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Abstract

The world’s growing energy demands and the imperative shift towards sustainable energy sources
have propelled the rapid development of energy storage devices. To overcome the issues related
to current energy storage devices, the shift towards solid-state energy storage devices has led to
the emergence of fast ionic solid electrolytes. Among these fast ionic systems Li* ion conductors
such as NASICONSs (LTP, LATP) and garnets (LLZO, LALZO) have been considered promising
for future solid ionic devices. However, high grain boundary impedance restricts its applications
as total conductivity falls drastically. Also, electrode-electrolyte interface is another major issue
which needed to be resolved before their direct application in devices. In order to tailor these
issues, the present thesis deals with synthesis and characterization of Li*-NASICON and garnet
based composites with ionic liquid. These ceramics have been synthesized by sol-gel route and
small amount of ionic liquid (IL) dispersed to get composites. Further, thesis explores the thermal

stability and electrochemical stability of these composites.

Present thesis has been divided into seven chapters. Chapter 1 contains the brief literature review
about various fast ionic solid systems, their synthesis routes, development, and issues in solid
electrolytes. Chapter 2 discusses the synthesis routes, experimental techniques, and
preparation/fabrication of solid-state batteries and supercapacitors. Chapter 3 describes about the
effect of ionic liquid dispersion NASICON structured Li* ion system LiTi2(PO4)s (LTP) and
Li1.3AlosTir7(PO4)s (LATP). It has been observed that addition of small IL content can enhance
the conductivity by suppressing the grain boundary effects. The composites have been explored as
a potential electrolyte for the lithium batteries. Chapter 4 explores the conductivity of LTP/LATP
with different ILs and thorough characterization of solid-state supercapacitors developed using
these composites. The role of IL ions and Li* ions from the NASICON framework in the device
performance has been assessed in detail. Chapter 5 emphasizes on wide thermal stability of the
developed solid-state supercapacitors and demonstrates the potential of these composites to adopt
various geometries. As per literature reports, no supercapacitor specific to low and high
temperature requirement exist in the market. Chapter 6 describes the effect of IL dispersion on
LALZO (Lis.7sAlo2sLasZr2012) and further explores these composites as electrolytes for solid-state



batteries and supercapacitors. Chapter 7 summarizes the conclusions of the overall thesis and

suggest the future scope of the research work.
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Chapter 1

Introduction

1.1 General Background

A serious challenge for the current era is to have energy security and environmental
sustainability amidst the increasing dependence on fossil fuels and their associated
greenhouse gas emissions. In order to facilitate the transition towards a more
sustainable future, renewable energy sources such as wind, solar, and hydroelectric
power have been explored and are being increasingly utilized. These energy sources
offer a promising alternative to fossil fuels, but they also pose challenges of
intermittency and variability. To overcome these challenges, efficient and reliable
electrochemical energy storage systems have been employed to balance the supply
and demand of energy [1].

Rechargeable battery technology has undergone significant transformation since the
development of the lead-acid battery in the 19" century which still dominates the
commercial market. Initially used primarily in cars, lead-acid batteries being heavy
and have a low energy density, making them unsuitable for most portable devices.
This led to the development of nickel-cadmium, nickel-metal hydride, and other such
batteries, which offered higher energy densities but were still limited in terms of
efficiency and memory effect. However, in the 1990s, lithium-ion (Li* ion) batteries
were commercialized and quickly became the most widely used and efficient battery
technology [2]. Among various energy storage technologies, Li* ion batteries (LIBs)
along with Li* ion capacitors have emerged as the dominant choice for portable
electronics, electric vehicles, and grid-scale applications due to their high energy

density, long cycle life, and low maintenance cost [3].

Although Li* ion batteries along with supercapacitors have revolutionized the portable
electronics industry and have become the standard power source for electric vehicles,
however, they have their share of problems. Still, many of the LIBs and other
batteries available in the market use liquid/gel electrolytes that are toxic and
flammable which restricts their large-scale application. Other issues related to them

include leakage, limited temperature range, miniaturization, poor mechanical strength,
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etc. Moreover, conventional LIBs are limited by the use of graphite as the anode

material, which restricts the theoretical capacity and energy density of the battery [4].

To address these issues, solid-state electrolytes (SSEs) have been proposed, almost
four decades back, as a potential solution and are being researched and developed for
next-generation LIBs. This led to the development of a novel research field area of
solid-state ionics. Solid-state electrolytes offer several advantages over liquid
electrolytes, including improved safety, longer lifespan, non-leakage, nontoxic, wide
temperature range, mechanical strength, etc. They also have the potential to be lighter
and more compact, making them ideal for use in portable electronic devices and
electric vehicles. They enable the use of lithium metal as the anode, which has a much
higher capacity and energy density. As a result of these benefits, in recent years we
have seen a surge of research on solid-state electrolytes for lithium energy storage
devices [4-5].

1.2 Solid State lonics

Solid state ionics is a field (coined by T. Takahashi) that studies the transport and
reactions of ions in solid materials, such as ceramics, glasses, polymers, and
composites [6]. These materials can exhibit high ionic conductivity values,
comparable to or even exceeding those of liquid electrolytes, and are therefore
attractive candidates for solid-state energy storage devices [7-8].

Search for fast ionic transport, in fact, started in the early 1830s when Faraday
discovered that the heated solid substances Ag2S and PbF2 had remarkable ionic
properties showing conductivities similar to metals [9]. Thereafter, a number of solid
ionic conductors were discovered, and the “solid electrolyte” term was frequently
used by researchers as shown in Table 1.1 [10-11]. However, in the 1960s, there was
a notable shift in focus toward Solid State Electrolytes (SSEs) that had high ionic
conductivity, and these areas of research were then referred to as "solid state ionics".
This marked a crucial moment in the development of SSEs, as they were beginning to
be recognized for their potential as a new class of materials with promising
applications in various fields. During the beginning of the 1960s, T. Takahashi and O.
Yamamato introduced a novel solid-state electrolyte called AgsSI (which had a very
high Ag* conductivity of 1 x 102 Qcm™ at 20 °C), and proposed an all-solid-state
battery of the type Ag/AgsSI/I2 based on it [12-13]. In 1967, Y. Yao and J. Kummer

2
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reported Na20O-11Al.03 (B-alumina) which exhibited high Na* ion conductivity [14].
Subsequently, J. Kummer and Y. Weber proposed the first Na/S battery using -
alumina as a solid-state electrolyte. The Na* ion conducting membrane of B-Al203
was used as a solid-state electrolyte with molten sodium and sulphur [15-16]. The
crystal structure of Na-B-Al203 is shown in Fig. 1.1 (a). The movement of Na* ions
was observed to occur along planar surfaces that separate the spine-like blocks of
atoms in a two-dimensional manner. With the successful discovery of high-
conductivity solid-state electrolytes such as AgsSI, B-alumina, and RbAgals [17], there
was swift progress in creating practical applications in terms of solid state ionic

devices such as batteries, sensors, and fuel cells.

Table 1.1 Historical outline of the development of solid state ionic conductors.

Year | Materials Description Ref.
1834 | AgzS and PbF2 Remarkable ionic properties of Ag2S | [9]

(at 177 °C) and PbF2 (at 500 °C).
1899 | ZrO2with Y203 or CeO2 Nernst  produced the  anionic | [18]

conductor as a ‘‘glower’’. [19]
1966 | Ag/AgsSl/I2 An all-solid-state  battery  was | [12]
proposed by T. Takahashi and O. | [13]
Yamamato.
1967 | p-Alumina (Na20-11Al203) | Exhibited high Na* conductivity. [14]
1966- | AgsMIs (M = Rb, K, and | A high-conductivity  solid-state | [20]
1967 | NHa) electrolyte proposed by Bradley and | [21]
Greene.

1973 | PEO with Na" and K* salts | Discovery ~ of  solid  polymer | [22]

electrolyte.
1979 | PEO with Li* salts “PEO + Li salts”” system. [23]
1986- | Zebra battery with - | Practical specific energy of 130 Wh | [24]
1967 | Clctrolye o igh deare of sfeny 25
1986 | PEO/LiICF3SOs/polystyrene | ““PEO + Li salts’’ system. [26]
1992 | LIPON Proposed inorganic lithium-ion solid- | [27]
state electrolyte system. [28]
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Various other Li* ion materials like LisN were developed which have shown a high
ionic conductivity of 10° Qlcm™ at room temperature. These materials exhibited a
layered structure having sheets of Li2N forming a N-Li-N bridge connected through
Li* ions [29]. The Li" ion conduction took place through 2-D intersecting empty
tunnels. Kwist and Luden discovered o phase of Li2SOa that showed conductivity of
the order 1 Q*cm™ at high temperature (~ 575 °C) [30]. They proposed paddle wheel
model and explained the diffusion of Li* ions due to the fast rotation of SOs*
tetrahedron in a-Li2SO4 crystal lattice. The high ionic conductivity of a-Li2SO4 is due
to the FCC arrangement of SO4% tetrahedra that allow Li* ions to move easily
between the tetrahedral sites as shown in Fig. 1.1 (b). These reported materials of Li
and Ag exhibited low decomposition potential making them unsuitable for solid state
batteries. In the 1970s high ionic conductivity was obtained by dispersing Al20z in Lil
in a very small amount which was later used as electrolyte in Li/Pblz cells. The high
conductivity of this electrolyte was due to the formation of a space charge region
containing high carrier concentration at the interfaces/ grain boundaries. To explain
this doping effect in different ionic conductors space charge layer model was

proposed.

(b) o*

Fig. 1.1(a) Crystal structure of Na-p-Al:Os. The mobile sodium ions, oxygen, and

aluminum atoms are represented by blue, red, and yellow colors, respectively [31]
(b) Li* ion transport in Li,SO, depicted by paddle wheel mechanism.

Besides these inorganic materials, solid polymeric electrolytes were reported in 1973
[22]. These consist of crystalline complexes of sodium and potassium salts with PEO
and this discovery extended the scope of SSE to organic materials. M. Armand and
co-workers proposed the solid-polymer electrolytes of PEO + Li salts and it led to

many studies reported in the 1980s exhibiting high lithium-ion conductivity.
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Subsequently, different lithium-ion conductive polymer materials such as PVDF,
PMMA, and PAN have been studied for lithium batteries [23, 26, 32-33].

In 1986, J. Coetzar et al. proposed a new high energy density battery system, known
as a Zebra battery, which consists of a liquid sodium anode, a solid-state cathode, and
a B-alumina electrolyte [24-25]. Since 1980, the term “solid-state ionics” has become
widely used, and a journal with the same name was established in that year. Oak
Ridge National Laboratory developed an inorganic Li* ion solid-state electrolyte
named LIPON (lithium phosphorus oxynitride) in 1992 just after Sony
commercialized its first lithium-ion battery in 1991 [27-28, 34]. After that, various
investigations were done on materials including the oxides such as perovskite,
NASICON, LISICON, and garnet; the sulfides such as Li2S—P2Ss, and Li2S—P2Ss—
MSx; and the hydrides and halides. Thus, these solid-state electrolytes which have
been identified over the years led to the development of solid state ionics area. The
solid-state electrolytes having exceptionally high ionic conductivities near room

temperature were named as fast ionic solids (FICs)/ superionic solids (SICs).

1.3 Fast lonic Solids

Fast ionic solids or superionic solids are materials that have exceptionally high ionic
mobilities and diffusion coefficients, often due to structural defects or disorders. The
structure of these materials lies between those of liquid electrolytes which have
completely irregular and delocalized structure with all mobile ions, and the crystalline
solids having regular and localized structure with immobile (frozen) ions. The main
characteristics of FICs are (i) high ionic conductivity that lies between 10%-10* Q
em™ much below the melting point (T<<Tm), (ii) negligible electronic conductivity
(<0.01% of ionic conductivity) with ionic transport number approaching unity (iii)
low or moderate activation energy barrier, preferably << 1 eV, which helps in easy
migration of ions (iv) crystal structure which has open tunnels for ion migration and
interconnected sites for mobile ions [35]. Furthermore, for their applications in solid-
state energy storage devices, they should inevitably be physically and chemically
compatible with anode and cathode. Superionic solids can be classified based on
structure as shown in Fig. 1.2.


https://www.tandfonline.com/doi/full/10.1080/14686996.2017.1328955
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Fast 1onic

solids
Amorphous Crystalline (Type LII and
solids III) and composites
Glass and
glass- Polymers

ceraiics

Fig. 1.2 Classification of fast ionic solids based on their structure.

According to Boyce and Huberman [36], the crystalline FICs can be divided into three

types:

(i) Type I- This type of material exhibits a sudden and anomalous rise in ionic
conductivity at some elevated temperature via a first order structural phase transition.
At this superionic phase transition (Tc), there is a rearrangement of the immobile-ion
sublattice along with a massive disordering of the mobile ion sublattice. The
structures of the superionic phase of most of the type | materials are BCC or FCC and

example includes Agl, CuzS, Li2SQq, etc.

(if) Type 11- Unlike type 1, in this type of material there is a gradual transition from
normal ionic to conducting state. These materials undergo a second order phase
transition to attain the superionic phase. There is a gradual disordering that occurs at
an apparent onset temperature (Tc) for mobile sublattice, however, there is no change
in the lattice of immobile ions. Most of these ionic conductors have fluorite structure.
Examples: CaF2, PbF2, NazS, etc.

(iii) Type I11- In these types of materials there is an exponential increase in ionic
conductivity without any structural phase transition. They are mostly non-
stoichiometric materials that exist in a given structural phase over a range of
compositions. Examples: Na-B-Al203, LisN, Li2TisO7, NASICON, Li*-NASICON
etc.

Fig. 1.3 shows the ionic conductivities of various fast ionic solids as a function of

temperature. The superionic phase can be clearly distinguished in these materials.
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SUPERIONIC
CONDUCTION

Na-B-Al,0,

b,Cuyl,Cly;

Log o (Qlcm?)

Fig. 1.3 Temperature dependence of electrical conductivity for various fast ionic solids
[36].

The further discussion in the chapter is focused on various Li* ion based inorganic
and organic solid-state electrolytes for solid-state batteries and supercapacitors (SSBs

and SSCs, respectively) in view of the nature of work carried out in the thesis.
1.4 Inorganic solid-state electrolytes

Various FICs have got attention in the last four decades. Mainly NASICON (sodium
superionic conductor), garnet, perovskite, LISICON, LIPON, and Li* ion based glass-

ceramics have been considered potential candidates for solid state ionic devices.
1.4.1 NASICONs and NASICON structured Li* ion systems

To overcome the restrictions of B-alumina that is its layer structure and migration of
the Na* ions in only two dimensional conductive planes, Hong, Goodenough et al.
proposed a framework structure with proper tunnel size for Na* ion migration in three
dimensions of Nai+xZr2PsxSixO12 (0 < x < 3), named as NASICON (Sodium (Na)
Super (S) lonic (I) Conductor (CON)). Its composition has been derived from
NaZr2P3012 by partial replacement of P by Si with excess Na to balance the
negatively charged framework to yield the above mentioned general formula [37].
Interestingly, its structure possesses a rhombohedral symmetry with R3¢ space group
and consists of a three-dimensional network of PO4 tetrahedra sharing corners with
ZrOs octahedra [38]. The structural unit (Zr2P3O12)" is formed when each POs
tetrahedron shares corners with four of the octahedra, and each ZrOs octahedron
sharing corners with six tetrahedra. This type of structure therefore has two Na* ion
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sites, among which Na (1) is located between two ZrOs octahedra and an
03ZrO3NaOs-ZrOs unit. The other Na (2) site is located between the structural strings
along c axis formed when the POg tetrahedra links O3ZrOsNaOs-ZrOs groups which
are further linked by POa tetrahedra forming a 3-D skeleton. The crystal structure for
all compositions remains the same as discussed above except in the range 1.8 < x <
2.2 where a monoclinic transition occurred with space group C2/c [39-42]. The
highest room temperature ionic conductivity of 6.7 x10* Q'cm™ is achieved
particularly for x = 2 (i.e., NasZrzSi2PO12) [43-45].

There have been different preparation routes developed for the synthesis of
NASICONSs and they led to different compositions with varied conductivity values
[46-49]. Also, there have been various reports on enhancing conductivity by using
different substitutions of elements. For example, isovalent or heterovalent substitution
at the Zr** site has led to an increase in the bulk conductivity in NasZr2Si2PO12. The
substitution of Zr* has been done by various di (Mg?*, Ca?*, Sr?*), tri (Sc®, Ti®,
Cr¥*, Y3, Lu®), tetra (Ti**, Zr*, Si**, Ge*") and penta (V°*, Nb%*, Ta%*, As®) valent
ions [48, 50-52]. The Na* ions have also been replaced and studied by various alkali
and alkaline ions. The substituting Li* ion having a relatively small size and high
ionic mobility (as compared to Na* ion) leads to an analogue structure and is found to
be a potential candidate for energy storage devices [53-54].

On replacing the Na* ion in the structure NasZr2Si2PO12 with Li* ion, the conductivity
decreased by three orders of magnitude, thus ruling out the possibility of
LisZr2Si2PO12 as a good ionic conductor [54]. However, another lithium analogue of
NASICON, LiM2(PO4)3s (M = Zr, Sn, Hf, Ti) got attention and was thoroughly
investigated due to its high bulk (in-grain) conductivity [55].

Interestingly, LiM2(POa4)s consists of a network of three-dimensional pathways for Li*
ions with a skeleton of vertex sharing POs tetrahedra and MOs octahedra. These
NASICON structured Li* ion conductors are abbreviated as Li*-NASICON. They
have been reported with different crystal structures such as orthorhombic, monoclinic,
and triclinic (rarely) depending up on their synthesis conditions, their compositions,
and temperature [56]. There are mainly two sites for Li* ions in these NASICON
structures, namely the M1 site which is coordinated by six oxygen atoms between two
MOs octahedra units along the c-axis. The M2 site lies between two M1 sites and each
M1 site is concurrently surrounded by six M2 sites. Among these Li*-NASICON

compounds, LiTi2(PO4)s (LTP) is one of the promising Li* ion conductor, which

8
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exhibits phenomenally high bulk conductivity of the order of ~ 10* Q*cm, due to its
unique structure [57-58]. This makes it a promising candidate for device application.
However, high grain boundary impedance (GBI) causes a drop in conductivity to ~10°
®_ 107 Qlcm™. Many groups have reported different substitutions in LTP to enhance
conductivity. Partial substitution by larger trivalent cations like Sc**, Ga3*, In®*
resulted in enhanced Li* ion conduction through the modification of bottlenecks in the
structure of Li*-NASICON [58-60]. Aono et al. added smaller trivalent cation AI**
and it led Li* ions to occupy more sites with the formula Lii+xMxM2x(POa)3 [61].
These newly occupied sites were identified as M3 sites which are formed by splitting
of M2 sites into two positions [62-63]. Figure 1.4 shows the structure for
LizsAlosTizs(POs)s. Among these Li*-NASICON ionic conductors, the AP
substituted LTP compound i.e., Lit+xAlxTi2-x(PO4)3 (LATP) is mostly investigated
because it exhibits a very high bulk ionic conductivity of the order of 102 Q*cm™ for
x = 0.3, attributed to a large concentration of charge carriers and low activation

energy [61].

Fig. 1.4 Rhombohedral structure of Li* NASICON, LiisAlosTiis(PO4)s. The oxygen at
red and blue octahedral sites represents (Al/Ti)Os, while the one at purple tetrahedral
sites shows PO; sites. The Li* ions at M1 sites are shown in green colour with Wyckoff
position 6b. Additional Li* ions in the top half occupy the M2 site in the 18e position
while the bottom half are at the M3 site at the 36f position [56].

There have been other modified LTP compounds as well, which show high ionic
conductivity. These are obtained through the substitution of Ge, Cr, Ga, Ce for Ti in

the LTP, with conductivity in the range of 103-10% Q'cm™. The electrical



Introduction Chapter 1

conductivity with compositions has been given in Table 1.2 for various Li'-

NASICONSs that have been developed.
Table 1.2 Various Li*-NASICONSs at room temperature

Total Total Es
S. No. Composition Conductivity (eV) References
(Q'cm?)

