiO,, CNT, and ZnO with differ-
ent compositions are also used for the developing composite polymer electrolyte and
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FIGURE 9.6 Current vs. voltage characteristics of DSSC assembled with composite elec-
trolytes of (a) PEG—5 wt% TiNT, (b) PEG—10 wt% TiNT and (c) PEG—20 wt% TiNT.
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showed very exciting results in DSSCs applications (Venkatesan and Lee 2017). The
table shows the different composite systems with other parameters of DSSCs.

9.8 POLYMER COMPOSITES (PCs)

A polymer composite (PC) is a material composed of the polymer as host and one
or more additives resulting in a new material having different properties from the
individual materials. To prepare PE materials one can use polymers/biopolymers as
a network matrix and organic/inorganic nanofillers as an additive. These materials
have several properties like light weight; high stiffness; good thermal, chemical,
and mechanical properties. Polymer composites are multi-phase materials in which
nanofiller integrated with the polymeric chains/functional groups of polymer net-
work via weak interactions, resulting in modified mechanical, chemical, and thermal
properties. The performance of PCs generally depends on the amount, size, and type
of nanofiller. This also depends on the geometry and orientation of the constituents
of polymer in the presence of additives. The use of nanofillers modifies the electrical,
dielectric, and interfacial properties of ion/electron-conducting polymer electrolytes.
The incorporation of inert fillers/nanofillers into the semi-crystalline/crystalline
polymer matrices changes its phase (i.e. crystalline to amorphous or amorphous to
crystalline). In the case of composite polymer electrolytes, the particle size and the
filler concentrations play an important role because the addition of a small amount
of inert filler will collapse the chain organization of the polymers which in turn
facilitates higher ionic conduction. From the DSSC application point of view, the
electrical conductivity of the PC electrolyte plays a significant role. In PCs elec-
trical conductivity depends on different factors such as amorphous phase/free vol-
ume, chains’ mobility and flexibility, dielectric property of the material, and also
the interactions between nanofillers with the constituents of polymers. A literature
survey reveals that the use of nanofillers like SiO,, TiO,, Al,O;, ZnO, Fe;0,, CNT,
etc. reduces the crystalline phase of a polymer network, hence reducing melting and
glass transition temperature with enhancement in chain flexibility (Venkatesan and
Lee 2017; Stergiopoulos et al. 2002). The stability of DSSCs can be improved by
using polymer composites. Devices having PCs as electrolytes have different advan-
tages over liquid electrolytes such as minimizing leakage, long-term stability, and
minimum solvent evaporation problems.