1. LiTi2(PO4)3 ~10°-10” 0.47 [61, 64-65]
2, LiZr2(PO4)s 3.3x10° 0.79 [59]
3. LiGe2(PO4)3 1.23x10® 0.78 [66]
4. LiZro2Tivs (PO4)s 8.5x10°8 0.29 [59]
5. Li1.3Alo3Ti17(PO4)3 ~10°% 0.21 [61]
6. Li13Ino.3Ti17(PO4)3 4x10* 0.38 [38]
7. LizxGaxTizx (PO4)3 2.1x10° 0.31 [67]
8. Li1sAlosGe1.s(PO4)3 ~10* 0.41 [68, 69]
9. | LirsAloaGeo2Tira(POs)s | 1.53x107 0.29 [70]
10. Li1.3Alo3Ti17(PO4)3 ~1x10° 0.23 [71]
11. Li13EUosTiL7(POa)s ~6x10° 0.32 [72]
12. Li1.1Feo.1Hf1.9(POa)s3 ~1x10°3 0.42 [73]

Grain boundaries, which are present in polycrystalline materials, have a significant
impact on the transport of charge and mass. These were first discovered in ceramic
materials by Burggraf et al. in the 1980s [74]. Fleig and Maier introduced the Brick
Layer Model as a means of comprehending the electrical transport mechanism
occurring in both the bulk and grain boundaries of polycrystalline materials [75]. This
model considers a polycrystalline material as a collection of grains that have a
uniform and finite size and a cubic shape and solid-state electrolyte is considered to
have the same collection [76]. Fig. 1.5 shows the Brick layer model for a solid-state

electrolyte.

Bulk

Grain T Electrode

Grain boundary
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Fig. 1.5 A schematic diagram based on the Brick layer model showing grains and grain
boundaries in a solid-state electrolyte placed between two symmetric electrodes

1.4.2 Garnets

Garnet-type Li*-ion conductors have gained significant attention in recent years as
solid-state electrolytes for lithium-ion batteries (LIBs). This interest was sparked by
the first report by Thangadurai et al., which demonstrated the potential of garnet-type
materials as a solid-state electrolyte for LIBs [77-78]. Since then, researchers have
been working to improve the performance of these materials in terms of their ionic
conductivity, electrochemical stability, and compatibility with electrode materials.
Garnet-type Li*-ion conductors are considered promising candidates for the next
generation of solid-state electrolytes for LIBs due to their high Li*-ion conductivity,
excellent chemical stability, and compatibility with various cathode and anode
materials [7, 79-82].

Garnets are a group of orthosilicates having a general formula of As"B2"'(SiO4)3 (A =
Ca, Mg and B = Cr, Al, Fe). A, B, Si cations respectively occupy the eight, six, and
four coordination sites, which crystallize in cubic structure [78, 83]. Li-containing
garnets, such as LixM2M'3012, are derived from the structural prototype CaszAl2Si3O12
through a substitution process. Two octahedral AlOs, three antiprismatic CaOs, and
three tetrahedral SiOs polyhedra form each unit formula of [Cas][Al2](Si3)O12. Li
analogous of this garnet type structure is LisLasTe2012 in which Li replaces the
tetrahedral Si** which however exhibits poor conductivity [84]. This led to the
development of Li-stuffed garnet compositions which can give higher conductivity

values.

These garnet type electrolytes can be categorised into four different subtypes, viz. Lis,
Lis, Lis, and Liz. In Li containing garnets, it is observed that their ionic conductivity
increases almost exponentially with Li content. In order to study the relationship
between Li site occupation and Li*-ion conductivity, O’Callaghan et al. developed
garnet-type LisLnsTe2012 (Ln=Y, Pr, Nd, Sm, Lu) [85]. In LisLn3Te2012, Li* ions are
located exclusively at tetrahedral sites. The low ionic conductivity with a high
activation energy in these compounds exhibited that Li* ions at tetrahedral positions
are less mobile. Then partial substitution of the trivalent La®" with divalent ions in
LisLasM2012 gave Lis phase which can be represented as LisALa2M2012 (A = Mg,
Ca, Sr, Ba, and M = Nb, Ta) [86]. In 2007, Murugan et al. synthesized cubic-

11
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structured LizLasZr2012 which exhibited the highest conductivity of 3x10* Qlcm™
with the lowest activation energy of 0.3 eV for a garnet structure material [87]. This
Liz phase has been obtained by replacing M with Zr in LisLasM2012 along with excess
Li* stuffing for charge balancing. Various chemical compositions reported by

different doping in a garnet type structure are shown in Table 1.3.

Table 1.3 Various Li*ion garnets

- Total
S. No. Composition Total andlic tivity Es References

(Q1cm) (8V)
1. LisNd3Te2012 1x10° (600 °C/air) | 1.22 [85]
2. Liz.0sNd3Te1.95Sb0.05012 3x107° (400 °C/air) 0.67 [84]
3. LissBala2Ta2011.75 3.55x107° (50 °C/air) | 0.47 [88]
4, LisLasNb2O12 1x10% (22 °Clair) | 0.43 [89]
5. LisLasTa2012 1.54x10° (25 °C/air) | 0.57 [90]
6. LisLasNb1osYoosO12 | 1.34x10° (23 °Clair) | 0.45 [91]
7. LisBaLazNb2012 6x10°(22 °Clair) | 0.44 [92]
8. LisLasSnSbO12 2.2x10° (20 °C/air) | 0.50 [93]
0. LissLasZrizsTeo2s012 | 1.02x107(30 °Clair) | 0.38 [94]
10. LizLasZr2012 2.85x107 (25 °C/air) | 0.36 [95]
11, LizLasHf2013 2.4x10" (23 °Clair) | 0.29 [96]
12. LizLasTa2013 5.0x10° (40 °C/air) | 0.55 [97]
13, LizNdsZr2012 4.9x10-" (100 °C/air) | 0.66 [98]

The LirLasZr2012 (LLZO) garnet exists in two stable phases depending on the
sintering conditions. One of the phases is a tetragonal form with 141/acd space group
and it contains ordered lithium-ion distribution. The second phase is a cubic form with
space group la3d, and it contains disordered lithium-ion distribution. As the sintering
temperature increases LLZO changes its phase from tetragonal to cubic [87]. The
conductivity of the cubic phase has been found to be higher than the tetragonal phase
by almost two orders of magnitude. LLZO and the Al doped LLZO (LALZO) have
been extensively used in practical applications in devices due to their high
conductivity and other features like high voltage window [99]. The structures for
tetragonal and cubic LLZO are shown in Fig. 1.6.
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Tetragonal

Fig. 1.6 Crystal structures of LisLasZr,O1, with (a) cubic and (b) tetragonal phases
[100].

Different preparation routes for the synthesis of NASICONSs and garnets

1. Solid-state reaction route: This method involves the mixing and grinding of

stochiometric amounts of metal oxides, carbonates, or hydroxides followed by high-
temperature sintering to obtain the desired phase. This method is simple and low-cost,
but it may result in large particle sizes, poor homogeneity, and undesired secondary
phase. This method requires high temperature for sintering which also limits its
application [101-104].

2. Sol-gel technique: This method involves the hydrolysis and condensation of metal

alkoxides or nitrates in a solvent, followed by drying and calcination to obtain the
desired phase. This method can produce homogeneous and fine powders with good
crystallinity and purity. It requires relatively low sintering temperatures as compared
to the solid-state reaction method [105-106].

3. Hydrothermal synthesis: In this method the dissolution and precipitation of metal

salts or oxides in a high-pressure and high-temperature aqueous solution, followed by
filtration and drying to obtain the desired phase. This method can produce fine and
uniform powders with high purity and crystallinity, but it requires special equipment

and long reaction times [107-109].

5. Microwave-assisted synthesis: In this technique microwave electromagnetic
radiation is used to heat up and activate the reactants or solvents in a chemical
reaction, resulting in a faster and more efficient synthesis of ceramics. This method
has been used recently in the preparation of garnets and it reduces the sintering time,

however, it requires special furnaces that can sustain high temperatures [104, 110].
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4. Electrospinning method: This technique is used to produce ultrafine fibers from

various ceramic materials by applying a high voltage to a solution or melt and
collecting the fibers on a conductive substrate. This can produce nanofibers with high
surface area, and porosity which can enhance the conductivity and mechanical
properties [111-112].

Some other techniques include spray pyrolysis, co-precipitation method, solid-sate
diffusion method, etc. The choice of method also depends on factors such as the
desired purity, crystal size, morphology, and cost. However, the sol-gel method has
been frequently used for the preparation of NASICONs and garnets due to its unique
properties [104-110].

1.4.3 Perovskites

Perovskite-type materials have a general formula of (ABOs3), where A and B are six
and twelve oxygen-coordinated cation sites. A-site can be occupied with cations
having large ionic radius such as Na*, K*, Ca?*, La®*", etc, and B-site can be occupied
by small ionic radius cations such as Sc3*, APP*, Ga**, Ti*', etc. The perovskite-type
Li*-ion solid-state electrolytes that have been developed in recent years include
LisxLa23xTiOs which exhibits a tetragonal structure and (Li, Sr)(B, B")Os (B = Zr, Hf,
Ga, etc., B' = Nb, Ta, etc.) that exhibits cubic structure [113-114]. There have been
many advantages of these electrolytes including simple crystal structure, high bulk
Li*-ion conductivity, better chemical stability against Li, etc. The crystal structures of

the cubic and tetragonal perovskite materials are shown in Fig. 1.7.

(b)

Larich layer

C A, vacancy
¢ B La poor lay

a

Fig. 1.7 Crystal structures (a) cubic and (b) tetragonal perovskite [115].

14



Introduction Chapter 1

To improve the ionic conductivity and stability of the perovskites different dopants
have been introduced. Also, some other strategies have been used like increasing Li*
ion concentration, increasing the concentration of A-site vacancy, and expanding the
size of lithium-ion transport channels [115]. Different reported perovskite-type Li*-

ion solid-state electrolytes have been shown in Table 1.4.

Table 1.4 Various Li*ion perovskites at room temperature

Total Total E
S. No. Composition Conductivity (ev) References
(Q'cm?)
1, LizrLasrTiO3 4.01x10° 0.3 [116]
2. Lio.35La0557TiO3 9.55%x10° 0.01 [117]
3. | LaossLio.36Ti0.995Al0.00503 1.1x10°3 0.28 [118]
4, Lio.33La0.46Y0.1TiOs3 8.03x10° - [119]
5. Lio.43Lao.56 Ti0.05G€0.0503 1.2x10° - [120]
6. LissSr716Zr1aNb3aOs 2.0x10° 0.26 [121]
7. LiSr1.65Ti1.3Ta1.709 4.9x10° 0.35 [122]
8. LisgSr7ineHf14Tass03 3.8x10* 0.36 [123]

1.44 LISICON-type

The LISICON (lithium super ionic conductor) type materials include LisSiO4 and vy-
LisPOs. They consist of XO* (X = Al, Si, S, Ge, etc.) based tetrahedral units and Li-O
polyhedral units. H. Hong et al. discovered the first LISCON-type electrolyte with the
general formula as Lis-2xDx(TO4)s (D = Mg?*, Zn?*, and T = Si*, Ge*) [124].
LISICON-type electrolytes exhibit ionic conductivity around 10° Q*cm™, which is in
the lower range of oxide solid-state electrolytes. However, substitution led to an
increase in the lattice volume per Li atom within a given structure which enhanced the
conductivity and decreased the activation energy. The substitution of P>* by Si** in -
LisPO4 gave a novel series of compositions [125]. Tachez et al. found a new sulfide
electrolyte LisPS4 [126]. In 2011, Kanno et al. replaced O%* with S to create a thio-
LISICON-type SSE with the composition LiioGeP2Si12 (LGPS). Li1sZn(GeO4)4
composition gave high ionic conductivity of 1.3x10° Qcm™ at 300 °C [127]. Other
LISICON-type electrolytes with different compositions include Liz.4Sio.4Po.6S4,
Li36SiosP0504, Lis.2sGeo2sPo.75S4, etc. [128]. These materials show high stability in

moist air and can be easily synthesized and handled.
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1.45 Li*ion-based glass ceramics

Glasses are amorphous solid materials, also referred to as super cooled liquids. In a
glass matrix, there is a large free volume essentially due to this frozen ‘liquid-like’
structure [129]. If free ions are available, the free volume in the glass facilitates
electrical transport. Different types of ion conducting glasses like Li*, Na*, Ag" have
been developed and studied as solid-state electrolytes for energy storage device
applications [130]. In particular, Li* ion-based glasses have received much attention
among all due to the ion’s small size. Otto reported the first highly conducting Li* ion
borate glass with a conductivity value approaching ~ 10 Q*cm™ at 350 °C [131].
Extensive work has been done on Li* ion sulphide and oxide glasses in the last three

decades both in theory and applications [132].

Malguni and Robert in 1980 developed the first sulfide based Lil-Li2S-P2Ss glassy
system [133]. The glass composition 0.37Li2S-0.18P2Ss-0.45Lil exhibited
conductivity of 10 Qcm™ at 20 °C [134]. Besides this, Li* ion-based oxide glasses
have also been widely studied as they are thermally more stable. lonic conductivity in
these glasses could be increased substantially by salt (Li2SOs, LiCl, etc.) addition
[135]. Alternatively, the use of mixed glass former (P20s-B203) was found to be
effective in enhancing conductivity by increasing the free volume [136]. Table 1.5

shows some important Li* ion based sulfide and oxide glasses developed in the past.

Thermally stable partially crystallized glasses i.e., glass-ceramic electrolytes have also
been developed by crystallization of precursor glasses and by direct addition of glass
into ceramics. Sulfide based glass ceramics such as Li2S—P2Ss exhibited conductivity
of the order of 10 Qlcm™ [143].

Table 1.5 lonic conductivities of various Li* ion based sulfide and oxide glasses

S.No. | Li*" lon Oxide Glasses Co(r(];j.ijccrgzl)ty T({?I/)E“ References
1, Li2S-P2Ss-Lil ~10%(25°C) 0.29 [134]
2. 67Li2S-10P2Ss5-23B2S3 ~10%(25°C) 0.40 [137]
3. 70Li2S-30P2Ss ~10°(25°C) 0.40 [138]
4. 63Li2S-36SiS2-1Li2S04 ~102(25°C) 0.30 [139]
5. 56Li20-8LiF-36B203 ~ 6x10%(300 °C) 0.70 [140]
6. Li20-TiO2-P20s ~102-10°(127 °O) 0.07 [141]
7 O.3L:)227%.\2/Z(5)I5203 ~ 7.4x105 (RT) 0.22 [142]

16



Introduction Chapter 1

The Li™-NASICON based glass-ceramics have been extensively studied owing to their
amorphous and partially crystalline phase which gives it characteristics of both glass
and ceramic. Fu et al. synthesized Li2O-Al203-TiO2-P20s with frozen NASICON
crystallites by thermal cycling/annealing the glass above its crystallization
temperature [144]. Kwatek et al. studied the effect of the addition of Li29B0.9S0.103.1
(LBSO) and Li3sBOs glass in LTP [145-146]. The addition of these glasses makes the
composite denser and in turn, enhances the conductivity. In garnets, the addition of
these additives helps in reducing sintering time and temperature [147]. A list of

various glass-ceramic composites is shown in table 1.6.

Table 1.6 Li* ion based glass-ceramic composites having various precipitated
FICs.

Conductivity Total Es
S. No. Glass-Ceramics (Q'cm?at 300 (eV) References
K)
(1+x)Li20-6.6CaO-(4- - 0.30
L | 2 Ti0:-xAL:035-5.2P;0s 510 [148]
2. Li20-Al203-TiO2-P20s 6.53x1074 0.28 [149]
Li1sAlosGe15(PO4)s3 - 4 0.25
3. 0.05Li20 7.2x10 [150]
4, Liz+x+y Tio—xAlxP3-ySiyO12 1.8x107* 0.40 [151]
LiTi2(PO4)3 -0.3 4 0.36
2 Li2.9B0.9S0.103.1 1.79x10 [145]
6. LiTi2(PO4)s -0.3LisBO3 1.43x10°* 0.37 [146]

So, from the above discussion, it can be concluded that different types of inorganic
solid-state electrolytes and glass-ceramics have been explored extensively in the last
few decades. Different ways have been adopted to enhance the conductivity and
stability of these solid systems, still, they could not be used directly in commercial
devices due to certain reasons and constraints. These are assessed and discussed

below.

1.4.6 Shortcomings of Li* ion-based inorganic solid and glass-ceramic

electrolytes

Solid-state electrolytes consisting of inorganic crystalline solids and glass-ceramics
have overcome many limitations of liquid electrolytes such as flammability, toxicity,

miniaturization, leakage, etc. However, they also face some limitations for example:
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» These solid-state electrolytes have high grain boundary impedance. lonic
conductivity of the orders of magnitude lower than liquid electrolytes
especially at room temperature, reduces the power output and thus the
performance of the devices. Despite various strategies being adopted such as
doping, nano structuring, compositing, etc. the total conductivity still has not
been achieved to a satisfactory level [152-153]. Solid-state electrolytes have
poor interfacial stability with metal electrodes, especially with lithium anodes.
This can cause unwanted reactions and side effects such as dendrite formation,
interfacial resistance, and electrolyte decomposition. These problems lead to
issues such as short circuits, capacity loss, and safety hazards [154].

» Solid ionic electrolytes have high mechanical stiffness and brittleness
compared to liquid electrolytes, due to which they are more prone to cracks
and fractures under mechanical stress or thermal expansion. These defects can
cause loss of contact and electrical isolation between the electrodes and the
electrolyte, which reduces the performance and reliability of the devices [152].

» Solid-state electrolytes have complex fabrication processes compared to liquid
electrolytes. Also, their scaling for mass production is, again, challenging. The
fabrication processes often involve high temperatures, high pressure, vacuum,
or special equipment that increase energy consumption and environmental
impact [155-156].

> Solid electrolytes, particularly glasses/glass-ceramics cannot be molded to
desired shapes. They lose their properties when converted to powders of small

grain size via grinding [153,157].

These limitations and drawbacks are actively being addressed through research and

development efforts in these materials.

In parallel, there has been significant work on soft solid-state electrolyte materials
realizing the limitations of solid ionic compounds. Organic polymeric electrolytes
along with their composites with salts, glasses, and ceramics have been widely
studied. Gel polymer electrolytes and ionogels have also been explored well. These
soft ionic systems along with hybrid (solid-liquid composites) are discussed below.

1.5 Organic solid-state electrolytes
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These electrolytes consist of mainly polymer and their composites, solid and gel
polymer electrolytes. Unlike crystalline inorganic electrolytes, which are brittle and
rigid, these organic soft electrolyte materials are light, flexible, and scalable in nature.
They have also been studied due to their good interfacial stability as compared to

inorganic electrolytes.
1.5.1 Polymers and their composites

The solid polymer electrolytes (SPES) generally consist of a polymer matrix and an
ionic salt. The first ion conducting SPE with alkali metal salts was reported by Fenton
et al. in 1973 and then Armand et al. further explored these materials [22]. Different
forms of Li* ion-based polymer complexes have been developed and studied for
electrolytic applications in both batteries and supercapacitors. Various types of host
polymer matrix such as polyethylene oxide (PEO), polyvinylidene fluoride (PVDF),
polyacrylonitrile (PAN), etc. have been used and these play an important role in the
properties of SPEs. Among these polymer electrolytes, PEO has been widely studied
as it has the ability to solvate a variety of salts [158]. Some of the commonly used
salts are LiPFs, LiClOs, LiBF4, LICF3SOs, etc. Mobile cation-PEO chain coupling is
considered a prominent mechanism of ionic transport in these systems. Inadequate
ionic conductivity at room temperature has been again an issue in these ‘liquid free’
electrolytes. Different methods have been employed to enhance electrical transport.
For example, increasing salt concentration up to a certain limit has been a simple
approach to enhance conductivity. Another famous approach to enhance ionic
conductivity is incorporating inorganic fillers into solid polymer electrolytes to obtain
composite solid polymer electrolytes (CSPEs). This technique not only enhances
conductivity substantially but also improves mechanical strength and electrochemical
stability. Inorganic fillers can be classified into two types inactive and active fillers.
Inactive fillers include inert ceramics, ferroelectric ceramics, oxygen-ion conducting
ceramics, and clays with small crystallite size. These cannot directly offer transport
pathways for Li" ions in electrolytes but can facilitate Li* ion transport via
amorphization of polymers [159]. On the other hand, active fillers include fast Li* ion
conductors such as LisN, LizxLasZroxTaxO12, Lii1eAlosGeos(PO4)s3, Lis-2x(Als-
xTix)2(POa)s, etc. [62, 124, 159]. These can exhibit high ionic conductivity and Li* ion

transference number. Inorganic fillers with different morphologies such as
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nanoparticles, nanowires, nanofibers, etc. have also been explored. Some of the

reported polymer-salt composites and polymer-filler composites are given in table 1.7.

Table 1.7 Various polymer-salt complexes and polymer-filler composites

Conductivity Total Es
S. No. Composition (Q'lcm?at 300 (eV) References
K)

1. PEOx12-Lil ~10° 1.98 [160]
PEO-15wWt% . 0.27

2. LiCF2S05 1.0x10 [161]

3. 90PEO-10LiAsFs 1.43x10™* 0.32 [162]

4. PEO-15wt% LiPFs 1.82x10°° 0.29 [163]
P(EO)16-LiCl04-10 55 0.19

5. Wt% SiOs 10 [164]
P(EO)s-LiClO4-10 5 0.33

6. wt% Al203 10 [165]

PEO-LiCl04-10 wt% s

’ SiO2 nanospheres 4.4x10 [166]
PEO-LITFSI- 4 0.38

8. Lioslaoss7TiOs 1.8x10 [167]
P(EO)1s-LiTFSI-1 s 0.35

9 wt% LiwoGeP2S12 1.21x10 [168]
PEOa6-LIiTFSI- 4 0.37

10. LizLasZr2012 2.3x10 [169]

1.5.2 Gel polymers

Gel polymer electrolytes (GPES) consist of a polymer matrix which is generally a
cross-linked polymer, and a liquid electrolyte. The polymer matrix acts as a
framework that immobilizes the liquid electrolyte [170]. GPEs have the advantage of
being highly flexible and can be moulded into any shape or form. They can be mainly
categorized into four types (i) aqueous gel polymer electrolytes, (ii) organic gel
polymer electrolytes, (iii) redox-active gel electrolytes, and (iv) ionic liquid-based gel
polymer electrolytes. Aqueous gel polymer electrolyte or hydrogels consists of a host
polymer matrix, an electrolytic salt, and a plasticizer. These electrolytes have an issue
of narrow operating voltage window which can be overcome by organic gel polymer
electrolytes [171]. Many groups have added redox-active species into the electrolyte
which undergo oxidation and reduction, thus producing pseudocapacitance.
KsFe(CN)s/KsFe(CN)s redox couple is generally used due to its high stability, low
toxicity, and high capacitance [171]. Another class of GPEs includes ionic liquid (IL)
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based gel electrolytes which have many advantages over aqueous and organic
electrolytes. They are used as plasticizing salts in GPEs which increases the
amorphous phase of the gels, improving the ionic conductivity, thermal, mechanical,
and chemical properties [172-173]. There have been various reports based on these
GPEs which have been tabulated in table 1.8.

Table 1.8 Various gel polymer electrolytes

Conductivity Total
S. No. Composition (Q'cm™ At 300 | E; (eV) | References
K)
1. PVA/H3PO4/H.0 9.6x10* 0.20 [174]
2. PVA/H3PO4/PEG/H20 8.6x10°° 0.25 [175]
3. PVA/H3PO4/EMIMBF4/H.0 3.3x10* 0.21 [176]
4. PEO/LiCF3SO3/Al203 8.64x10°° 0.15 [161]
5, PEO/LiTFSI/[BMP][TFSI] 2.5x10°° 0.28 [177]
6. PEO/LiCIO4/ BMIMPFs 10~ 0.25 [178]

From the above literature review, one finds that different types of soft materials have
been developed with relatively higher ionic conductivity. Soft electrolytes improve
the interface with the electrodes which was the main concern in ceramic and other
inorganic based solid-state electrolytes. Soft electrolytes have also addressed the issue
of flexibility and scalability. They are developed in a wide composition range with
low flammability and toxicity. However, there are some major issues related to these

electrolytes which have been discussed in the section below.

1.5.3 Shortcomings of Li* ion based organic solid-state electrolytes: polymers,
gels polymers
» CSPEs themselves have poor ionic conductivity and need the addition of salts
or other dopants to enhance their conductivity. The addition of salts or any
dopants can be done up to a certain limit only, as it leads to a decrease in
mechanical strength [179].
> Liquid free soft electrolytes still suffer from inadequate ionic conductivity
problem even after the development of various hybrid composites. Their
Interfacial stability with electrodes has not been achieved up to the mark.
Some electrolytes have limited stability at high voltages which leads to

premature degradation and electrolyte breakdown [7, 180].
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» Thermal stability is quite poor in polymer and gel polymer electrolytes.
Polymers (particularly PEO) start melting around 60 °C restricting device
performance to a certain temperature range. This also leads to the issue of
flammability in devices. Also, these devices have poor performance at low
temperatures. Some polymers are sensitive to moisture which can lead to
reduced conductivity [180-181].

1.6 lonogel

lonogels are a type of electrolyte that combines an ionic liquid (IL) with a porous
solid matrix. The IL confined (incorporated) solid matrix is used as a solid/quasi-solid
electrolyte. They are promising for overcoming the issues related to liquid electrolytes
and creating a flexible and mechanically stable device. Depending upon the host
material for the entrapment of ILs, ionogels can be classified as organic, inorganic,
and hybrids [182]. Chio et al. synthesized ionogel by incorporating 80% IL
BMIMTFSI with polymer electrolyte PEO-LITFSI by hot-press method and obtained
a conductivity of 3.2x10™* Qlcm™ [183]. ILs BMIMBFa4, BMIMCF3SO3 were also
blended with PEO-LITFSI electrolyte to obtain ionogels [184]. Generally, the ionic
conductivity of ionogels used to increase with increasing amount of IL, however, this
increase can be only up to a certain limit. So, optimization of IL content as well as salt
addition has an important role. Fernicola et al. developed PVDF-HFP based ionogel
using 80 wt% of LiTFSI+[PP24][TFSI] solution and obtained ionic conductivity of
the order of 10 Qcm™ [185]. Another PVDF-HFP+LiTf+[EMIM][Tf] ionogel has
been synthesized with a conductivity value of 4.5x107° Qcm™ [186]. There have
been many reports on ionogels which are inorganic materials such as SiOz and TiO2

based and are more thermally stable than organic materials based systems [182].

It is important to stress the fact that the ionogels are not pure solid-state electrolytes.
The mobile ions are mostly from IL, and the host solid provides pathways through
micropores and mechanical stability. They are in quasi solid form as they contain
large amount of ionic liquid that sometimes occupies ~80% or more volume fraction
of the matrix. They are thus prone to leakage and possess poor mechanical strength

due to large liquid content.

Different types of electrolytes have been discussed so far with their electrical
properties and challenges. These electrolytes have either hard ceramic solid-state
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electrolyte like NASICONSs, garnets, perovskites, glass-ceramics, or soft organic
solid-state electrolytes like polymers, gels, or ionogels. Soft electrolyte materials have
paved the way to overcome various issues existing in inorganic solid-state
electrolytes, however, they themselves have many challenges regarding conductivity,
mechanical strength, temperature range, leakage, etc. Various types of hybrid
electrolytes have also been developed within these systems which have achieved
better conductivity and improvement in other properties.

The above literature also suggests that hybrids are more suitable as electrolytes to
achieve excellent performance parameters. Importantly, ionic transport in ionic
solids/ceramics can be drastically tailored by adding ionic liquid in a suitable amount
to hard ceramics. The idea of creating aqueous/liquid phase regions between the
ceramic grains is essentially facilitating a ‘coupling’ so that mobile ions, from the
solid state, can perform long range diffusive motion. The next section elaborates these

novel hybrid composites developed recently.
1.7 lonic liquid and fast ionic solids dispersed with ionic liquids

lonic liquids are molten salts consisting of self-dissociated organic cations and
organic/inorganic anions. To call a salt an ionic liquid the melting point of the salt
should not be very high (should be around or less than 100 °C). These substances
consist of ammonium, phosphonium based cations, saturated heterocyclic cations, etc.

and anions can be halides, fluorides, amide anions, etc.

Table 1.9 Properties of lonic Liquids

lonic Liquid | Conductivity | Viscosity ECS Cation anion
(Q'cm?) (at | (mPas) window ionic radii | ionic radii
RT) (nm) (nm)
EMIMBF4 13x10°3 43 4-6 V 0.310 0.227
BMIMBF4 3.1x1073 110 0.331 0.227
EMIMCF3SOs | 9.5x10°7 35 0.310 0.270

ILs have high ionic conductivity, negligible vapor pressure, high thermal and

chemical stability, wide electrochemical window, and high flame resistance [187].
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These properties make them suitable candidates to be used in electrolytes. lonic
liquids have been used in devices since the 1960s either directly as liquid electrolytes
in the starting and then later on in the form of ionogels, gel polymers, and other

composites [188-189]. Table 1.9 shows properties of few ionic liquids.

Different researchers have reported the enhancement in conductivity by the addition
of a small amount of IL in fast ionic systems like ceramics and glasses. As IL is being
added in a very small amount so it does not lead to any compromise in the mechanical
strength of the resulting solid composites. These composites provide good interfacial
contacts along with stability. In most of the systems, ionic liquid stays as a separate
phase in the composites occupying the grain boundaries and enhancing the
conductivity by reducing impedance and improving interfacial contacts. Hayashi et al.
developed these solid composites by dispersion of IL- EMIMBF4 in the 50Li2SOs-
50Li3BOs3 oxide glassy matrix [190]. A maximum conductivity value of 10 Qlcm?
was achieved by just 10 mol% addition of IL, which was found to be three orders of
magnitude higher than that of the pristine glass. In another report, Kwatek et al.
synthesized LTP/LATP-IL composites, and a conductivity enhancement of three to
four orders of magnitude was reported by the addition of ~10 wit% of BMIMBF4
[191]. It was emphasized that ionic liquid plays the role of connector between
neighboring grains which facilitates the ion transport. Another ionic solid, BCN 18
(BasCa1.18Nb1.520s.73) on addition of IL- BMIMBF4 exhibited a total conductivity of
107° Qcm™ which is about seven orders of magnitude higher than that of BCN 18
[192]. It was suggested that the grain boundary effects are eliminated due to the
addition of IL. Rathore et al. dispersed 5 wt % of IL- BMIMBF4 in Li* ion oxide glass
60Li2S04-40(0.5Li20-0.5P205) and obtained a conductivity enhancement by ~2-4
orders of magnitude [189]. They proposed a mechanism according to which Li* ions
at the interface of glass-IL or glass-ceramic-IL become more mobile after IL addition
which results in a rise in conductivity. The mobile Li* ions move along the grain
boundaries in the presence of IL. IL confined silica glasses have been prepared using
the sol-gel route giving high ionic conductivity [187]. The garnet-IL based solid-state
electrolyte with composition 80%LLZ0O-20% IL (Py14TFSI) has been developed with
ionic conductivity ~0.4x 102 Q'cm™? [193]. It has been proposed that IL addition
helps to reduce energy barriers for Li* ion conduction by facilitating Li* ion motion.
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1.8 Energy storage: Batteries and Supercapacitors

Batteries and supercapacitors are both devices that can store and deliver electrical
energy, but they have different characteristics and applications. Batteries have a
higher energy density and breakdown voltage which means they can hold more charge
and operate at higher voltages. Supercapacitors on the other hand have a higher power
density and lifespan, meaning they can deliver and receive charge faster and longer.
Supercapacitors store charge electrically, while batteries store charge chemically.
They both can work together as a hybrid system for applications such as electric
vehicles. A brief description of batteries and supercapacitors is given below as the
thesis deals with the fabrication of such devices using the novel materials synthesized

for this work.

Battery is an electrochemical device that can store energy in the form of chemical
energy. It translates to electric energy when the battery is connected in a circuit due to
the flow of electrons. Primary battery is the non-rechargeable battery whereas
secondary battery is rechargeable. Some common rechargeable batteries are lead-acid
battery, Nickel-cadmium battery, nickel-metal hydride battery, lithium-ion battery.
Lithium-ion battery is successful in the market due to its lightweight, higher energy
density, and low self-discharge as compared to other types of battery. It consists of
anode (negative electrode), cathode (positive electrode), electrolyte, and separator.
While at present the electrolyte in these batteries available in the market consists of
generally liquid electrolyte, recently gels and polymer are being used. The separator is
a porous material placed between anode and cathode to prevent direct contact and
avoid short circuits while allowing the passage of lithium ions. In a complete all solid-
state battery, the electrolyte itself acts as a separator. Fig. 1.8 shows the modern Li*

ion battery.

During discharging a load is connected to the battery, such as an electronic device or
an electric vehicle the lithium ions move from the anode back to the cathode through
the electrolyte. This movement creates an electron flow through the external circuit,
generating an electrical current to power the connected device. Simultaneously, the

cathode receives the lithium ions and undergoes a reduction reaction.
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Fig. 1.8 Li* ion battery

During the charging process, a voltage higher than the battery's current voltage is
applied across the terminals. This causes lithium ions to move from the cathode to the
anode through the electrolyte. The anode, with its layered structure, provides spaces

between its carbon layers where the lithium ions can intercalate and be stored.

Supercapacitors, also known as ultracapacitors or electrochemical capacitors, are
energy storage devices that store energy through the physical separation of charges.
Unlike batteries, they do not rely on chemical reactions to store energy. Instead,
supercapacitors use electrostatic double-layer capacitance and/or pseudo-capacitance
to store charge at the electrode-electrolyte interface. Supercapacitors have a high

power density, which means they can deliver and absorb energy rapidly.

Electric double-layer capacitors :
Y P Pseudocapacitors
(EDLCs)
Charge storage:
Charge storage: Electrochemicall
Electrostatically (Helmholtz Sedosaemba
b (Faradaically)

Hybrid capacitors
Charge storage:
Electrostatically and
electrochemically

Fig. 1.9. Classification of supercapacitors
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They can charge and discharge quickly, making them suitable for applications that
require bursts of power or regenerative energy capture, such as hybrid vehicles,
electronic devices, and grid energy storage. They can be categorized into different
types as shown in Fig. 1.9.

The Stern model is a theoretical model used to describe the structure and behavior of
the electric double layer (EDL) that forms at the interface between an electrode and an
electrolyte in EDLCs. It is a combination of both the Helmholtz and Gouy-Chapman
model (Fig. 1.10). As suggested by this model when a supercapacitor is charged,
cations within the electrolyte concentrate near one electrode and anions near another
electrode forming EDL which compensates the external charge imbalance as shown in
Fig. 1.10 c. During the discharge, electrons travel from the negative electrode to the
positive electrode through an external circuit, and simultaneously ions at the interface
forming EDL travel back to the electrolyte until the cell is discharged.

a b G
O g ® |
0 i 00 °
3 3 \ gf I
@ @ ‘ e
= v 5 \ SINF
g+ g H \ B+
< b < b | < 4
2 | 2 \ 24
2 % \ 53 |
%# 2 | o \
o o | o
2 | 2y @
SR X oS h \ T
> > >
At  © \ @t
+ + i
Ko +@C§%w +d*>@ o |
R | | | e
d Diffuse layer | Stern layer | Diffuse layer

%42% Solvated cation @ Anion

Fig. 1.10. EDL models, (a) Helmholtz model, (b) Gouy-Chapman model, and (c)
Stern model [194].

From the above literature survey, it may be concluded that:

(a) Significant efforts have been dedicated over the past four decades to
developing solid-state electrolytes with conductivity comparable to that of
liquid electrolytes. Remarkably, Li* ion superionic conductors in NASICONS,
garnets have achieved conductivity values as high as 102-10* Qcm™ near

room temperature.
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(b) Among inorganic fast ionic conductors Li*-NASICON and recently garnets

(©)

too have received much attention due to their high ionic conductivity and have
also been widely applied for all solid-state batteries.

Polymers, ionogels, and gel polymer electrolytes have also been extensively
explored as soft organic electrolyte materials due to their better ionic

conductivity and interfacial stability.

(d) There has been significant work done on the theoretical understanding,

()

(f)

particularly the mechanism of electrical transport, and conductivity-structure
correlations.

Recently hybrid electrolytes for devices have garnered much importance as
they can overcome the shortcomings of both hard and soft fast ionic systems.
Composites like “polymer in ceramic” and “ceramic in polymer” have been
synthesized to overcome the difficulties in interfacial stability between
electrode and electrolyte, to achieve high ionic conductivity, to maintain
mechanical strength, etc.

There have been a few reports on ceramic-IL based solid-state electrolytes.
These electrolytes have been found to be very stable with high ionic
conductivity and mechanical strength along with maintaining solid-state

nature.

1.9 Gaps in the existing research

Various solid-state electrolytes have been developed in the last few decades which

have ionic conductivity comparable to liquid electrolytes. However, there are many

other issues related to these solid-state electrolytes which need to be focussed.

Applicability of these electrolytes in devices has many challenges that need to be

addressed as listed below:

(i)

There have been many solid systems developed but either they are hard
ceramics, ionic glasses, or soft electrolytes like polymers, gels, etc. Hard
ionic systems suffer from high grain boundary impedance and high
interfacial resistance whereas soft systems suffer from poor mechanical
strength and narrow temperature range. The conductivity of solid polymer

electrolytes (SPEs), Glass-ceramics, and composite SPE is not adequate
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(i)

(iii)

(iv)

(v)

(vi)

for the device applications. Besides, there are limitations in tailoring
properties e.g., mechanical strength, thermal stability is often
compromised.

There is a subtle but significant work on ceramic-ionic liquid based
electrolytes. lonogels suffer mechanical stability. Further, in these, the
mobile ions from the host (solid) matrix do not contribute significantly to
the conductivity.

In the case of novel hybrids in IL-ceramic composites, ionic liquid’s
presence is found to improve interfacial stability. Various workers have
demonstrated a large conductivity enhancement, but no generalized
mechanism has been brought out so far. For example, it is still under
discussion how the IL helps improve ionic conductivity and which ions
participate in ionic conduction. These composites need more studies by
exploring different ceramics and ionic liquids. The electrical transport
mechanism, information about majority charge carriers, and the
conductivity structure correlation in these solid-liquid systems require a
better understanding.

It is well known that most of the ceramics as well as ILs are generally
stable. The stability of their composites in a wide temperature range has
not been emphasized so far. Low (T < 0 °C, when IL freezes) and high (T
> 100 °C when IL decomposes) temperature studies of ceramic-ionic
liquid systems need more exploration.

Despite high ionic conductivity comparable to gels, and aqueous solutions,
the practical application of these IL-ceramic solid-state systems in
batteries and supercapacitors has not yet been explored thoroughly.
IL-solid composites in solid-state batteries (SSBs) are less explored.
Further, the above review suggests that their use in solid-state
supercapacitors (SSCs) has never been explored. For example,
NASICONS and garnets have not been used in supercapacitors so far.
Solid-state supercapacitors are mostly based on liquids, gels, ionogels, and

polymer-based electrolytes.

1.10 Statement of problem and objectives
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With the increasing demand for all-solid-state energy storage devices, there has
been a great exploration in the field of fast ionic systems for electrolytes. These
electrolytes are expected to meet requirements such as high conductivity, leakage
proof, good mechanical strength, non-flammability, great interfacial stability, etc.
Solid-state electrolytes such as Li*-NASICON, and Garnets have attained much
attention due to high bulk conductivity. However, grain boundary impedance
(GBI) restricts their use, and to overcome this, different types of ceramic-polymer
hybrids, ionogels, and gel polymers have been explored. Despite all these research
developments, there have been issues regarding ionic conductivity, leakage,
flammability, mechanical strength, interfacial stability, etc. However, a solid-
liquid hybrid composite can overcome these issues to a large extent. Dispersion of
small amounts of ionic liquids in ceramics can lead to a composite having better
conductivity with all other desired properties for a solid-state electrolyte.
Mechanism understanding and device fabrication of such composites need
thorough studies.