9.9 METAL OXIDE NANOFILLER-BASED PCs IN DSSCS

The performance of DSSCs depends on different factors such as particle size of
nanofillers dispersed in the electrolyte, the ionic conductivity of the electrolyte, and
interfacial contact between photoanode and electrolyte. A high-level interfacial con-
tact can be obtained by taking highly mechanically flexible film (gel-like nature) and
deep penetration of electrolyte material into the pores of the TiO, semiconductor
layer (photoanode) (Lee et al. 2008; Zebardastan et al. 2016; Mohan et al. 2013). The
particle size of metal oxide-based nanofillers (<100nm) should be smaller than the
size of the pores of TiO,. Metal oxide-based nanoparticles play various roles in poly-
mer electrolytes due to the interaction between the constituent of polymer and
nanoparticles. Due to these interactions the ionic conductivity, dissociation of ions,
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mobility of ion liquidity, and polymeric chain flexibility increase. Interfacial contact
also improves because of the increase in the concentration of interfacial defects. The
nanoparticle has a large surface area to volume ratio in polymer electrolytes and
hence modifies the degree of crystallinity of the polymer network in the electrolyte
(increase in interfacial free volume between the polymer network and another con-
stituent of the electrolyte). Silicon dioxide (SiO,) or silica nanoparticles can be used
as nanofiller for the preparation of polymer composite electrolytes using the solution
casting method. Generally, the SiO, nanoparticle has a three-dimensional structure,
and siloxane or silanol Si-O-Si groups (hydrophilic in nature) are created on the sil-
ica surface (Yoon et al. 2014; Zhao et al. 2014b). This modified surface of silica has
been used from the DSSCs application’s point of view. Different methods like the
solution casting method, blending method can be used for the preparation of polymer
composite films. The polymer composite films prepared by the solution casting
method are composed of two phases, one associated with the SiO, and another poly-
mer-Si-O-Si mixed phase at the nanoscale level (Lee et al. 2008). Lee et al. [2008]
fabricated quasi-solid-state DSSC based on PVdF-HFP-MPN-TBAI/L,-TBP-SiO,
has the J,, = 144mAcm=2, V,. = 0.71volt, fill factor = 0.598 and overall conversion
efficiency of 5.97% (Lee et al. 2008). A novel composite polymer gel electrolyte was
prepared using PVdF-HFP-PEO-EC-PC-Nal-I,-SiO, by Zebardastan et al. 2016 and
it was found that the prepared sample was amorphous due to the interaction between
the fumed SiO, and the polymers, as confirmed using XRD and IR analyses. The
fabricated DSSC based on 13 wt% SiO, had a high efficiency of 9.44% with J,, =
27.31 mAcm~ and plot of J-V characteristics without SiO, and with different amounts
of SiO, (shown in Figure 9.7) (Zebardastan et al. 2016). Mohan et al. 2013 reported a
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fumed SiO,-NFs/PAN-based polymer composite electrolyte using a hot pressing
technique (Mohan et al. 2013). In this work it was reported that the different sizes
and surface areas of SiO, nanoparticles highly influenced the properties of the poly-
mer electrolytes. The fabricated cell by using optimized SiO, (9 wt%) has a higher
value of J,, (12mAcm™2). The ionic conductivity and ion diffusivities depend upon
SiO, concentration and the bond formation between iodide ions and surface hydroxyl
groups of SiO, (I-Si-O-Si), as well as free volume created by the nanofillers. Yoon
et al. [2014] fabricated DSSCs based on PEGDME-SiO, (rod-like shape) and found
that the DSSC exhibited higher energy conversion efficiency with J,. = 14.ImAcm™>
value due to enhanced diffusion of the redox couple in the presence of the SiO,
nanoparticles (Yoon et al. 2014). Zhao et al. prepared polymer composite electrolytes
based on SiO,-PEO-PVAF-HFP and fabricated cell exhibits lowest cell impedance
(20.96 ) and the highest solar conversion efficiency (4.85%) [Zhao et al. 2014b].
Some ionic liquid-based polymer nano-composite materials were also exhibiting
very exciting performance of the cell (data are listed in Table 9.1).

TABLE 9.1
PC-Based Electrolytes in DSSCs and Their Performance.
Polymer Composites Voc Jsc n % References
(volt) (mAcm-?)
ex-MMT- PNIPAAm 0.73 12.6 5.41 Tuetal. 2008
ex-MMT- PMMA 0.741 15.12 7.77 Leeetal. 2011
APS-ex-MMT- PVdF—HFP/PEO 0.73 7.70 3.8  Prabakaran et al. 2015
MMT-NR*- P(EO—EPI) 0.49 0.8 3.2  TItoetal 2008
PVAc-Fe;0,@NCs/TiCl 0.76V 14.94 7.22  Mazloum et al. 2019
(PAN-VA)—ACN-Lil-TBP-DMPII- 0.74 18.80 10.58  Chenet al. 2013
TiO, 1,
PEO/PVdF-TiO, 0.77 16.10 891 Liuetal. 2017
P(VA-co-MMA)-CAN/or MPN 0.74 17.40 9.4 Wang et al. 2013
PEO-TiO,—EC/PCor PEG 0.80 16.90 9.2 Seo et al. 2014
PVA-PAN- (PAN-VA)—gBL-TiO, 0.75 15.58 7.87  Venkatesan et al. 2015a
PEO-PEGDME-Sn0,-KI-1, 0.74 10.80 53 Chae et al. 2014
PEG-CuAlO, 0.50 1.06 0.27  Suriwong et al. 2015
PVdF-HFP-TiC 0.77 12.45 6.29  Venkatesan et al. 2016a
PVdF-HFP-TiC -PPN 0.72 16.27 7.70  Venkatesan et al. 2016b
PVdF-HFP-AIN 0.66 12.92 5.27 Huangetal. 2011
PVdF-HFP-CoS 0.73 14.42 7.34  Vijayakumar et al. 2015
PAN-CNT-Lil-TBP-ACN-I, 10.90 0.57 390 Akhtaretal. 2011

With dye CyH,04NS,Ru
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Polymer Composites Voc Jsc n % References
(volt) (mAcm-2)
PAN-SiO,-ACN-Lil-TBP-I, with dye 16.12 0.74 7.85 Zhaoetal. 2014a