So, keeping this in view, the present work focuses on (i) the development of
different IL dispersed ceramic composites, (ii) attempts to propose a fundamental
model of the mechanism of ionic transport based on experimental evidence, and to
study structural, thermal properties, and (iii) to explore the application of these

developed electrolytes in all-solid-state batteries and supercapacitors.
Objectives

0] Synthesis of ionic liquid dispersed Li*-NASICON and garnet hybrid
composites.

(i)  To understand the mechanism of ionic transport by exploring the
electrical, structural, and thermal properties of these hybrid composites.

(i)  Fabrication of solid-state batteries (SSBs)/button cells using these
composites as electrolytes, and to assess the device performance.

(iv)  Developing solid-state supercapacitors (SSCs) with these composites as
electrolytes in different geometries and assessing the device performance.

(v) To develop wide temperature stable EDLCs from these IL-ceramic
composites.

30



Introduction Chapter 1
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[2]

[3]

[4]

[5]

[6]

In

for
()

(i)

order to achieve the above objectives, the following systems have been chosen

investigation:

IL (EMIMBF,, EMIMCF3SO3, and BMIMBF,) dispersed in LiTi2(POa4)s (LTP)
and Li13Alo3Ti17(POas)s (LATP) NASICONS.

IL  (EMIMBF,, EMIMCF;SO;, and BMIMBF,)  dispersed in
Lis.aAlo2LasZr2012 (LALZO) garnet.

The NASICON and garnets have been synthesized using the sol-gel route. For all

the developed systems batteries and supercapacitors have been fabricated.

Different geometries of supercapacitors have been explored such as coin cell,

laminated, and swagelok assembly. EDLCs with wide temperature window have

also been developed with a temperature range of -10 °C - 200 °C.
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Chapter 2

Experimental Procedures

A Dbrief overview of the synthetic routes adopted for the preparation of the samples
and other experimental techniques used in the characterization and electrical
conductivity studies of the samples are presented in this chapter. The chapter also
includes a discussion on the preparation/fabrication steps involved in Li* ion based

solid-state batteries (SSBs) and solid-state supercapacitors (SSCs).
2.1 lonic Liquid dispersed Li* NASICON and garnet preparation

To prepare IL dispersed ceramic composites, firstly Li* ion conduction NASICONs
(LiTi2(POa4)s and Li13Alo3Tiy7(PO4)s) and garnet (Lis.7sAlo.2sLasZr2012) were synthesized
by sol-gel route [1-3]. Using these fine and homogeneously prepared powdered
ceramics, IL-ceramic composites were prepared. The preparation routes have been

discussed in detail below.

0] LiTiz(PO,)s (LTP) synthesis: In the first step, LiTi»(PO4)s sol was prepared
using high purity materials CHsCOOL.i-2H20, Ti(OC4Hg), and H3POu4 in a
weight ratio 10:63:27 [1]. For this purpose, CHsCOOLi-2H20 and
phenolic resin were gradually added to a homogeneous solution containing
Ti(OC4Hg) and C2HsOH to obtain the desired sol. In the second step,

another solution of concentrated H3POs + C2HsOH was added dropwise to

the sol. This mixture was continuously stirred at 50 °C for 3 h in a water
bath to obtain a gel. It was further heated to 65 °C for ethanol evaporation.
Subsequently, the gel was dried at 80 °C overnight and further annealed at
750 °C for 6 h to get LiTi2(POa4)s compound.

(i) Li1sAlosTii7(PO4)s (LATP) synthesis: LATP composite has been prepared
by sol-gel method using citric acid [2]. Stoichiometric amount of

Ti(OC4Hg)4 was added to ethylene glycol to get a homogeneous solution.
This solution was then added to a 0.2 M aqueous solution of citric acid
while stirring at 100 °C for 10 h. To this homogeneous solution
stoichiometric amounts of LiNOs, AI(NO3)3-9H20, and NH4H2PO4 were
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(iii)

added with the molar ratio of citric acid to (Li* + AP + Ti*) as 4:1. This
mixture was continuously stirred to obtain a homogeneous gel solution.
This gel was heated at 150 °C in an oven for water evaporation. The dried
gel was heated at 500 °C for 5 h and then this black powder was crushed
and finally sintered at 800 °C to get rid of all the organic residues and
obtain the final white LATP powder.

Lis.7sAlo.2sLasZr2012 (LALZO) synthesis: For this, stochiometric amounts
of LiNOs, La(NOs)3.6H20, ZrO(NO3).H20, and Al(NOs)3.9H20 have been

added to a beaker with deionised water [3]. This mixture was stirred till all

the components dissolved completely. Following this, citric acid and
ethylene glycol (twice the number of moles of cations in the precursor
solution) in a mole ratio of 1:1 were added. After stirring and heating at 70
°C for ~5 hrs, a blackish brown mixture was obtained that was
subsequently kept in a furnace at ~200 °C for ~5 hrs. Following these
steps, a yellowish-brown foam was obtained that was thoroughly ground
and kept at 850 °C for ~5 hrs, and the powder thus obtained was again
ground and annealed at 1100 °C for 10 hrs.

The ionic liquid composites were prepared by mixing these powder samples

uniformly with different ILs in a planetary ball mill (Fritsch-P6). For this purpose, the

powder sample and ionic liquid were taken in an agate pot for 1 h at 100 rpm having

the ball to sample mass ratio as 5:1. Subsequently, the composite mixture was kept in

a vacuum oven for drying for ~4 h to get rid of the moisture. Different ILs have been

used in various weight percentages. The final composites with ILs used and their

weight percentages have been mentioned in specific chapters.

2.2 Device fabrication

The prepared composites were examined as electrolytes for applications in SSBs and

SSCs.
(1)

Electrode for battery: For the cathode preparation, the slurry was prepared

in 1-Methyl-2-pyrrolidinone (NMP) solvent using LiCoOz, acetylene
black, and PVdF in the stoichiometric ratio of 85:7.5:7.5. After stirring for
~12 h, the mixture was coated on aluminum foil and subsequently dried

overnight in a vacuum oven. Also, the cathode LiFePOs (LFP) was
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(i)

(i)

prepared using active material (LFP), PVdF, and acetylene black in a
stochiometric ratio of 80:10:10. The slurry was prepared in NMP solvent
using a centrifugal mixer (Thinky mixer) and subsequently coated over an
aluminium foil followed by vacuum drying at 120 °C for approximately 24
hours. Further, to remove the porosity due to solvent evaporation, the
obtained cathode was calendared at 80 °C and subsequently punched into
a ~10 mm diameter electrode using a disk cutter. Li metal was used as the
anode.

Electrode for supercapacitor: The device was prepared using high surface

area (~1050 m?/g and ~1500 m?/g) activated charcoal from Merck. The
surface area, pore diameter, and pore distribution were measured using
BET surface area analyser BELSORP-MINI X. The electrode slurry was
prepared by mixing activated charcoal, acetylene black, and binder PVDF-
HFP in a weight ratio of 80:10:10 in 1-Methyl-2-pyrrolidinone (NMP)
solvent and stirring overnight, and subsequently coated on copper foil
(current collector) by doctor blade technique with a mass loading of ~1.2
mg/cm?. The coated foil was further dried at 100 °C for 10-12 hrs for
solvent evaporation

Fabrication of lithium cell: To study the potential of the ionic liquid

containing composite as a solid electrolyte, Swagelok type cells with

configuration LiCoOz|sample|Li and LFP|sample|Li were fabricated in an

argon-filled glove box (Fig. 2.1).
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Fig. 2.1 (a) A picture of the composite pellet with electrodes, (b) A picture of Swagelok
cell used for battery testing, and (c) Glove box (MT]I) filled with Argon for fabrication.

Thickness ~0.7 mi
Diameter~ 14 mm

Fig. 2.2 Fabrication process steps for SSC having electrodes as activated charcoal coated
copper foil, and IL dispersed ceramic composite as electrolyte. (a) Composite
preparation: IL mixing with LATP in a ball mill, (b) Sprinkling composite powder on
the activated charcoal electrode (coated on Cu foil) of diameter ~ 14mm, (c) Sandwich to
press with ~3 tons/cm? in a hydraulic press (room temperature) for 10 minutes, (d) The
SSC CulACILATP-ILIACICu as obtained from the press in step (c). For casing the
supercapacitor, the following geometries were chosen: (e) 2032 cell assembly, (f)

Swagelok assembly, (g) Hot roll lamination.
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(iv)  Fabrication of supercapacitors: Electrodes of diameter ~14 mm were cut in
circular shapes using a puncher and used for the device fabrication. The
composite electrolyte powder (LATP-13 EMIMBFs) was sandwiched
between electrodes and pressed in a hydraulic press by applying pressure
up to ~3-4 tons/cm? (Fig. 2.2 b-c). Finally, this sandwiched configuration
of electrodes and electrolyte was transferred to three different geometries
such as 2032-coin cell assembly, lamination, and Swagelok cell for cell
fabrication (Fig. 2.2 e-g). These three different types have been developed
to demonstrate the versatility of the developed composite for its potential
to adopt various geometries. These different types of SSCs have been
described in the chapters with detailed characterizations.

2.3 Characterization techniques

A brief discussion of various techniques used for the analysis and characterization of

the prepared composites has been presented below.
2.3.1 X-ray diffraction

X-ray diffraction (XRD) is the most useful technique to study the crystalline structure,
the ratio of crystalline to non-crystalline (amorphous) regions, crystal size, the
arrangement patterns of the crystal, and the distance between the planes of the crystal.
Max von Laue discovered in 1912 that crystalline structure behaves like a 3-D
diffraction grating for X-rays with wavelengths comparable to the atomic spacing of

the planes [4].

Samples have been analyzed using an X-ray diffractometer (Rigaku Miniflex-II)
having CuKa radiation of the wavelength ~ 1.54 A at room temperature. The filament
current and voltage required for this operation of XRD were 30 mA and 30 kV
respectively. In-situ high temperature X-ray diffraction (HTXRD) measurements were
done on using a Rigaku Smartlab X-ray diffractometer with CuK,, 1.54 A to examine
the structural stability at higher temperatures. The samples were structurally
characterized in a temperature range of 30-500C at a heating rate of 10 °C/min. After

attaining the temperature, XRD scans were carried out at 5°/min. Using Rigaku Smart
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lab studio Il fitting software, lattice parameters and lattice volume were obtained as a

function of temperature for the best conducting systems in each chapter.

An X-ray diffractometer consists of three main components: a cathode ray tube that
generates X-rays, a sample holder that positions the sample, and an X-ray detector
that measures and records the diffracted X-rays. The sample is rotated in the path of
these X-rays at an angle § and these diffracted X-rays are then collected by an X-ray
detector which rotates at an angle of 26. In the present study, the 26 range is varied
from 10°- 90° at a scan speed of 2°/min. Bragg’s law is used to study the interaction

between the electromagnetic waves (X-rays) and a crystal [5]:
A = 2ndsinf (2.1)

where @ is the angle of incidence, d is the perpendicular distance between pairs of
adjacent planes, A is the wavelength of the X-ray beam, and n gives the order of
reflection. Further, considering two beams incident on a crystal plane at an angle 6,
and 6, ,

2t (91;92) cosf =1 (2.2)
)
t= o050 (2.3)

where 3 is the full width at half maximum to the peak corresponding to 8, — 6,.

Further, the correction factor for instrumental broadening is as follows:

B =\Ws—Ws (2.4)
where W, and W;; are FWHM values of the sample and silicon, respectively [5].

After adding the correction factor from eq. 2.4,

KA
t =
LcosO

(2.5)

where t is the average crystallite size, K is the dimensionless shape factor, and is taken
to be 0.9 for most of the crystallites and A is the wavelength of the X-rays used (1.54
A). This relation is referred to as the Debye Scherrer’s formula and is used to find the

average crystallite size of the sample.
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. Diffracted X-rays
Incident X-rays . n Rt )

ol
=D
274 X-ray source
© 2dsin®

X-ray detector

Fig. 2.3 (a) Geometrical representation of Bragg’s law, (b) Block diagram of XRD setup.

For the present work, XRD has been used to characterize the formation of
NASICONSs (LTP and LATP) and garnet (LALZO). Then the IL-ceramic composites
were analyzed at higher temperatures for thermal stability and to check the formation
of any new crystalline phases in these composites. The lattice parameters and
crystallite sizes have been found using this technique.

2.3.2 Field emission scanning electron microscopy

Field emission scanning electron microscopy (FESEM) is an advanced technology
used to capture the microstructure image of the materials and to obtain information
about the surface topography. In this instrument a beam of electrons is produced from
a field emission (cold cathode) source and the electrons are accelerated in a high
electric field gradient [6]. The block diagram of the experimental setup is given in
Fig. 2.4.

The primary electrons liberated are then focused and deflected by electromagnetic
lenses to produce a beam that scans the object. From each spot of the object where the
primary electrons have hit, secondary electrons are emitted. The surface properties
determine the angle and velocity of the secondary electrons. In the end, an electronic
signal is produced when the detector spots the secondary electrons. This electronic
signal is then amplified to produce an image that can be seen on the monitor. The
basic difference between FESEM and conventional SEM is the way electrons are
generated from a gun. FESEM uses a field emission gun that provides extremely
focused electron beams which improves resolution. In SEM, electrical current from

thermionic emitters is used to heat the filament, while, in FESEM, heating of the

60



Experimental Chapter 2

filament is not required [8-9]. In order to observe FESEM images, the sample surface

is made conductive by sputtering it with gold, platinum, carbon, etc.

Electron source

Electron beam

)
Anode

Magnetic lens

Scanning coil@

Back scattered
electron detector

Secondary
electron detector

Stage

Fig. 2.4 Block diagram for experimental setup for FESEM [7].

Energy Dispersive X-ray spectroscopy (EDS or EDX) is another important
technique to identify the elemental distribution and chemical composition in a sample
[10]. In the FESEM experiment in addition to secondary electrons, X-rays and other
emissions also occur. The EDS system consists of an X-ray detector and software to
analyze energy spectra. The EDS detector absorbs the energy of incoming X-rays by
ionization yielding free mobile electrons. Thus, the energy of individual X-rays is
converted into electrical voltages of proportional size by X-ray absorption. The
electrical pulses correspond to characteristic X-rays of elements. EDS spectrum is a

plot between X-ray counts and energy (keV). Various elements in the sample are
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indicated by different energy peaks. Further, elemental distribution maps can also be

generated over an FESEM image.

In the present work, the surface morphology of pristine sol-gel derived NASICONs
and garnets was investigated using the Thermo Fisher Scientific FEI Apreo-S
instrument. Then, the IL dispersed composites were analyzed using this technique to
check the surface condition of ceramics after IL addition. The samples were coated
with gold (1.5-3 nm) by an ion sputtering mechanism in a high vacuum chamber. The
images were taken using 20 kV accelerating voltage. Also, X-ray mapping was done
for the composites to know about the qualitative elemental distribution across the

specimen to check the homogeneity of IL distribution in the ceramic-IL composites.
2.3.3 Fourier Transform InfraRed (FTIR) Spectroscopy

Fourier Transform InfraRed (FTIR) Spectroscopy is an analytical technique used to
study the interaction of materials with infrared (IR) radiation. It provides information
about the molecular structure, functional groups, and chemical bonds present in a
sample [11].

An IR source emits a broad spectrum of IR radiation covering a range of wavelengths
(normally 400 — 4000 cm®). This IR radiation contains photons of varying energies
corresponding to different vibrational (and in rare cases, rotational) states of
molecules. After passing through the sample, the polychromatic IR radiation is split
into two beams by an interferometer. When the sample beam and the reference beam
recombine, they generate an interference pattern known as an interferogram which is
processed (Fourier Transformed) by a computer to obtain the spectrum.

(a) (b)

Sample
l IR Source Detector
N TRA 70 N s - -
}\K IRE / iI
Detector
IR Source

KBR pellet containing sample

Fig. 2.5 Schematic diagram for sample analysis in FTIR Spectrophotometer in (a) ATR

mode and (b) Transmission mode.
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To ascertain the fundamental vibrations of diatomic molecules, Hooke’s law is used.
For the harmonic oscillator, vibration frequency can be expressed as

7=— [% (2.6)

2mcAl 1
where, ¢ = speed of light, K = force constant, and i = reduced mass (m1.mz/(m1+mz)).
Molecules having stronger bonds with light atoms vibrate at a high stretching
frequency. Only vibrations where the electric dipole moment changes during the
vibration are visible in this technique. To identify other vibrations, techniques such as

Raman Spectroscopy have to be used.

In the present work, ATR mode has been used to obtain FTIR spectra using an
IRAffinity-1S instrument from SCHIMADZU. The composites have been analyzed
by this technique to know if there is any new bond formation or complexation on the

addition of IL to ceramics.
2.3.4 Raman Spectroscopy

Raman spectroscopy is a technique used to study the interaction of light with matter,
providing information about the vibrational and rotational energy levels of molecules
[12]. It is named after Sir C.VV. Raman, an Indian physicist who discovered the Raman
effect in 1928. In Raman spectroscopy, a sample is irradiated with monochromatic
light (visible or UV region), typically from a laser. The incident light interacts with
the sample, and most of it is scattered without any change in frequency (Rayleigh
scattering). However, a small fraction of the scattered light undergoes inelastic

scattering, resulting in a change in frequency. This is known as Raman scattering.

The energy difference between the incident and scattered light corresponds to the
vibrational and rotational energy of the molecules in the sample. By analyzing the
scattered light, information about the chemical composition, molecular structure, and
bonding within the sample can be obtained. This technique has been used in the
present work to study the formation of new chemical bonds or complexation in IL-

ceramic composites [13].
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/ Mirror
Filter
Lens
Tissue
l |
Rayleigh

scattering
Fig. 2.6 Schematic diagram of a typical Raman spectrometer.
2.3.5 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a thermal analysis technique used to
study the thermal behavior of materials [14]. It measures the heat flow into or out of a
sample as a function of temperature or time, allowing the determination of various

thermal properties and phase transitions.

]
Oven () )
Inlet: sample gas
Sample Pan Reference Pan
—© PT 100
—o
Reference
Temperature
Cooling —
Purge gas
e e Inlet: cooling gas

Inlet: purge gas °© O

Fig. 2.7 Block diagram of DSC setup [15].

Differential Scanning Calorimeters can be broadly classified into two categories (i)

Heat Flux instruments and (ii) Power Compensation instruments, based on the method
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by which these instruments measure the change in the heat flow rate. During analysis,
the temperature is increased for both the sample as well as the reference at a constant
rate and pressure. Enthalpy changes (heat flow) can be observed as:

(68 _(2) @)
dt /, dt
where (dH/dt) is Heat flow mcal sec’®. Therefore, the heat flow difference between the

sample and reference can be measured as:

(200 (&) () &
dt dt Sample dt Re ference

Here, (AdH/dt) could be positive (endothermic process) for heat absorbed events or

negative (exothermic process) for heat evolving events.

The sample and reference pans are placed in separate sample holders within the DSC
instrument. The instrument then subjects both pans to a controlled temperature
program, typically heating from a lower temperature to a higher temperature at a
constant rate. The temperature range and heating rate are selected based on the
properties of the sample and the information sought. As the temperature increases,
heat flows into or out of the sample and reference pans due to changes in the sample's
thermal properties or phase transitions. The DSC instrument measures the heat flow
difference between the sample and reference pans, which is why it is called
"differential” scanning calorimetry [16-17]. For the present work, measurements were
done on a DSC 60 plus series SHIMADZU instrument, with a heating rate of 10

°C/minute to understand their thermal behavior and kinetics.
2.3.6 Thermo-gravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) is a thermal analysis technique used to study the
weight changes of a sample as a function of temperature or time. It provides
information about the thermal stability, composition, and decomposition behavior of

materials [18].
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Atmosphere
control
Furnace Sample holder
Furnace temperature Recorder
programmer
Temperature sensor Recording balance Balance control

Fig. 2.8 Schematic diagram of TGA instrument.

The instrument of TGA consists of a sample pan attached to a heater and a precise
micro-balance. The pan is heated and cooled during the experiment to record the
thermal events. As the temperature changes, the sample undergoes various thermal
events, such as decomposition, evaporation, oxidation, or desorption. The TGA
instrument continuously monitors the weight of the sample by measuring the change
in mass of the crucible and sample assembly. The weight loss or gain data obtained
from TGA is recorded and analyzed to obtain information about the sample. By
studying the mass change patterns, characteristic peaks, plateaus, or slopes can be
observed [19]. For the present studies, TGA measurements have been done on TGA
60 plus series SHIMADZU instrument, with heating rates of 10 °C for pristine
ceramics and their composites with IL to analyse the thermal stability of these

samples.
2.3.7 BET surface area analysis

BET surface area analysis, named after its inventors Brunauer, Emmett, and Teller, is
a widely used method to measure the specific surface area of solid materials including
the pore size distribution [20]. The specific area determined by BET corresponds to
the total surface area (reactive surface) as all porous structures adsorb the small gas
molecules. The specific area is calculated by the physical adsorption of a gas on the
surface of the solid and by determining the amount of adsorbate gas corresponding to

a monomolecular layer on the surface. The schematic diagram of the BET analyzer is
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shown in Fig. 2.9. The amount of gas adsorbed can be measured by a volumetric or

continuous flow procedure.

_________________________ s
) - Data
Nitrogen ; e Collector

Gas

I

X
—_—— e e
r r
Helium I Sample
Gas Cell

Injection Liquid
Port Nitrogen

Fig. 2.9 Schematic diagram of BET surface area analyzer.

The data is analyzed as per BET adsorption isotherm equation as follows:

m = % Pi; + ﬁ (2.9)
where P is the partial vapour pressure in pascals of adsorbate gas in equilibrium with
the surface at a fixed temperature, Po is the saturated pressure of adsorbate gas in
Pascals, Vais the volume in ml of gas adsorbed at the experimental temperature and
pressure, Vm is the volume in ml of gas adsorbed at the experimental conditions (T
and P) to produce an apparent monolayer on the sample surface, and C is the
dimensionless constant which is related to the enthalpy of adsorption of the adsorbate
gas on the powder sample. This technique has been used mainly in this work to know
about the surface area, pore volume, and pore diameter of the activated charcoal used

for the preparation of electrodes for the supercapacitors.
2.3.8 Electrical characterization: Impedance spectroscopy

To study the electrical properties of the samples, different techniques were used.
Impedance spectroscopy (IS) is an efficient method that utilizes an AC signal to
excite or perturb a system under investigation and measure the response (current or
voltage) [21-22]. The real and imaginary impedances are calculated and plotted
against each other over different perturbation frequencies by using the measured data
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to obtain impedance spectra. In order to measure quantitatively the electric and
dielectric properties in the bulk and interfacial regions of solid and liquid materials 1S

data can be used.

In impedance spectroscopy, a sinusoidal alternating voltage V= V,e/®t is applied
across the sample and the frequency response output current 1= I,e/“t*9 is recorded
[23]. According to Ohm’s law, the impedance (Z) of the circuit at any frequency (w)

can be given as [24]

jwt .
gr =Y _ Y Vo ,-jo (2.10)

I Iyejot+® T
Or,
Z*=1Zle " = |Z|cos® — i|Z|sinb (2.11)
Z*(w) =2 —izZ" (2.12)

Where Z' and Z" are respectively the real and imaginary parts of the impedance. The

phase angle is given as follows:

n

6 = tan™ (2 (2.13)

The impedance spectroscopy can also be used to measure the behaviour of the
materials in terms of complex conductivity (c*), complex modulus (M*), and

complex permittivity (¢*) as shown in Table 2.1.

Table 2.1 The interrelationship between four formalisms of impedance

spectroscopy. (j = /-1)

Formalism Symbol Relation Complex Form
Impedance zZ* (Vo/lo) e Z'+jz"
Conductivity o* L/(Z*A) o +jo”
Modulus M* joCoZ* M’ +jM"’
Permittivity g* 1/ joCoZ* g'+je"

Among these formalisms, the impedance and conductivity representations are used for

analyzing the electrical behaviour of the sample in terms of bulk resistance (R) and its
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electrical equivalent circuits. While the complex permittivity and modulus

representations are generally used for analyzing the dielectric response of the sample.

In the present study, the electrical properties of the NASICONS, garnets, and their
composites with IL were studied using an impedance analyzer (Hioki IM3570) in a
frequency range of 4 Hz-5 MHz. Conductive silver paste or graphite paste was used
for the electrical contacts. The cylindrical cells were obtained using pellets of ~ 9mm
diameter with conductive paste on both sides and sandwiched between stainless steel
discs to be used for the electrical measurements. The temperature dependent electrical
properties were studied by keeping the sample holder in a PID-controlled furnace.
The schematic diagram of the sample holder and measurement arrangement is shown
in Fig. 2.10. The measurements were carried out mostly in a steady state mode in the
temperature range of 30-165 °C. Some high and low temperature studies have also
been performed. The complex conductivity (o*) of the composites has been calculated

using the equation below:

*—=
or=— (2.14)
" oo Chromel - Alumel thermocouple o
Silver steel wirg«s >| I P Computer inerfaced
Teflon disc d Impedance Analyser I
Lavadisc...»

Silver steel wire ...

Quartz tube >
Stainless steel rods

PID controller with

| SR
<)

Lava disc ...
Silver electrodes Pl Sample ;
VARIAC
Lava disc "

(0-240)

Nol A

Fig. 2.10 Schematic diagram for (a) sample holder and (b) experimental setup for

electrical conductivity measurement.
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On simplifying,

«_lcos@ lsin60 _ , .
=2 iz -° jo (2.15)

where | and A are the length and cross-sectional areas of the sample. The real and
imaginary parts of the o* give the ac conductivity and conductivity loss of the

composites respectively.

The o-w spectra for fast ionic conducting ceramic solids can be broadly divided into
three regions as shown in Fig. 2.11. Region | shows a drastic fall in conductivity (at
lower frequencies) due to the interfacial polarization. In region Il, conductivity almost
saturates for a wide range of frequency and refers to the long-range diffusive motion
of ions; the value at the plateau is known as dc conductivity. Now, region I11 at higher
frequencies gives a dispersion that corresponds to a short-range ionic motion. This
behaviour of conductivity spectra obeys the universal Jonscher power law (JPL)

characteristics [23] as:
0 =04 + A" (2.16)

where odc i the frequency-independent conductivity at a plateau, A is the pre-
exponential factor and n is the fractional exponent which generally lies between 0 and
1.

Short range ionic
motion

-

Interfacial polarization

Logo

\_

Dispersive region

Long range diffusive
motion

v

Log w

Fig. 2.11 Frequency dependence of ac conductivity in accordance with Jonscher’s

universal power law.
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The value of n infers about the different types of ion conduction processes taking
place in disordered materials. This relationship has been derived as a special case for
materials in which the a.c. conductivity is accurately frequency-independent at low

frequencies.

The modified form of JPL is the Almond-West formalism [25] defines the hopping
rate for materials that do not show a frequency-independent conductivity plateau and

according to this formalism, the hooping rate (wp) was defined as
0(®) = ogc[1H(w/ wp)] (2.17)

An ion conducting solid is an electronic insulator but allows ionic transport through it.
Thus, acts like a leaky/lossy capacitor. So, an ion-conducting sample can be modelled
as a parallel combination of the loss-less capacitor (C) with a resistor (R), and its

impedance is given as

R/_
AR (2.18)
R+—
iwC
On simplifying,
'= R and 77 = 9K
" 1+(wCR)? "~ 1+(wCR)?
Eliminating w, one gets,
! R 2 1 RZ
(z7-3) +z7 =% (2.19)

So, the Nyquist plot (IZ'l versus IZ") exhibits a perfect semicircle with its center on
the real axis (single relaxation, Debye type). The resistance of the material is given by
its diameter. In a practical situation, the semicircle is seen to be depressed (non-Debye
type), attributed to the distribution of relaxation times. The different relaxations are
attributed to grain orientation/mismatch, and load charge accumulation due to grain,

grain boundaries, and interface.
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Table 2.2 Nyquist plots of common interest and their corresponding equivalent circuit.

Electrical circuit Z" Plot
R Zl — R le 0 =§
M - - ®
Z=R
Z'(Q)
7=0,2"=—
c ' wC S
| -
iwC
Z'(Q)
Z=R,7'=>
. C 1 wC §
| 7t = _ [
MWy 1 iwC
Z’(Q)
1
A 7~ RiwC _
- — R+ 1wc "
ﬂ 7 R\? 772 — 7 g
—3) T4 =2a Z ()
W __R__ 1 <
— b  1+iwCR  iwC, N
i A
! z ()
_ RCPE,
i “R+cpE, TP _
Zo =}
CcPE Whel’e CPE = - s
] —— (o)™ N
e CPEu: is lossy capacitor
1 CPEz is lossy capacitor at -
interface z(q)
Z1+ 7
7 R4 -
— — = c
H n 1 1+ le1R1 ;:
17 I X RZ N
Zy=—
1+ leZRZ
Z'(Q)

Thus, instead of a perfect capacitor, a constant phase element (CPE) [24] in parallel

combination with a resistor (R) is used as an appropriate model for the Nyquist plots.

CPE is viewed as a leaky/lossy capacitor and is defined as:

— %o
“erE = e
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Here, a lies between 0 and 1. When a=0, Z.pr becomes frequency independent

indicative of pure resistive nature, Z, = R. On the other hand, when a=1, Z pg is
written as f—a‘j with Zo becoming % . Thus, CPE acts as a pure capacitor with an

impedance as 1/iwC. CPE behaves as an intermediate between a resistor and a

capacitor for all other values of a lying between 0 and 1.

Based on the ion transport mechanism in the composites, various impedance circuits
can be designed to fit the Nyquist plots. Some of the configurations are given in Table
2.2. In the present work, EIS impedance analysis software has been used for fitting
various models as given in table 2.2 above.

2.3.9 Electrochemical cell characterization

To check the electrochemical performance and properties of devices three main
techniques are commonly used. These techniques include linear sweep voltammetry
(LSV), cyclic voltammetry (CV), and galvanostatic charge-discharge (GCD) studies.
CV and LSV are used to measure the current by varying potential against time and
GCD deals with applying a current with time and measuring voltage.

Particularly for liquid electrolytes, a three-electrode system is used. These electrodes
are known as working, counter, and reference [26]. The reference electrode maintains
constant voltage and at the working electrode (or test electrode) reduction-oxidation
takes place. The counter electrode, also known as the auxiliary electrode, serves as the
source/sink of electrons. The current from the external circuit passes through the
counter electrode. The use of these three electrodes mainly in highly conducting
liquid electrolytes makes it possible the concurrent measurement of current and
voltage accurately. The schematic diagram of a typical three electrode system is
shown in Fig. 2.12(a). By joining reference and counter electrodes, these three
electrode systems can be tailored into two electrode system, mainly used for studying

solid electrolytes or sandwich geometry cells as shown in Fig 2.12(b).
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Fig. 2.12 (a) Block diagram of CV setup. (b) Block diagram of two electrode setup for
measurement of electrochemical performance used in the present study. The setup is

capable of wide temperature characterization.

Linear sweep voltammetry: It involves applying a linearly increasing or decreasing
voltage waveform to the working electrode while measuring the resulting current
response. The electrochemical stability window (ESW) of the composites has been
studied using reversible and blocking electrodes [27-28]. To check the electrolyte’s
decomposition potential, the cell was prepared by sandwiching the pellet of the
composite between blocking electrodes of silver. Also, to understand the potential
stability of the composites, symmetric cells of type LilsamplelLi were prepared in an

argon filled glove box (MTI corp.).

Oxidation peak potential —____ (b)

(a) Oxidation peak current

Anodic (oxidation)
- Positive current

i
Startin e cemmmmmas

Electrochemical stability window

Current (A)
Current

Reduction peak current

I(?athodic(reduclion [

- Negative current Reduction peak potential

Potential (V) Potential

Fig. 2.13 (a) A typical LSV curve showing ESW, (b) a Typical CV curve for redox

reaction.
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The potential breakdown where the current shows abrupt rise was measured as shown
in Fig. 2.13 (a), and the onset voltage was considered as the ESW limit. This limit

may vary for blocking electrode configuration.

Cyclic Voltammetry (CV): This electrochemical technique has been used to
investigate the redox properties and behaviour of chemical systems. It provides
information about the electrochemical reactions that occur at an electrode surface as a
function of applied voltage. According to the convention, a peak appearing in the
direction of increasing voltage is considered oxidation and the one in the opposite
direction belongs to reduction. A typical CV scan is shown in Fig. 2.13(b). In the
present study, the CV scan was carried out for the battery to check the oxidation and
reduction peaks. The intensity of these peaks also gives information about how
chemical reactions are taking place at the working electrode. The reversible nature
was also seen in repeated cycles of CV scans.

For supercapacitors, the CV scans were carried out to investigate the formation of
interfacial supercapacitors, and operating voltage. The stability of these fabricated
supercapacitors was checked by cycling the cell with various scan rates and also by
doing a large number of scans at a single scan rate. From the hysteresis curves
formed, the charge storage ability of the devices was assessed. The specific
capacitance of these supercapacitors has been calculated from the CV scans using the

equation:
c=2=_°L_ (2.21)
where, | is the corresponding current, m is the mass of a single electrode, and V/t is
the voltage scan rate and is given as K. So, equation 2.21 can be written as
I=CxmxK (2.22)

In the CV curve, the current changes by changing the potential from V1 to V2.
Therefore, equation 2.22 can be written as

LAIWav = [15(C x m x K)dv (2.23)

flylz 1(V)aV refers to the area under the CV curve. Therefore, specific capacitance can
be calculated for the CV curve by the following equation:
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Cp = Area under CV curve (2_24)
(V2-v1)mK

Galvanostatic charge-discharge (GCD): This technique helps in understanding the
charge storage mechanisms, capacity fade, cycling stability, and overall performance
of batteries and supercapacitors for various applications [29-30]. In GCD, a repetitive
loop of charging and discharging is monitored. The set operating voltage of devices is
optimized using LSV and CV scans. Then, charge discharge cycles are conducted at a
constant current. A typical result of the GCD cycle for battery and EDLC is shown in
Fig. 2.14 (a) and (b) respectively. In the present work, the GCD cycles were carried
out for battery and supercapacitors to check their performance. In batteries, specific
capacitance can be calculated using the discharge time and stable voltage value.

EIDLC Pseudocapacitor Battery type
< < <
=3 - ] )
o (&) O
Potential (V) Potential (V) Potential (V)
S =5 =
8 < <
g s s
(=} (=} (o]
a o a
Time (s) Time (s) Time (s)

Fig. 2.14 A typical CV and GCD curve for EDLC, pseudo supercapacitor, and battery
[31].

In the case of supercapacitors, while discharging a small voltage drop is observed due
to equivalent series resistance (ESR) of the current collector and electrode contact.
The ESR value gives information about contact resistance and helps in the study of
interfacial charge transport reactance. The ESR with current density is calculated

using the equation given below:

Voltage drop (IR drop)
2 Discharge current

ESR =
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The specific capacitance (F/g) for a single electrode and specific energy (Wh/kg) and

power (W/kg) for the device is calculated from the charging-discharging curve by

using the following equations:

Specific capacitance (Cs) = %

CsAV?

Specific energy (E) = 5

3600E;
At

Specific power (P) =

where At is the discharging time, AV is the voltage window excluding IR drop, | is the

constant discharge current, and m is the average mass of the active material (charcoal)

deposited on a single electrode. All these equations have been elaborated in the

specific chapters in detail.

The systematic discussion on different composites is presented from next chapter

onwards.
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Chapter 3°

lonic Liquid Dispersed Sol-Gel Derived LiTi2(POa)s
Composites

In this chapter, the effect of ionic liquid (IL) dispersion on Li*-NASICON has been
discussed. The most basic NASICON structured Li*ion system LiTi2(POas)3 (LTP) has
been used for the IL dispersion. LTP has been synthesized by the sol-gel route (as
discussed in section 2.1) to accommodate ionic liquid (IL) in a significant amount. lonic
liguid EMIMBF4 has been used in the composites with LTP. The composites are
labelled as LTP-xIL, where x=2,5,13, and 17 weight percentage of IL. Compositions
with IL > 17 wt% were avoided as they did not yield a uniform distribution of IL over
LTP, rather the excess IL spills out. The electrical, thermal, and structural properties of
the composites have been discussed in detail and mechanism of ionic transport is

proposed.

This chapter thus provides various experimental evidences to suggest a mechanism for
enhanced ionic transport for the composites that have been developed. The IL content
in the composites is varied systematically and it is revealed that even a small amount
of IL addition can enhance the conductivity. It is therefore suggested that the grain
boundary effects are suppressed due to presence of IL. Ionic liquid’s presence just helps
in facilitating the motion of Li* ions in the NASICON matrix. Solid state of the
composites is well preserved as there are sufficient proofs of transport through LTP

grains.

The composites have been further explored as a potential electrolyte for the lithium

batteries.

* Parts of the results of this chapter are published in: G. Kaur, M. D. Singh, S. C. Sivasubramanian,
A. Dalvi, “Investigations on enhanced ionic conduction in ionic liquid dispersed sol-gel derived
LiTi>(PO4)s”, Materials Research Bulletin. 145 (2022) 111555.
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3.1 Structural studies

At the outset, we present the structural characterization of the hybrid composites
developed by us, by using various techniques. Detailed results are discussed here.

3.1.1 X-Ray diffraction (XRD)

High temperature in situ XRD patterns for pristine LTP (Fig. 3.1a) are shown in a wide
range of temperatures (34-500 °C). The HT-XRD was also carried out on a composition
LTP-13IL (Fig. 3.1b) for which IL content almost reaches its saturation. Other
investigations (as discussed later) were also performed on this sample with adequate IL
content. All peaks corresponding to sol-gel-derived LTP match well with the literature
reported values [1].

—_—34'C
—100C
200°C
—300°C
—400 ‘C
500°C

Intensity (arb. units)

Intensity (arb. units)

L L L L L
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2 > 32
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Fig. 3.1(a) HT-XRD patterns for pristine 19+ 3.1(b) HT-XRD patterns for LTP-
sol-gel derived LTP. 13IL.

The crystallite size calculated using the Debye Scherer relation was found to be ~36
nm. Further, even after the addition of IL, there is no shift in LTP peak positions and
all the peaks remain intact in a wide temperature range. Further, IL addition does not
lead to any new peak that suggests no new crystalline compound formation. Thus at
least up to 500 °C LTP structure is stable. The lattice parameters for the LTP-13IL
composite are shown in Table 3.1. A significant expansion with temperature is seen for

the ¢ value, which leads to a monotonic rise in unit cell volume.

82



LTP-IL composites Chapter 3

Table 3.1: Lattice parameters a, ¢ and unit cell volume for LTP-
13IL considering hexagonal unit cell.

T (°C) a(A) ¢ (A) volume(A®)
34 8.4945 20.8157 1300.7757
100 8.4980 20.8434 1303.5796
200 8.4972 20.9010 1306.9451
300 8.4969 20.9850 1312.0951
400 8.4964 21.0461 1315.7717
500 8.4991 21.1121 1320.7351

1320 | /
1315 F /
o<t /
= 1310
(o)
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Fig. 3.1(c) The unit cell volume as a function of temperature.

Unit cell volume of LTP-13IL is plotted as a function of temperature in Fig. 3.1(c). The

volume is found to be comparable with that reported in previous studies on LTP [2].

3.1.2 Field emission scanning electron microscopy (FESEM)

Fig. 3.2(a) FESEM image of as Fig.3.2(b) FESEM image of LTP-13IL.
prepared LTP.
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Fig. 3.2(a) and 3.2(b) show FESEM images of LTP and LTP-13IL composites,
respectively. As evident, sol-gel synthesized LTP exhibits a porous structure where
particles of size 60-80 nm appear to exist in a sphere-like structure. The porous nature
is not seen when IL is added to the matrix. Apparently, the size of LTP grains and the
pore volume decrease. The IL seems to be occupying the pore volume, and also the

space between grains (Fig. 3.2b).

Fig. 3.2 (c) EDS mapping for LTP-13IL and elemental distribution maps.