CyH 605NgS,Ru

PAN-PVdF-V,0,-EC-PC-HDMII-Lil- 13.80 0.78 7.75  Sethupathy et al. 2014
TBP-1, with dye C,H,;,OsNS,Ru

PAN-PVdF-Si0,-EC-PC-HDMII-Lil- 11.60 0.79 561  Sethupathy et al. 2014
TBP-1, with dye CyH,O4N,S,Ru

PAN-VA-Lil-ACN-DMPII-TBP- 15.33 0.74 8.66  Venkatesan et al. 2015b
TiO,-1, with dye C,sH,,O4N¢S,Ru

(PAN-VA)-LiI-ACN-PPN-DMPII- 16.84 0.72 8.30  Venkatesan et al. 2015b
TBP-TiO,-1, with dye
Cy6H;605NS,Ru

(PAN-VA)-Lil-ACN-MPN-DMPII- 14.95 0.74 7.80  Venkatesan et al. 2015b
TBP-TiO,-1, with dye
Cy6H605NS,Ru

PAN-P(VP-co-Vac)-PC-EC-Nal- 16.20 0.61 6.46  Saidietal. 2019
Co0;0,-1, with dye C,¢H,;,OgN¢S,Ru

Aluminum oxide (Al,0;) or alumina is one of the most complex materials and
it is easily available in the form of gibbsite and bauxite. Al,O; has a different
crystalline structure in which a-Al,O; is thermally stable and y-Al,O; is most
probably used for dye synthesized solar cell applications. y-Al,O; has a honey-
comb-like structure having a large surface-to-volume ratio with catalytic prop-
erties. Alumina with different shapes like spheres, rods, and surface-modified
Al,O; was used for the electrochemical device application point of view (Chi
et al. 2013; Sacco et al. 2015).

Titanium dioxide (TiO,) (also known as titanium or titania) is a naturally occur-
ring oxide of titanium and a low-cost material having different crystallographic
phases like brookite, rutile, and anatase. This material is used in DSSCs as a nano-
filler in the form of nanosphere, nanorods, nanotubes for the preparation of polymer
composite materials. Stergiopoulos et al. reported on the PEO-TiO,-based polymer
composite material for DSSC applications and it is found that titania nanofiller
reduces the crystalline phase of PEO-based matrix due to interaction between the
oxygen atom of PEO and the surface of the hydroxyl group of TIO, and hence
enhances the conductivity of a polymer composite system. The fabricated DSSC
based on this material has a J,. =7.2mAcm=, V,_= 0.66 volt with the efficiency, n =
4.2% (Stergiopoulos et al. 2002). Tiautit et al. [2014] prepared PVdF-HFP/PVA-TiO,/
SiO,-based gel polymer composite electrolytes and used these materials for DSSCs
fabrication, and it was found that the n% of the cells using liquid electrolyte and PGE
were 3.49% and 3.26%, respectively (Tiautit et al. 2014). The use of ionic liquid
enhances the performance of the device due to the interaction between the cations
(imidazolium) and the surface (O-H group) of TiO, which aligns the charge carrier
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species by electrostatic interaction and, therefore, facilitates the charge transporta-
tion via the ion-exchange mechanism. Huo et al. reported the TiO, nanoparti-
cles—PVdF-HFP-based gel electrolyte based quasi-solid-state dye-sensitized solar
cells—had an efficiency of n = 7.18%, V,. = 0.69 volt, and J,, = 15.23 mAcm~ (Huo
et al. 2007). Venkatesan et al. [2018] prepared quasi-solid-state DSSC based on
PEO-PMMA-TiO,-based printable electrolyte. TiO, nanofiller was added into the
polymer blend composite, and it was found that the efficiency of the cell was 8.48%,
which was higher than the efficiency of PEO-based polymer electrolyte (7.63%) and
liquid electrolyte (8.32%). The efficiency of the cell increases to 9.12% by adding
TiO, nanofiller in PE due to an increase in electrical conductivity (Venkatesan et al.
2018).

Zinc oxide is an inorganic compound with the chemical formula ZnO (zinc and
oxygen centers are tetrahedral). It is a wide energy gap semiconducting material
having similar properties to TiO,. This material is rarely used in DSSC fabrication.
Zhang et al. used PEGME grafted nanoparticle-based polymer composite material
for fabrication of DSSC, and the fabricated cell has the J,, = 15.85 mAcm>2, V,_ =
0.60 volt, and efficiency of n = 6.40% (Zhang et al. 2006). Xia et al. fabricated a
DSSC based on PMOP-capped ZnO polymer composite electrolyte and it was found
that the cell has the J,, = 17.60 mAcm=2, V,_ = 0.64volt, and efficiency of n = 6.90%
(Xia et al. 2007).