EDS mapping (qualitative) over FESEM image on LTP-13IL is shown in Fig. 3.2(c).
The elemental distribution map suggests that Ti and P are densely present and evenly
distributed. Further, F and B are homogeneously present, but in a relatively lesser
amount due to the small amount of IL in the matrix. There is an apparent homogeneity

throughout the composite with no visible segregation.

3.2 Thermogravimetric analysis (TGA)

TGA analysis was done for LTP-13IL to check the thermal stability of the composites.
As seen in Fig. 3.3 in the LTP-13IL composite, a weight loss is seen in the range 300-
425 °C due to IL evaporation/decomposition. On the other hand, TGA of pure IL

exhibits the same process starting at significantly high temperatures (350 °C). The
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~13% weight loss indicates all the IL incorporated in the composite is removed at 425
°C. The evaporation/decomposition process, in the case of LTP-13IL composite,
starting at a lower temperature could be due to (i) the presence of trace amounts of
impurities in grain-grain interfaces, (ii) interaction of IL ions with the LTP matrix of
the interface (LTP surface - IL ion adsorptions, compared to IL ion — IL ion interactions
in the liquid.). Impurities are known to reduce Tqas reported earlier [3-4]. These along
with HT-XRD results suggest that the two phases viz., IL and LTP coexist at least up
to ~300 °C. Accordingly, electrical measurements were performed in an appropriate

temperature range (30-200 °C) where the structure is likely to be thermally stable.
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Fig. 3.3 TGA scan of the LTP-13IL. Inset of Fig. 3: TGA of
pure ionic liquid.

3.3 Electrical conductivity
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Fig. 3.4(a) Nyquist plots for LTP with Fig. 3.4(b) Nyquist plots for LTP-13IL
equivalent circuit. with equivalent circuit.
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Fig. 3.4(c) Frequency dependence of total conductivity at different temperatures for
LTP-13IL. The 6wt Was also extracted from plateau, at onset of dc to dispersion as

shown for one temperature (165 °C).

Fig. 3.4(a) and 3.4(b) show the Nyquist plot for LTP and LTP-13IL at different

temperatures along with the equivalent circuit used for fitting. A single broad semicircle

IS seen in both the composites followed by an inclined line/spur at lower frequencies.

However, the semicircle is more depressed in the case of an IL-containing composite.

Possibly due to high resistance, the semicircle expected for bulk is not evident and

hence total contribution (bulk + grain boundary) for conductivity is obtained from the

diameter of the observable semicircle. The frequency dependence of the conductivity

i.e., o-o plot for LTP-13IL composite is shown in Fig. 3.4(c). The ototal Obtained from

the Nyquist plot also matches well with the corresponding value obtained from the

plateau of the 5-® plot.
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activation energy of
obtained from Fig. 5(b).

Table 3.2: Room temperature conductivity and

ionic conduction as

Composition Otoral (Qrecm™?) at Es (eV)
300 K
LTP 2.8x107 0.35
LTP-2IL 2.3x10° 0.20
LTP-5IL 2 x10™ 0.12
LTP-13IL 3.3x10™* 0.10
LTP-17IL 4.8x10* 0.11

The conductivity values obtained have been plotted with the wt% of IL at three different

temperatures in Fig. 3.5(a). It has been observed that with an increase in IL content

conductivity exhibits a notable rise. The total conductivity value for all the composites

has been plotted as a function of temperature (30-165 °C). As seen in Fig. 3.5(b) there

is a systematic rise with Arrhenius type behaviour and the maximum conductivity is

found to be in the range of 103-10* Q'cm™. There is a ~3 order of rise in conductivity

for LTP-17IL as compared to pristine LTP. Further, the activation energy values of

ionic liquid-containing composites are significantly smaller than that of pristine LTP as

given in Table 3.2. The E; value initially drops with IL content and stabilizes for higher

IL content to an almost constant value. Thus, looking at the conductivity trends we may
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say, IL added up to 5 wt % of the sample increases the conductivity drastically. Further
addition of IL only incrementally increases the conductivity. We may explain this as:
initially up to 5 wt % the IL fills the gap in grain boundaries which restrict conduction;
above 5 wt % the IL goes only to complete the monolayer above the surface of LTP;
and beyond 17 wt% of the IL, the surface cannot hold the additional IL. To validate the

above hypothesis, we may require further surface studies.
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Fig. 3.5(c) Temperature dependence of total

Fig. 3.5(d) Total conductivity with

conductivity (30-600 °C) for LTP-13IL and  temperature (-50 °C to 10 °C) for LTP and

pristine LTP. After IL decomposition the LTP-13IL.

composite attains conductivity of LTP.

High temperature (30-600 °C) conductivity investigations were performed on LTP-
13IL to comprehend the role of IL in transport. Conductivity was measured for T > Tq
of the ionic liquid. As depicted from Fig. 3.5(c) conductivity exhibits a systematic rise
up to 340 °C followed by a drastic fall. The temperature where this conductivity drop
occurs corresponds to the evaporation/decomposition temperature of IL [5-6] as has
been also complemented in TGA thermograms. Temperature dependence of the
conductivity of pristine LTP along with that of LTP-13IL is also shown for comparison.
As evident, after the drop, the conductivity of LTP-13IL composite almost matches
with that of LTP. It is well known that the conductivity of pristine LTP is dominated
by large grain boundary impedance. Therefore, decomposition of the IL in the
composite again introduces grain boundary impedance in the composite. This
behaviour readily suggests an important role of IL in suppressing the grain boundary

impedance.
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Similarly, the temperature dependence of conductivity below room temperature is also
investigated to understand the effect of low-temperature thermal events in the IL (Fig.
3.5d). Interestingly, for LTP-13IL, the conductivity around -10 °C falls notably. At this
temperature IL freezes. Further, the saturation below -20 °C may be attributed to poor
thermal activation. Thus, poor conductivity of IL below its freezing again seems to play
important role in degrading the electrical transport. On the other hand, for pristine LTP
conductivity decreases gradually and reaches to a saturation, again due to poor
thermally activated behaviour of mobile charge carriers [3]. A notable fall in the
conductivity at Tq or freezing temperatures of IL is due to different reasons but suggests
arole of IL in dictating the electrical transport. The melting point for IL depends on the
way it is confined in the solid state and happens in the range of -10 to -40 °C [7]. Below
the freezing temperature, the structural relaxation of IL units is likely to freeze which
may be the reason for a sharp notable fall in the conductivity of the composite. Thus,

both these conductivity variations suggest a major role of IL in electrical transport.
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Fig. 3.6 Electrical response (Z" vs ®) for LTP and LTP-13IL.

To further examine the mechanism, an electrical response from bulk, interfaces (grain
boundaries and electrode-electrolyte) Z" vs ® is plotted for 200 °C (Fig. 3.6). The
frequency dependence of the imaginary part of impedance (Z") gives information about
the hopping polarization loss [8]. The relaxation peak in the spectra corresponds to a
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frequency where the fastest depolarization occurs at interfaces or bulk regions. In a
way, it provides good qualitative information about electrical transport at various
regions in the material. In Fig. 3.6, Z" vs o in a wide range of frequencies (1 mHz to 1
MHz) is plotted for LTP and LTP-13IL composites. As apparent in the case of LTP,
three well-separated relaxation peaks are evident that may correspond to (lowest to
highest frequency) electrode-electrolyte interface, grain-grain interface, and inter-
grain/bulk relaxations. Apparently, for LTP-13IL the three peaks (though weak) are
again evident with a much lower value of Z" and shifted to higher frequencies. It may
be therefore suggested that the polarization loss at grain boundaries and interface is
suppressed. This, in turn, indicates significant depression in Z" value in the case of IL-
LTP composite which clearly suggests suppression of the grain boundary impedance.
This may be due to the high conductivity in presence of IL in these regions.
Interestingly, in this wide frequency region no new relaxation peak has appeared, thus
pointing out that the relaxation processes (depolarization) correspond to only mobile
Li*ions. The Z" vs o behaviour in BMIMBF; dispersed perovskite BCN-18 was also
studied by Pannu et al. [8]. A huge suppression in the peaks corresponding to grain

boundary was reported and attributed to suppression of grain boundary impedance.

3.4 The hybrid electrolyte under battery conditions:
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Fig. 3.7 Cyclic voltammetry scan of LTP-  Fig. 3.8 Discharging of cell at different
13IL. currents.

To study the potential of the ionic liquid containing composite as an electrolyte,
Swagelok type cells with configuration LiCoOz|sample|Li were fabricated. A typical
composite with 13 wt% IL i.e., LTP-13IL has been used for this study. The pellet of
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composites was made of thickness ~ 500 um. The active material loading on the cathode
was 2-3 mg cm2 . Firstly, a CV scan was performed in a range of 0-3.7 V. The oxidation
and reduction peaks are visible at ~2.25 V and 1.76 V, respectively as shown in Fig.
3.7. The oxidation peak is though weak as compared to the reduction peak. CV scans
were taken using LiCoO:2 as a working electrode against lithium metal. The following

reaction may be suggested [9]:
LiCoO, = Li;_,,Co0, + xLi* + xe~
The reversible nature of the reaction was also seen in repeated cycles of CV.

Further, the discharging at different currents was again studied for the same cell
configuration and plotted in Fig. 3.8. Safely, 1 WA current can be drawn for around 11-
12 hours. For higher load, the cell discharges fast. VVoltage stability of around 2-2.5 V
is observed. The plots depict that electrolyte is stable under battery conditions. The
current withdrawn is though less. These are the results of our very first fundamental
study and they simply suggest stability of the composite electrolyte under battery
conditions. It needs further engineering of the electrolyte-electrode interfaces and the
thickness of the electrolyte material for applicability to high currents, which was not

primary objective of the current study.

The electrochemical cell with pure IL as electrolyte (in Polypropylene membrane) were
also fabricated for comparison. As seen in the inset of Fig. 3.8 the cell exhibits a
maximum voltage of 1.26 V and while discharging it shows a gradual fall even at 1 pA
current. Thus, IL alone in this geometry does not appear to be a suitable electrolyte for
the batteries. However, its presence in a small amount in LTP leads to a stable

electrolyte formation.

3.5 Replacing LTP by its superior version LATP

As it has been reported in literature that LTP’s analogue Li1.3Alo3Ti1.7(POa4)s (LATP)
has better ionic conductivity [10]. So here LTP has been replaced by LATP to check
about the role of this ceramic. For this similar to LTP, composites of LATP with
EMIMBF4 (IL) have been prepared with different weight percentage of IL. It can be
seen from Fig. 3.9 (a) that there is a systematic rise with Arrhenius type behaviour

giving maximum conductivity in the range of 102-10 Q'cm™. The conductivity as
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expected is better here for the specific IL wt percentage as compared to LTP -IL

composites. This shows that ceramic in the composite influence the electrical transport.
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total conductivity for all the composites.

The potential of the LATP-IL composite as an electrolyte has been studied in Swagelok
type cells with configuration LiCoOz|sample|Li. The cell has been discharged at
different currents. LATP-IL composite based cell discharges for longer time as
compared to LTP-IL based composites. 10 pA current can be withdrawn for 4-5 hours
depicting that this electrolyte is stable under battery conditions with higher discharge

currents as compared to LTP-IL based composites.

3.6 A possible mechanism for ionic transport

Lition®------:! >
LTP/LATP LTP/LATP
............. » lonic Liql.li(l
LTP/LATP LTP/LATP

Fig. 3.10 Schematic diagram showing the movement of Li* ions in between
LTP/LATP grains with the help of ionic liquid.

Based on the above findings a mechanism has been proposed for the ionic transport in

LTP/LATP-IL composites as shown in Fig. 3.10. Although the mechanism is
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qualitative, it is based on firm experimental observations. IL is confined between the
grains of LTP/LATP. Its presence significantly reduces the grain boundary impedance
and therefore facilitates inter-grain transport. Inspired by the Brick Layer model [11-
13] one may propose that IL occupies the space between the LTP/LATP grains and
provides a coupling [10].

The above hypothesis is based on the following evidences: (i) lonic liquid cations and
anions though exist in a molten state, the possibility of their contribution to electrical
transport is rather weak in the current case. In such a compact and mechanically dense
system, the long-range diffusive motion of ions with large radii [14] appears unlikely.
The grain-grain interface is crowded with big IL ions. Thus, the possibility of electrical

transport along the grain boundaries only due to IL is also less.

(if) Z" vs o behaviour for the LTP-IL composites exhibits no new relaxation peak
corresponding to IL. This strongly suggests that IL does not undergo any conductivity
relaxation. Further, a notably small value of Z" again compliments the possibility that
IL facilitates Li* ion conduction across the grain boundaries. The subtle but notable
relaxation peaks in the composite correspond only to mobile Li* ions.

(iii) In various systems (e.g., polymers, perovskites, glass-ceramics) IL incorporation
leads to enhanced electrical transport [7, 15-16]. In polymer-based electrolyte systems,
it is known that IL acts like a plasticizer and its role is to facilitate host ionic motion.
For e.g., in some Mg?* ion-containing gel polymer electrolytes, Mg?* ions transference
number dramatically increases only when IL occupies the host matrix [17]. Kwatek et
al. [10] in their investigation on IL dispersed LTP/LATP suggested the role of IL in
coupling the grains. In the present work as shown in the SEM image, the IL occupies
the space in the matrix uniformly thus likely to facilitate inter-grain transport of small

ions such as Li*.

(iv) The characteristic temperature dependence of conductivity for various pristine
ionic liquids in a wide range of temperatures was systematically studied by Stoppa et
al. [18]. According to which the ILs viz., EMIMBF4, BMIMBF4, HMIMBF etc. follow
Vogel-Fulcher-Tammann behaviour. Unlike the pristine ILs, in the present case, all the
samples exhibit Arrhenius behaviour and thus rules out the possibility of long range

diffusive contribution of IL ion to the electrical transport.
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(v) At temperatures less than the IL freezing, a notable fall suggests that the regions at
the grain boundaries, Li* ion migration is no longer supported by IL. Possibly, the
frozen IL acts like an insulating barrier for Li* ion migration. On further cooling, even
the thermally activated behaviour vanishes thus the total conductivity reaches
saturation. On the other hand, at a temperature close to the decomposition of IL,
conductivity again falls drastically to a value of LTP. This drastic fall (due to IL

decomposition) further confirms IL’s role in facilitating Li* ion transport.

(vi) The low activation energy for ionic transport as seen for high IL content samples
matches well with the bulk conductivity of LTP as reported in various studies that

further compliments the proposed model.

(vii) The electrochemical characterization does suggest a stable voltage and
corresponding current only in the case of the cells with IL-LTP/LATP composites. Such
stability is not seen for cells with IL alone as an electrolyte. This further suggests a
predominant role of Li* ions in transport [19,10].

The above observations strongly suggest that IL ions have very low mobility and
therefore do not act as mobile ions. However, their presence at the interfaces reduces
the grain boundary impedance and offers moderate energy barriers for mobile Li* ions

conduction.

The above tentative mechanism needs further verification with more theoretical inputs,

and new practical studies with different ILs.

3.7 Summary

(1 It has been demonstrated that IL-LTP/LATP composites are thermally and
electrochemically stable and exhibit high ionic conductivity at room
temperature.

(i)  The LATP-IL composites show superior performance compared to LTP-I1L
composites.

(iii)  Importantly, in both cases of LTP and LATP, the IL content in the matrix is
small, and the “solid-state of the electrolyte” is also preserved.

(iv)  The present investigation suggests that these composites essentially behave
like Li*ion conductors, and the role of IL is to facilitate electrical transport
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[3]

[4]
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by lowering the barriers for Li* ion movement, and providing inter-grain

coupling.

(V) It is encouraging to note that these composites are extremely stable with
lithium and LiCoOz. Therefore, with proper engineering of the interfaces
and electrolyte thickness/contact area, high power lithium cells can be
developed.

References

Z. Jiang, L. Yuehua, C. Han, Z. He, W. Meng, L. Dai, and L. Wang, “K doping
on Li site enables LiTi2(PO4)3/C excellent lithium storage performance,” Solid
State lonics, wvol. 341, no. April, p. 115036, 2019, doi:
10.1016/j.55i.2019.115036.

N. Sharma and A. Dalvi, “Vanadium substituted Li*-NASICON systems:
Tailoring electronic conductivity for electrode applications,” Journal of Alloys
and Compounds, vol. 861, p. 157954, 2021, doi: 10.1016/j.jallcom.2020.157954.

M. Rathore, A. Dalvi, A. Kumar, W.Tubowska, and J. L. Nowinski, “Ionic liquid
dispersed Li* ion oxide glasses and glass-ceramics: Assessment of electrical
transport and thermal stability,” Solid State lonics, vol. 282, pp. 76-81, 2015,
doi: 10.1016/j.ssi.2015.09.028.

A. L. Saroj, R. K. Singh, and S. Chandra, “Thermal, vibrational, and dielectric
studies on PVP/LiBFs+ionic liquid [EMIM][BF4]-based polymer electrolyte
films,” Journal of Physics and Chemistry of Solids, vol. 75, no. 7, pp. 849-857,
2014, doi: 10.1016/j.jpcs.2014.02.005.

K. Soeda, M. Yamagata, and M. Ishikawa, “Outstanding features of alginate-
based gel electrolyte with ionic liquid for electric double layer capacitors,”
Journal of Power Sources, vol. 280, pp. 565-572, 2015, doi:
10.1016/j.jpowsour.2015.01.144.

C. Maton, N. De Vos, and C. V. Stevens, “lonic liquid thermal stabilities:
Decomposition mechanisms and analysis tools,” Chemical Society Reviews, vol.
42, no. 13, pp. 5963-5977, 2013, doi: 10.1039/c3cs60071h.

R. Kaswan, M. D. Singh, S. Chandrasekara Sivasubramanian, and A. Dalvi,

95



LTP-IL composites Chapter 3

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

“Preparation and characterization of novel solid electrolytes based on [EMIM]
BF4 and lithium nitrate confined silica gels,” Electrochimica Acta, vol. 323, p.
134841, 2019, doi: 10.1016/j.electacta.2019.134841.

K. G. S. Pannu, T. Pannu, T. Fiirstenhaupt, and V. Thangadurai, “Electrical
properties of ionic liquid and double perovskite-type metal oxide composites -
A new method to tailor grain-boundary impedance of ceramic electrolytes,”
Solid State lonics, vol. 232, pp. 106-111, 2013, doi: 10.1016/j.ssi.2012.11.009.

D. E. Sonja Laubach, Stefan Laubach, Peter C. Schmidt, K. N. Stefan Schmid,
Wolfram Jaegermann, Andreas Thilen, and and H. Ehrenberge, “Changes in the
crystal and electronic structure of LiCoO2 and LiNiOz upon Li intercalation and
de-intercalation,” Physical Chemistry Chemical Physics, vol. 11, pp. 3278-3289,
20009.

K. Kwatek and J. L. Nowinski, “Electrical properties of LiTi2(PO4)s and
Liz3Alo3Ti17(PO4)ssolid electrolytes containing ionic liquid,” Solid State lonics,
vol. 302, pp. 54-60, 2017, doi: 10.1016/j.si.2016.11.020.

N. J. Kidner, N. H. Perry, T. O. Mason, and E. J. Garboczi, “The brick layer
model revisited: Introducing the nano-grain composite model,” Journal of the
American Ceramic Society, vol. 91, no. 6, pp. 1733-1746, 2008, doi:
10.1111/j.1551-2916.2008.02445 .x.

A. Mertens, S. Yu, N. Schon, D. C. Gunduz, H. Tempel, R. Schierholz, F.
Hausen, H. Kungl, J. Granwehr, and R. A. Eichel, “Superionic bulk conductivity
in Li13AlosTi17(PO4)s solid electrolyte,” Solid State lonics, vol. 309, no. April,
pp. 180-186, 2017, doi: 10.1016/j.ssi.2017.07.023.

H. Chung and B. Kang, “Increase in grain boundary ionic conductivity of
Li1sAlosGe15(POas)s by adding excess lithium,” Solid State lonics, vol. 263, pp.
125-130, 2014, doi: 10.1016/j.ss1.2014.05.016.

A. Borun and A. Bald, “Ionic association and conductance of ionic liquids in
dichloromethane at temperatures from 278.15 to 303.15 K,” lonics, vol. 22, no.
6, pp. 859-867, 2016, doi: 10.1007/s11581-015-1613-x.

R. Kaswan, S. C. Sivasubramanian, Y. Kumar, and A. Dalvi, “Conductivity and

96



LTP-IL composites Chapter 3

[16]

[17]

[18]

[19]

Capacitance Studies of Silica Glass Composites Containing [BMIM] Brand LiCl
Keywords : Sol-gel process; Lithium Silica glasses; electrical conductivity ;

high capacitance ; ionic liquids .,” pp. 1-48.

P. Dabas and K. Hariharan, “Influence of an ionic liquid on the conduction
characteristics of lithium niobophosphate glass,” AIP Conference Proceedings,
vol. 1512, pp. 584-585, 2013, doi: 10.1063/1.4791172.

G. P. Pandey, Y. Kumar, and S. A. Hashmi, “lonic liquid incorporated PEO
based polymer electrolyte for electrical double layer capacitors: A comparative
study with lithium and magnesium systems,” Solid State lonics, vol. 190, no. 1,
pp. 93-98, 2011, doi: 10.1016/j.ssi.2011.03.018.

A. Stoppa, O. Zech, W. Kunz, and R. Buchner, “The conductivity of
imidazolium-based ionic liquids from (-35 to 195) °c. A. variation of cations
alkyl chain,” Journal of Chemical and Engineering Data, vol. 55, no. 5, pp.
1768-1773, 2010, doi: 10.1021/je900789;j.

N. Sharma and A. Dalvi, “Mechanical milling assisted synthesis of novel
LiTi2(POa)s3-glass-ceramic nanocomposites,” Journal of Non-Crystalline Solids,
vol. 483, no. September 2017, pp. 126-133, 2018, doi:
10.1016/j.jnoncrysol.2018.01.016.

97



Chapter 4

Li*-NASICONs-IL Composites as Electrolyte for Solid-
State Supercapacitors”

In the previous chapter, we discussed about ionic conductivity enhancement
mechanism for IL-LTP/LATP composites along with their application as electrolytes
in Solid-State Batteries (SSBs). In this chapter, these electrolytes have been explored

for application to solid-state supercapacitors (SSCs).

For this work, three different ILs have been explored viz., EMIMBFs, EMIMCF3SOs,
and BMIMBF4 to synthesize the corresponding composites with LTP and LATP
(Liz3AlosTi17(PO4)3). The supercapacitor fabrication process and electrode preparation
have been discussed in detail in chapter 2. This chapter provides a thorough
characterization of developed all-solid-state supercapacitors (SSCs). The role of IL ions
and Li* ions from the NASICON framework in the device performance has been
assessed in detail. Thus, the chapter attempts to explore how the electrical conductivity
of the composite electrolyte correlates with the performance of supercapacitors. The
work therefore elaborates the influencing factors affecting the device performance.

The composites are labelled as LTP/LATP-xIL, where x is the weight percentage of IL
added to the matrix and x is fixed to 13 wt% as that corresponds to the maximum weight

percentage of IL that can be added without any leakage etc. as discussed in chapter 3.

* Parts of the results of this chapter are published in: G. Kaur, S. C. Sivasubramanian, A. Dalvi,
“Solid-state supercapacitors using ionic liquid dispersed Li*-NASICONs as electrolytes”,
Electrochimica Acta. 434 (2022) 141311.
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4.1. Li*-NASICONSs-IL solid composite electrolyte characterization

The HT-XRD has been carried out on pristine LATP (Fig. 4.1(a)) and LATP-13IL (IL-
EMIMBF,) (Fig. 4.1(b)) in a wide temperature range (30- 500 °C). All the peaks related
to LATP match well with the literature reported values and even after the addition of
IL there is no shift in peak positions and no new crystalline compound formation was
observed [1]. The HT-XRD for LTP and LTP-13 EMIMBF4 have been shown in
chapter 3 [2-3].

30°C
2 v LATP —100¢

Y 200 °C

=300 °C
Y —400 “C
500°C

v

Y

Intensity (arb. units)

Intensity (arb. units)

25 30 35 40
26 (degrees)

30 35 40
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Fig. 4.1(a) HT-XRD patterns for pristine Fig. 4.1(b) HT-XRD patterns for LATP-
sol-gel derived LATP. 13 EMIMBF..

The electrical conductivity values at three different temperatures for compositions
containing LTP and LATP dispersed with various ILs are shown in Fig. 4.2(a) and Fig.
4.2(b), respectively. It is evident that for every composition the conductivity rises with
temperature. Also, (i) dispersion of EMIMBFs in LTP/LATP leads to better
conductivity, and (ii) LATP-based composites exhibit relatively better electrical
conductivity than those of LTP-based composites. A maximum conductivity of 1.7x10"
3 lem™ at 40 °C is achieved for LATP dispersed with 13 wt. % of IL (EMIMBFa).
This is possibly due to the relatively smaller cation/anion size of EMIMBF4 as
compared to the other two ILs [4-5]. Thus, ionic radii of the IL seem to play an
important role here. It may be therefore suggested that the ceramic, as well as the IL
content in the composite influence the electrical transport. The conductivity in these IL

dispersed composites was found to be quite adequate for electrolytic applications.
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Fig. 4.2(a) Electrical conductivity at three  Fig. 4.2(b) Electrical conductivity at
different temperatures for LTP with three different temperatures for LATP
different ILs (13 wt%o). with different ILs (13 wt%b).

Fig. 4.3(a) and 4.3(b) show FESEM images for LATP and LATP-13 EMIMBF4,
respectively. Importantly, these sol-gel derived NASICONs exhibit a porous structure
with a typical grain size of 170-200 nm. Further, in the composites, IL fills the pores as
evident in Fig. 4.3(b).

500 nm

Fig. 4.3(a) FESEM image of the as Fig. 4.3(b) FESEM image of LATP-13
prepared LATP. EMIMBF, composite.

4.2 Activated Charcoal (electrode) characterization

The commercially procured activated charcoal (AC) was first characterized by BET
surface area measurements. The Nz adsorption-desorption isotherm and pore size
distribution of the activated charcoal powder are shown in Fig. 4.4(a) and 4.4(b).
According to the IUPAC classification, the material shows the type I isotherm [6]. The
steep rising behaviour for P/Po < 0.005 of the isotherm, suggests a major Nz uptake,
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followed by a moderate rise in adsorption for the whole range of P/Po. The steep rise in
the curve (below P/Po < 0.005) depicts a predominant microporous structure. The
gradual increase in adsorption over a long range (0.1 < P/Po< 1) suggests the presence
of mesopores with narrow pore size distribution. Micropores distribution (MP) plot for
activated charcoal shows distribution maxima at ~0.6-0.8 nm. The pore size distribution
was calculated using the BJH method and the specific area calculated from the linear
form of the BET equation (inset of Fig. 4.4(a)) is found to be ~1050 m?/g. The total
pore volume (Vp) and average pore diameter (Vd) were found to be ~0.58 cm®/gm and

~2.25 nm, respectively.

The FESEM images of the top surface of the deposited activated charcoal exhibit a
quite homogeneous distribution of pores as seen in Fig. 4.4(c). These results suggest

the suitability of the activated charcoal for SSC fabrication.
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Fig. 4.4(a) Nitrogen adsorption- Fig. 4.4(b) Micropore distribution plot
desorption isotherm curve of the  Of theactivated charcoal.

activated charcoal (inset: linear fitting
with the BET equation).

Fig. 4.4(c) FESEM image for the activated
charcoal deposited on copper collector.
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4.3 SSC Characterization

SSCs were fabricated using different composites containing LTP/ LATP dispersed with
different ILs and the electrochemical properties were studied at room temperature (~35
°C). All the devices have been fabricated using electrodes having mass loading of ~1.2
mg/cm?. Firstly, the Nyquist plots in a frequency range of 10 mHz to 0.1 MHz for
various SSCs having different composite electrolytes are shown in Fig. 4.5. All the
SSCs with various composite electrolytes, exhibit a semicircle (more apparent on the
extended scale in the inset) followed by a steep vertical line which confirms the
supercapacitor formation. The high-frequency features give the bulk and interfacial
charge transfer characteristics, and the steep vertical line at the low frequency region
shows the predominant capacitive nature of the cells. As apparent in the insets of Fig.
4.5(a) and 4.5(b), the bulk resistance (Rv), charge-transfer resistance (Rct), and a
resistive contribution corresponding to ion diffusion, i.e., Warburg impedance(W)
regions are marked in the Nyquist plots [7]. The total cell impedance also termed
equivalent series resistance (ESR) of the overall device (ESR) comprised of R, Ret, and
W, can be inferred from the intercept of the vertical line on the Z' (real) axis. The charge
transfer process corresponding to Re: is faradaic in nature and not expected in electric
double layer supercapacitors (EDLCs). However, notable small values suggest weak
faradic reactions at the electrode-electrolyte interface, as reported previously in some
EDLCs [8]. Further, the Warburg nature is also observed in the mid-frequency region,
which suggests a diffusive mechanism at the interface, i.e., from bulk to the pores of

activated charcoal, as reported earlier [8].
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Fig. 4.5(a) Nyquist plots (10 mHz-0.1
MHz) for SSCs having different IL
dispersed LTPs as electrolyte. For
comparison, thickness and area of the
cross-section are kept the same for all
the SSCs.

Fig. 4.5(b) Nyquist plots (10 mHz-0.1
MHz) for SSCs having different IL
dispersed LATPs as electrolyte. For
comparison, thickness and area of the
cross-section are kept the same for all
the SSCs.
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The Nyquist plots (Fig. 4.5(a) and 4.5(b)) have been fitted using the equivalent circuit
given in Fig. 4.5(d). The circuit fits well with many of the gel-based supercapacitors
reported earlier [9]. The data obtained from fitting as in Fig. 4.5(d) have higher values
of Rp than Rct. Rp and Rct have the lowest values for the best conducting electrolyte and

gradually increase as the conductivity of the electrolyte decreases.

It is interesting to observe that with a decrease in the ionic radii of IL ions, the ESR
gradually decreases, and the low frequency vertical line appears steeper. Smaller ions
possibly contribute more significantly to the capacitor action. Secondly, the
conductivity of ceramic (LTP/LATP) also seems to affect the Nyquist plots, i.e., low
ESR and steeper low frequency inclined line is again observed for better conducting
ceramic (LATP). Nyquist plots thus suggest a role of IL as well as Li* NASICON in
facilitating the charge storage process. This is further examined. The imaginary (C")
part of the capacitance values are obtained from the following equations [9-11]:

-Z' (w)
w 1Z12

C'(w) = (4.1)

As seen in Fig. 4.5 (c), the C" versus o apparently exhibits a relaxation that corresponds
to the charge storage process in the electrode pores [8]. The peak gradually shifts
towards high frequency when the conductivity of the SSC composite electrolyte
increases. This suggests that charges take a relatively smaller time to reach the pores
for the capacitive action [12]. This again suggests the role of electrolyte conductivity

in the charge storage process.
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Fig. 4.5(c) Imaginary capacitance (C*’) of  Fig. 4.5(d) Equivalent circuit for SSCs.
SSCs as a function of frequency.
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The electrochemical performance of the SSCs has been recorded at room temperature
(=35 °C) and the optimal voltage of these cells was obtained from the CV. Fig. 4.6(a)
and 4.6(b) show CV scans (10 mV/s) for different ionic liquid composites with LTP
and LATP, respectively. The CV scans in the range of 0-1 V for all the composites
show appreciable hysteresis which suggests substantial charge storage ability in these
devices. The absence of any noticeable oxidation-reduction peak suggests the formation
of EDLC. When LTP is replaced with LATP, a significant increase in the area under
the CV scans is observed, which indicates a substantial increase in charge storage
ability. Also, for fixed LTP/LATP incorporation of different ILs exhibits interesting
results. The shapes of the CVs are more rectangular for better conducting electrolyte in
the SSC. Thus, the fast ionic transport in the electrolyte also enables significant charge
transfer at the interface. It may be inferred from the area under the CV curve that the
SSCs having IL EMIMBF4 in the LATP do exhibit maximum storage capacity. These
results again confirm the ideal capacitor nature of the cells as also suggested by Nyquist
plots. Further, these results strongly suggest that both Li*-NASICON and IL content in
the electrolyte matrix play an important role in the ionic activity at the interface, thus

in supercapacitor formation.
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Fig. 4.6(a) CV scans for the SSCs  Fig. 4.6(b) CV scans for the SSCs
having electrolyte as different IL ~ having electrolyte as different IL

dispersed LTPs at a scan rate of 10 ~ dispersed LATPs at a scan rate of 10
mV/s. mV/s.

To further evaluate the device’s capability for charge storage CV scans were obtained

at 10 mV/s in a voltage range of 0-1 V for subsequent 100 cycles Fig. 4.6(c). A constant
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current response is observed up to 1 V with a smooth featureless profile, which suggests
a predominantly non-faradic event in cycling and is typical of an electric double layer
capacitor (EDLC) nature.

Further, the CV patterns for the cell containing the highest conducting composite
LATP-13 EMIMBF4 have been recorded by gradually increasing the voltage range up
to 1.8 V as seen in Fig. 4.6 (d). With an increasing voltage limit, the shape of the CV
curves almost remains box-like, up to a value of ~ 1.5 V, above which a notable
deviation is witnessed. Hence further studies were carried out up to ~ 1 V only, below
which the features are quite stable and reproducible.

—— Istcycle 3F—isv
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Fig. 4.6(d) CV scans (at 10 mV/s) of
SSC for LATP-13 EMIMBF, for
different voltage ranges.

Fig. 4.6(c) CV scans of SSC having
LATP-13 EMIMBF; electrolyte up to
100 cycles. Typical EDLC nature is
witnessed.

The galvanostatic charge-discharge (GCD) cycling was carried out for the cells with
different IL-LTP/LATP composites as electrolytes. The GCD cycles obtained are
shown in Fig. 4.7(a) and 4.7(b) for SSC with LTP and LATP-containing composites
with different ILs as electrolytes, respectively. Similarly, the SSC containing LATP-13
EMIMBF4 composite GCD cycles are separately shown at different current densities
(0.11-1.7 A-g}) Fig. 4.7(c).

From these plots, different performance parameters such as specific capacitance (F-
g ), specific energy (Wh-kg?), specific power (W-kg?), and equivalent series
resistance (ESR) (Q cm?) were obtained to study quantitative analysis for the SSCs

using the following relations.

The overall device capacitance is given by:
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C =

_ 14t
av

(4.2)

where At is the discharge time in seconds, AV is the voltage window of the discharge

cycle. This window excludes IR drop.
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Fig. 4.7(c) GCD curves of LATP-13 EMIM BF, for the 10™ cycle at different
currents ranging from 0.11-1.7 A-g! at 1 V with areal current densities

mentioned in brackets.
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The specific capacitance (F-g) per electrode is calculated from the discharging curve

as:

C, = —< (4.3)

Mtotal

where mwtal IS the total mass of active material (in grams) on the electrodes.

Moreover, the specific energy (Wh-kg™) for the device is calculated as:

1 cv)?
236 Meotal

(4.4)

For the device, the specific power (W-kg™?) is obtained using the following equation:

p — 3600°E (4.5)

At

In addition, the equivalent series resistance (ESR) is also obtained from the initial

voltage drop 4V;; and discharge current | (A) during the discharge cycle as:

AV R
21

ESR = (4.6)

Further, the coulomb efficiency (nce) obtained from charging and discharging time is
given by:

UCE — Atdischarge X 100 (47)

Atcharge

For comparison, the areal capacitance (F-cm) of the device is obtained by dividing (1)

by the electrode area (A):

=14 (4.8)

AV A

Further, the energy density (Wh-cm™) is obtained from the areal capacitance of the

device as follows:

_ 1 c@v)?
Eq=35.—0 (4.9)
and the power density (W-cm2) obtained for the device is given as:
p, =395 (4.10)

At
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It is evident from Fig. 4.7(a) and 4.7(b) that the discharge cycle for all the cells is linear,
and the discharging time is relatively higher in the case of cells with better conducting
electrolyte. For a fixed IL content, cells with LATP exhibit a notably longer discharge
time. Also, as seen in Nyquist plots and CV cycles of these cells, the smaller the size
of IL ions, the higher the discharging time. Therefore, it appears that both Li*-
NASICON and IL affect the GCD profile of cells. Specific capacitance (Cs) and other
parameters obtained for all the cells having different electrolyte composites are
tabulated (Table 4.1). The areal capacitance values with specific energy and power

density values are also reported in Table 4.2.

Table 4.1 Electrical conductivity, specific capacitance, energy, power, ESR, and
coulomb efficiency for the SSCs with compositions containing different ILs
dispersed LTP and LATP as an electrolyte. The range is specified for Cs, E, and
P, and (*) represents values for a typical SSC used in the analysis that is close to

the average performance of SSCs.

Electrolyte | o Cs E P ESR Tce
composition | (Q*cm?) | (F-g?) (Wh-kg?h) | (W-kg?h) | (Q cm?) (0.65
mA-cm”

From From IS | /0.56A-
GCD g%

LTP-13 4.18x10* | 127-131 4.0-4.13 | 136* 36 | (47) | 94%

EMIM BF, 129* 4.07*

LTP-13 1.72x10% | 113-117 2.68-2.77 | 115* 133* | (124) | 95%

EMIM 115* 2.7*

CF3SO3

LTP-13 8.48x10° | 70-74 1.43-1.51 | 110* 177* | (168) | 88%

BMIM BF,4 7% 1.5%

LATP-13 1.72x10° | 179-184 6.08-6.14 | 140* 12* | (18) 99%

EMIMBF, 181* 6.1*

LATP-13 6.01x10* | 157-161 4.94-5.06 | 134* 37* | (27) | 85%

EMIM 159*% 4.98*

CF3SO3

LATP-13 2.39x10*% | 126-130 3.70-3.82 | 128* 61* | (58) | 95%

BMIM BF,4 128* 3.7*

The highest value of specific capacitance, specific energy, and specific power has been
observed for the SSCs having LATP-13 EMIMBF4 composite as an electrolyte that

exhibits superior conductivity. Further, the ESR values (calculated using IR drop)
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match quite well with those obtained from Nyquist plots. The ESR gradually decreases
when (i) IL with relatively smaller radii ions are introduced in the electrolyte and also
when (ii) Li*-NASICON conductivity is high, i.e., LTP is replaced by LATP.

Interesting to note that the ESR for these SSC cells is found to be quite low and
comparable to those of gels [12-14] and some liquid electrolyte [15-17] based EDLCs.

Table 4.2 Areal capacitance, energy, and power density values for the SSCs with

compositions containing different ILs dispersed LTP and LATP as an electrolyte.

Areal Ea (UWh-cm2) Pa (UW-cm?)
Electrolyte Capacitance
composition (mF-cm?)
From GCD
LTP-13 EMIMBF, 74 9.3 310
LTP-13 EMIMCF3SO3 65.6 6.23 267
LTP-13 BMIMBF, 414 3.4 249
LATP-13 EMIMBF, 104 14 321
LATP-13 EMIMCF3SO3 90.7 11.4 308
LATP-13 BMIMBF,4 73.4 8.62 290

Galvanostatic charge-discharge cycles were also performed for the cells containing
LATP-13 EMIMBF4 composite electrolyte at various current densities from 0.11-1.7
A-gt (areal currents of 0.13-1.95 mA/cm?) as shown in Fig. 4.7(c). The discharge is
almost linear for higher currents and suggests predominantly electric double layer
capacitor (EDLC) behavior. Apparently, the IR drop during discharge reduces
gradually with decreasing discharge current density. As expected, for smaller discharge
currents it takes a longer time to discharge. Fig. 4.7(d) shows a variation of coulomb
efficiency (nce) with discharge currents. It initially rises notably with discharge currents
and further saturates to ~ 97-99 % for | > 0.34 A/g. The GCD curves were also obtained
for different cut-off voltages essentially to optimize the operating voltage limits (Fig.
4.7e). Beyond 1 V, the columbic efficiency values decrease rapidly along with a
substantial increase in the ESR. These results along with CV curves suggest that the

optimal operating voltage is close to ~1 V for these devices.
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Fig. 4.7(e) GCD curves of LATP-13
EMIM BF, for different voltage ranges.