Tin oxide (Sn0O,), copper aluminum oxide (CuAlQ,), nickel oxide (NiO), and
cobalt oxide (Co;0,) were also used in electrolytes for DSSC fabrications. The per-
formances of DSSCs based on polymer composite materials are listed in Table 9.1.
Some metal carbide, metal sulfide, and metal nitride-based nanoparticles like tita-
nium carbide (TiC), cobalt sulfide (CoS), and aluminum nitride (AIN) were also used
in the electrolyte to enhance the electrical conductivity and performance of DSSCs
(Table 9.1). From the data listed in Table 9.1, it is clear that these materials play a sig-
nificant role to enhance the electrical conductivity of polymer composite electrolytes
and the performance of the cell.

9.10 CARBONACEOUS NANOPARTICLES-BASED PCS IN DSSCs

Recently, carbonaceous material-based polymer composite electrolytes have received
much attention for their role in the development of electrochemical devices and high
efficient DSSCs. The conductivity of an electrolyte plays a crucial role to enhance the
efficiency and performance of the cell. Carbonaceous materials have several advan-
tages due to their structural, electrical, electrochemical, and mechanical properties.
The properties of these materials depend on particle size, shape, porosity, and func-
tional groups attached to the surface. These materials used in DSSCs can be catego-
rized in different types such as (i) spherical carbon nanofillers like activated carbon
(AC), carbon black (CB), carbon sphere (CS); (ii) carbon nanotubes (CNTs) like
single-walled CNTs, double-walled CNTs, and multi-walled CNTs; and (iii) layered
carbon materials such as graphene (Gr), graphene oxide (GrO), graphite (G). Activated
carbon (AC) is a crude form of graphite and highly porous material having a wide
range of porosity with a large surface area to volume ratio. These materials are gener-
ally prepared by chemical or physical activation processes by using coal and wood.
This is low-cost material and can be easily physically activated in the lab by using
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air, oxygen, carbon dioxide, or other gases as oxidizing reagent/gases. For chemical
activation, some chemicals like KOH, NaOH, H,PO, can be used. In these materi-
als existence of pores makes them suitable for the preparation of polymer composite
electrolytes, and porous polymer composites can be filled with an organic solvent or
ILs. Due to the presence of organic solvent/IL in the pores of the polymer matrix, the
electrical conductivity enhances and hence the ion-charge exchange process becomes
easier. Mohan et al. [2011] reported a quasi gel-electrolyte based on PAN/PEG with
activated carbon, ethylene carbonate, propylene carbonate, lithium iodide, iodine,
4-tertinary butyl pyridine, 1-N-butyl-3-hexyl imidizolium iodide along with aceto-
nitrile and tetrahydrofuran binary solvent. The fabricated DSSC has the J,. = 13.00
mAcm=2, V, = 0.76 volt, and n = 6.55% (Mohan and Murakami 2011). Mohan et al.
[2013] also reported composite gel polymer electrolyte based on poly(acrylonitrile)
(PAN)/Lil/activated carbon and the fabricated DSSC based on this material has the
efficiency of 8.42% with V,. = 0.74 volt and J,. = 18.70mAcm2, and DSSC perfor-
mance of polymer electrolytes with different amounts of activated carbon are shown
in Figure 9.8 (Mohan et al. 2013). Carbon black (CB) is a polycrystalline form of
carbon with a high surface area to volume ratio and this material can be used with
ionic liquid for the preparation of polymer composite electrolytes. Some other forms
of carbon black—Iike carbon spear (CS), carbon dots (Cdts)—are also used with ionic
liquid for electrolytes in DSSCs. Ikeda et al. [2006] prepared to conduct polymer-
carbon imidazolium-based IL-based composite and fabricated DSSC, which have
J,.=12.8 mAcm=2, V, = 0.58 volt and efficiency of h = 3.48% (Ikeda et al. 2006).
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FIGURE 9.8 Current density vs. potential plot for DSSC fabricated with composite gel
polymer electrolytes PAN, Lil, and different amounts of activated carbon.

Source: Reproduced with permission from Mohan et al. [2013, © RSC Publishing 2013].
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9.11 CLAY NANOFILLERS-BASED PCS IN DSSCs

Clay-based nanoparticles are also used for the preparation of polymer compos-
ite electrolytes in DSSC fabrication. Some natural and synthetic montmorillonite
(MMT), talc, nanomica, layered double hydroxides (LDHs), laponite (LAP), and
saponite (SAP) are used to prepare PCs (Venkatesan and Lee 2017). Clay nanopar-
ticles are naturally abundant, swelling in nature, have high ion exchangeability,
high chemical stability, rheological properties, and easily synthesizing materials.
The platelet-like structure, morphology, ionic nature, and particle size play various
roles to enhance the desired properties of PCs as well as the performance of DSSCs
(Teo et al. 2020; Venkatesan and Lee 2017). Cationic clays like MMT, mica, and
talc modify the polymer network and increase the free volume/space within the
matrix which provides a wider path for charge transportation, hence the movement
of charged particles becomes faster (Venkatesan and Lee 2017; Gong et al. 2012).
Several clays-based PCs are available in the literature which reveals the importance
of these materials in DSSC applications (Table 9.1). The fabricated DSSC based on
PVAF-HFP/ZnAl-CO,;-LDH nanocomposite polymer electrolyte had a high effi-
ciency of ~8.11% (Ho et al. 2014). Table 9.1 lists the performance of DSSCs based
on clay nanoparticles (Ho et al. 2014; Prabakaran et al. 2015; Saidi et al. 2019; Chen
et al. 2013).

9.12 CONCLUSIONS

DSSCs are promising photovoltaic devices that have attracted many researchers
for the development of next-generation renewable and sustainable energy sources
because of their feasible properties such as low production cost, flexibility, eco-
friendliness, ease of fabrication, long life, mechanical robustness. They also have
the potential for both indoors and outdoors applications and can work under the
low intensity of incident light. Under low-intensity light, the conversion efficiency
of DSSCs is comparably higher than that of other photovoltaic cells like silicone
solar cells and organic photovoltage. The liquid electrolyte-based DSSC has high
efficiency (14.3%) but the liquidus nature of electrolytes has several problems, like
leakage, chemical instability, and evaporation of the organic solvents, which reduce
the durability and performance of the cell. To resolve these drawbacks, polymer
electrolyte/polymer composite electrolytes can be used as electrolytes in place of
liquid electrolytes due to their promising physical and electrochemical properties.
Unlimited varieties of materials are possible in PCs with higher levels of conversion
efficiency and durability. TiO, nanofiller-based polymer composite DSSC has an
efficiency of about 10.58%. For a continuous power supply from the cell, the long-
term performance of DSSCs plays a very important role and this can be obtained by
using nanocomposite polymer/biopolymer electrolytes. In the future, biopolymer/
polymer composite electrolytes with hybrid nanoparticles will play a crucial role in
determining the conversion efficiency and performance of DSSCs for both indoors
and outdoor applications.
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List of Acronyms

CAN—acrylonitrile

AIN—aluminum nitride

APS—aminopropyl trimethoxy silane

DMPII—1,2-Dimethyl-3-propylimidazoliuum iodide

ex-MMT—exfoliated montmorillonite

GBL—gamma-butyrolactone

GuanSCN—guanidinium thiocyanate

HDMII—I-hexyl-2,3-dimethyl imidazolium iodide

Fe;0,@)NCs/TiCl—magnetic core-shell nanocellulose/titanium chloride

MPN—methoxy propionitrile

PMII—I-methyl 3-propyl imidazolium iodide

NCs/TiCl—nanocellulose/titanium chloride

Nb,Os;—niobium pentaoxide

PMOP—I-phenyl-3-methyl-4-octadecyl-5-pyrazolone

PAN—polyacrylonitrile

(PAN-VA)—poly(acrylonitrile-co-vinyl acetate)

PEGDME—poly(ethylene glycol) dimethyl ether

P(EO-EPI)—poly(ethylene oxide-coepichlorohydrin)

PNIPA Am—poly(n-isopropyl acrylamide)

PVAc—polyvinyl acetate

P(VA-co-MMA)—polyvinyl (acetate-co-methyl methacrylate)

P(VP-co-VAc)—poly(1-vinylpyrrolidone-co-vinyl acetate)

KI—potassium iodide

PPN—propionitrile

C,6H,c04N¢S,—rucis-diisothiocyanato-bis (2,2’-bipyridyl-4,4’-dicarboxylicacid)
ruthenium

Nal—sodium iodide

TBAI—tetrabutylammonium iodide TBP-4-Tert-butylpyridine
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