An interesting correlation is seen between the conductivity and Cs (Fig. 4.7f). With a

rise in the conductivity of the electrolyte, cell performance dramatically improves.

Electrochemical cycling stability was also examined and the SSCs exhibited

satisfactory performance. For the SSC having electrolyte that showed the best

performance Fig. 4.7(g) shows potential versus specific capacitance for different

charging-discharging cycles. The discharge characteristics remain the same even after

~13000 cycles. The specific capacitance and ESR for these cycles are also shown as a

function of cycle number in Fig. 4.7(h).
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having electrolyte LATP-13 EMIMBF4. INSET: coulomb efficiency vs cycle number
up to 13000 cycles.

The specific capacitance remains almost constant around ~180 F-g* for nearly 1500
cycles, subsequently decreasing very slowly to ~110 F-g* at ~13000 cycles. Further,
the ESR value rises in initial cycles and then decreases continuously afterward with a
value of 14 Q cm? up to ~13000 cycles. This is consistent with the specific capacitance.
The cells show a coulomb efficiency of around 99% throughout the charging-
discharging up to ~13000 cycles indicating excellent electrochemical stability and a
stable electrode-electrolyte interface. After ~7000 and ~13000 cycles, the capacitance
is found to be able to sustain 81% and 61% of its initial value. This again confirms

excellent cycling performance.

Fig. 4.7 (i) shows that with an increase in temperature, capacitance increases rapidly.
Thus, the rise may be attributed to the enhanced conductivity of the composite
electrolyte, which in turn facilitates ionic diffusion at the interface. Interestingly, the
capacitance value reaches ~640 F-g* at 100 °C. Further on cooling, the cell attains
almost the same capacitance value at room temperature which suggests excellent
thermal stability of the SSCs. Coulomb efficiency, however, generally decreases with
a temperature rise, from 98.5% at 50 °C to 71% at 100 °C. On cooling, the cell attains

almost the same value. The coulomb efficiency and capacity retention are also plotted
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(in the inset of Fig. 4.7(i)) at 35 °C after each heating cycle. Almost the same coulomb
efficiency is obtained with nearly 100% capacity retention at least up to ~10 cycles.
Fig. 4.7(j) shows the Ragone plot for the cells for comparison. The cell with LATP- 13
EMIMBF4 electrolyte exhibits the highest specific energy and power of 9 Wh-kg? (at
0.11 A/g) and 280 W-kg* (at 1.13 A/g), respectively among the three.
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Fig. 4.7(i) Specific capacitance rise and

Fig. 4.7(J) Ragone plot for SSCs having
decay cycle between 30 °C - 100 °C.

IL dispersed LATP composites.

To demonstrate the practical applicability of the SSCs, the series combination of two
cells having LATP-13 EMIMBF4 as an electrolyte has been used to glow a white LED
(3V) asseen in Fig. 4.8(a). The LED during direct discharge could glow for ~30 minutes
at a fairly low temperature of ~ 15 °C. However, for SSCs having only IL EMIMBF4
as electrolyte supported in Whatman filter paper (1), this LED could glow only for ~5
minutes (Fig. 4.8b) which readily suggests the importance of Li*-NASICON in the
device performance in this geometry.

Fig. 4.8(a) Glow of LED using two-coin cells Fig. 4.8(b) Glow of LED using two-coin

(having LATP-13 EMIM BF4 as electrolyte) cells (having only EMIMBF,
connected in series. electrolyte) connected in series.
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The results may be summarized as (i) the composites consisting of LTP / LATP and
various ILs show excellent conductivity at room temperature, and (ii) the cells
fabricated using these exhibits excellent stability against cycling. It is important to
explore a tentative mechanism, i.e., the role of various ions in the composite in
supercapacitor action and performance. The mobile ions in the composites viz. Li*, and
cation/anion of ILs that are indeed weakly bonded to the matrix. Thus, the following

possibilities may be suggested, supported by the present experimental observations:

* The electrochemical characterization suggests predominantly electric double layer
capacitor (EDLC) behavior of the supercapacitors, particularly at higher (> 0.56 A/g)
discharge currents. At very low currents (e.g., at 0.11 A/g) however, the SSCs possibly
exhibit faradic charge transfer at the interface, and thus pseudo effects are noticed (Fig.
4.7¢). The conductivity of the composite electrolyte influences the performance of the
device (Fig. 4.7f). Because of high ionic conductivity, the electroactive species can
reach the electrode-electrolyte interface relatively faster and contribute to charge

storage. This has also been complemented by the C"-w relaxation.

« The Li* ions possibly act as capacitor ions. When LTP is replaced by a relatively
better Li* ion conducting system- LATP, the device performance improves notably.
Also, the addition of IL enhances device performance further in both cases; this is
supported by our work on IL-LTP composites. IL presence in such composites
essentially lowers the energy barriers for mobile Li* ions and facilitates long-range Li*

ion migration in the matrix.

* Further, results also suggest that the type/size of IL ions also seem to influence device
performance. They exist uniformly in the matrix and also at the electrode-electrolyte
interface. It was also seen in the present study that SSC cells with relatively smaller IL
ions exhibit better storage ability, and the variation of cation, as well as anion size,
plays a crucial role in EDLC performance. Thus, the IL ions also contribute to capacitor

action as their short-range migration is not unlikely.

 The cells consisting of pure IL electrolytes (without the ceramic host) do exhibit

capacitor action, but their device performance is quite poor.

In view of the above facts, it may be suggested that Li* ions from the host and IL ions

both contribute to capacitor action. More detailed studies are further required.
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4.4 Summary

(i) IL dispersed NASICON solid composites having high electrical conductivity have
been successfully used as electrolytes for solid-state supercapacitors. These electrolytes

are stable under supercapacitor conditions.

(i) High specific capacitance values have been obtained by varying IL and NASICON
in the composite. The specific (gravimetric) and areal parameters found are much

improved than reported before for many ionogels and gel-based electrolytes.

(111) The electrical conductivity of the electrolyte influences the device’s performance.
An interesting correlation suggests that IL cation and anion, along with mobile Li* ions
actively contribute to predominant electric double-layer capacitance at the interface. At
lower currents, weak pseudo-capacitive behaviour is witnessed that needs further

investigation.

(iv) The long cycling stability with high coulomb efficiency has been obtained showing
the electrochemical stability of the device. These cells are stable at least up to ~100 °C
with remarkably high specific capacitance values. The promising energy storage
capability of the device has been shown by glowing an LED for ~30 minutes. The
higher surface area activated charcoal, if used (>1050 m?/ g) may further improve the

performance parameters.

(v) Present work strongly emphasizes the role of Li* conducting ceramic host matrix

in the supercapacitor performance.
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Chapter 5

Li13AlosTi 7(PO4)s-EMIMBFs electrolyte  with  wide
thermal stability for SSCs

In Chapters 3 and 4, we have discussed LTP/LATP-IL composites and observed
enhancement in conductivity. A tentative mechanism for ionic transport was also
proposed. Also, it was revealed that among all the composites LATP-13 EMIMBF4
exhibits the highest ionic conductivity. These composites were explored for electrolytic

application in solid-state batteries (SSBs) and solid-state supercapacitors (SSCs).

This chapter emphasizes applying composite as an electrolyte in solid-state
supercapacitors for wide thermal stability applications. To the best of the literature
explored, the high as well as low temperature application of supercapacitors has not got
sufficient emphasis so far. No supercapacitors specific to high temperature

requirements exist in the market.

In this work, LATP-13 EMIMBF4 composite has been used as an electrolyte
considering its high conductivity and the electrochemical stability window. The
supercapacitors are fabricated in different geometries according to their need in various
applications. The SSCs have been developed to demonstrate the versatility of the novel
IL-NASICON composite for its potential to adopt various geometries.

*Part of the results of this chapter are filed in an Indian patent by A. Dalvi, G. Kaur, S. C.
Sivasubramanian, “Development of Lii3AlosTi17(PO4)s-EMIMBF4 nanocomposite electrolyte with

wide thermal stability for all-solid-state supercapacitors”, No. 202211047554, August 2022.
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5.1. Activated Charcoal (electrode) characterization

For the SSCs under investigation, a relatively high surface area activated charcoal was
used. The surface area and pore size distribution of activated charcoal for the electrodes
were measured by using the BET (Brunauer Emmett Teller) technique (BELSORP-
MINI X) [1]. Fig. 5.1(a) shows the predominant microporous structure along with the
presence of mesopores [2-3]. The distribution maxima are observable at a pore diameter
of 0.7 nm (Fig. 5.1b). The specific area calculated from the linear form of the BET
equation (inset of Fig. 5.1a) is found to be ~1450 m?/g. The total pore volume (Vp) and
average pore diameter (Vd) were found to be ~0.68 cm®/g and ~1.85 nm, respectively.
Secondly, electrodes for the supercapacitors were made using this high surface area
(1500+100 m?/g) activated charcoal (AC) along with a binder (PVDF-HFP) and a

conductive material acetylene black (AB).
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Fig. 5.1(a) Nitrogen adsorption-desorption  Fig. 5.1(b) Micropore distribution plot
isotherm curve of the activated charcoal of the activated charcoal.
(inset: linear fitting with the BET equation).

5.2 Description of three geometries

Using a high surface area (1500+100 m?/g), activated carbon the supercapacitors based
on the composite electrolytes were prepared in various geometries. All the devices have
been fabricated using electrodes having mass loading of ~1.2 mg/cm?. The fabrication
process of these geometries has been discussed in chapter 2 and their importance is

elaborated here.

) Coin cell Fabrication: This is one of the nicely packed cell geometry

conventionally used for supercapacitors. This can be used in applications
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where a coin or button cell is required. In this geometry, the supercapacitor
configuration gets packed properly with good contacts between electrodes
and electrolytes thus giving less resistance. Since the cell is fully packed, it
remains moisture free and good to go for a long lifetime retaining excellent
mechanical stability. Since conventional liquid/gel electrolyte-based
supercapacitors use this geometry, it was used primarily for comparison
[4].

For the IL-LATP composites, this geometry is found to be suitable for a
temperature range of -10 to 100 °C. For temperatures > 100 °C, the 2032
cell case material is not stable. For proper assessment of the potential of the
developed material, for temperature > 100 °C Swagelok geometry was used.

(1) Swagelok Assembly: This is a very bare and simple geometry that has been
used in the present work for the high-temperature characterization of
supercapacitors. The Swagelok cell was developed using Teflon material
essentially to test device performance for temperatures > 100 °C to 300 °C.

(111)  Laminated Supercapacitors: This fabrication method is best suitable for

developing these composite powder-based supercapacitors in a reasonably
thin form [5-6]. The laminated ceramic supercapacitor is the first time being
reported. It is found to be a cost-effective fabrication process that provides
good contact between electrodes and electrolytes. This method has been
used for SSC operations in a temperature range of 35 °C to 70 °C.

Importantly, limitations are only due to the lamination sheet.

5.3 Important results for different geometries

Q) Coin cell Fabrication:
100
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Fig. 5.2 (a) The Nyquist plot and corresponding equivalent circuit for SSC at
different temperatures having LATP-13 EMIMBF, composite as an electrolyte.
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Fig. 5.2 (a) shows the Nyquist plot for SSC having LATP-13 EMIMBF4 composite as
an electrolyte in a frequency range of 10 mHz to 0.1 MHz from -10 °C to 100 °C. The
nature of these plots confirms the supercapacitor formation [4,7-8]. The impedance
nature is intact from -10 °C to 100 °C and it improves as the temperature approaches
100 °C. The equivalent circuit is given in the figure [9]. The results readily suggest that

the interface is stable under such a temperature variation.
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Fig. 5.2 (b) The Nyquist plot and equivalent circuit for SSC for composites with
different IL percentage at 100 °C.

Fig. 5.2(b) gives the Nyquist plot (frequency range of 10 mHz to 0.1 MHz) for SSC
having different weight percentages of ionic liquid EMIM BF4 in the composite
containing LATP and EMIMBF4 operating at 100 °C. It shows that IL is effective at a
lower weight percentage too, but was with a slightly high equivalent series resistance
(ESR), and spur at lower frequencies deviating from ‘vertical-line-like’ linearity. Thus,
the optimized IL content of 10-13 wt% was found to be effective. Important to mention
that we have not added IL beyond 13 wt% as it spills out from the pellet. Further, the
amount is deliberately kept as low as possible so as not to compromise the ‘solid state’
of our electrolyte composite [4,10]. We have achieved a high ionic conductivity of >
10 Qlcm™ near room temperature for this composite having 13 wt% of IL, and quite

a small value of ESR is witnessed in the devices based on these composites.
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Fig. 5.2 (c) CV scans for SSC at -10 °C up to 100 cycles.

Fig. 5.2(c) shows the cyclic voltammetry (CV) scans at -10 °C obtained at 10 mV/s to
evaluate the device’s capability for charge storage at such a low temperature. With
electrolyte LATP-13 EMIMBF4 composite the performance of the supercapacitor is
noticeable even after 100 cycles, and the CV scans are intact with a reproducible and
constant current response. Further, the box-like featureless profile confirms that the
supercapacitors predominantly exhibit an ‘electric-double-layer’ type energy storage
process. Furthermore, an appreciably large area under the curve again suggests

significant charge storage.
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Fig. 5.2 (d) CV scans for SSC at 100 °C up to 100 cycles.
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Fig. 5.2(d) demonstrates similar performance (CV) at 100 °C for supercapacitor having
LATP-13 EMIMBF4 composite as an electrolyte. At a scan rate 10 mV/s a more box-
like feature-less profile is visible with intact and reproducible scans at least up to 100
cycles. The charge storage ability increases at higher temperatures due to improved

ionic activity at the interface as expected.
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Fig. 5.2 (e) Galvanostatic charge-discharge (at 0.56 A/g) cycles for SSCs at low
temperatures.

Fig. 5.2(e) shows the Galvanostatic charge-discharge (GCD) cycles for the
supercapacitor at current density 0.56 A/g for two temperatures viz. -10 °C and 0 °C.
Interestingly, the discharge time is quite large, even at such a low temperature. Further,
the ESR is quite nominal. The nature of the curves shows predominantly the EDLC

behaviour of the supercapacitor.
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Fig. 5.2 (f) Galvanostatic charge-discharge (at 0.56 A/g) cycles for the SSCs at 35 °C
and 100 °C.
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Fig. 5.2 (f) shows the GCD cycles at room temperature (~35 °C) and 100 °C at a current
density of 0.56 A/g. The discharge time shows a rise as the temperature increases, which
is in agreement with the CV profile. The value of ESR further drops down as compared
to low temperature results shown in Fig. 5.2 (e). An important observation is the nature
of the charge-discharge cycle that deviates from the ideal triangular shape when the
device operates at 100 °C. This may be due to some pseudo capacitive effects. High
temperature possibly facilitates chemical reaction or some charge transfer at the

interface.

The different performance parameters obtained from these two GCD plots for the coin
cells are tabulated (Table 1).

Table 5.1: Specific capacitance (Cs), specific energy (E), specific power (P),
equivalent series resistance (ESR), and coulombic efficiency (nce) for the SSCs of
the composite LATP-13 EMIMBF; as an electrolyte at different temperatures
(operating current and voltage are ImA and 1V respectively). The range is
specified for Cs and (*) represents values for a typical SSC used in the analysis

that is close to the average performance of the SSC.

Interestingly, Cs, E, and P have a very appreciable value even at -10 °C.

Temperature Cs E P ESR TNce
-1 -1 2
(Flg) (Wh-kg™) | (W-kg™) (Q cm) (0.65 mA-
cm
/0.56A-g™)
-10 °C 270-278 8* 131* 58* 97%
274*
0°C 281-289 8.5* 130* 62* 92%
285*
35°C 411-417 14* 140* 14* 99%
415*
100 °C 1150-1250 40* 141* 23* 87%
1205*
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Table 5.2: Areal capacitance, energy, and power density values for the SSCs with
LATP-13 EMIMBF4 as electrolyte at different temperatures. The range is
specified for Areal capacitance and (*) represents values for a typical SSC used in

the analysis that is close to the average performance of the SSC.

Temperature

Areal Capacitance
(mF-cm™)
(From GCD)

Es (MWh-cm™2)

Ps (UW-cm™2)

-10 °C

154-159
157*

18.5*

297*

0°C

158-162
160*

19*

298*

35°C

235-240
238*

29*

320*

100 °C

660-720
690*

90*

317*
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Fig. 5.2 (g) Comparison of conductivity and Cs value of the composites with

different IL content.

Fig. 5.2(g) gives the Cs value for the SSC and conductivity of the composites of
different IL contents. As the IL content increases, the Cs value and the conductivity
both exhibit a rise. A systematic correlation between the conductivity of electrolyte and

capacitance is thus observed. The Csvalue sees a good rise in value as the IL amount in

the composite increases from 5 to 13 wt%.
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Fig. 5.2 (h) GCD curves for SSC up to 100
100 GCD cycles at 35 °C.

cycles at 35 °C.

Fig 5.2(h) gives the Galvanostatic Charge Discharge (GCD) curves up to 100 cycles
(current density 0.56 A/g) for supercapacitor at ~ 35 °C having LATP-13 EMIMBF4
composite as electrolyte. The cycles follow a constant pattern till 100 cycles and with
negligible drop-in discharging time. Further, Fig 5.2(i) gives the Cs vs discharge cycle
number for the first 100 cycles at ~ 35 °C for supercapacitor having LATP-13
EMIMBF4 composite as electrolyte and shows that Cs remains almost constant around
a value ~415 F/g with a good columbic efficiency close to ~99 % throughout as shown
in the inset. This readily indicates excellent electrochemical stability and a stable

electrode-electrolyte interface.
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Fig. 5.2 (j) GCD curves for SSC up to Fig. 5.2 (k) Cs vs Cycle number for first
100 cycles at -10 °C. 100 cycles at -10 °C.

To further explore the device stability in adverse temperature conditions, GCD cycling
was done at -10 °C as shown in Fig. 5.2(j) which gives the GCD curves up to 100 cycles
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(current density 0.56 A/g) for the supercapacitor. Here GCD cycles are again stable and
exhibit a continuous pattern with no specific change in the feature. Also, Fig. 5.2(k)
shows the Cs vs cycle number for 100 cycles at -10°C. The Cs value remains almost
constant around a value of ~275 F/g with appreciable columbic efficiency throughout
(~98%) the cycle (inset). The nature of the graph demonstrates excellent

electrochemical stability and a stable electrode-electrolyte interface even at such low

temperatures.
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Fig. 5.2 (I) GCD curves for SSC up to Fig. 5.2 (m) Csvs Cycle number for first
~30 cycles at 100 °C. 30 cycles at 100 °C.

The SSC device was again examined at 100 °C. Fig. 5.2(l) depicts the GCD curves up
to ~30 cycles (current density 0.56 A/g) for the supercapacitor at 100 °C. The cycles
exhibit almost a continuous trend without any deviation even at such a high
temperature. The Cs vs cycle number for 30 cycles at 100 °C is shown in Fig. 5.2 (m).
As apparent, the Cs value remains almost constant to an appreciably high value around
~1200 F/g, and with good efficiency as shown in the inset. This indicates excellent
electrochemical stability and a stable electrode-electrolyte interface. Moreover, the
electrolyte is not only stable but also does not react with the electrode. This stability of

the electrolyte and electrode-electrolyte interface leads to stable SSC performance.
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Fig. 5.2 (n) The current density dependence of the specific capacitance for the
supercapacitor at 2 V is shown. It can be seen that very high Cs values are obtained for
low current densities, and even at high current densities the Cs values are quite

significant. The trend is the same even at high temperature with the plot shifting

upwards as Cs values rise.
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In Fig. 5.2(0) Ragone plot for supercapacitor at different temperatures is shown in a
voltage range of 0-2 V. The Specific energy (E) and specific power (P) values are
appreciable from room temperature to 100 °C. At low specific power of 272 W/kg one
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observes a high value of specific energy of 87 Wh/kg at 35 °C. Further, with increasing
power output, the specific energy decreases. Higher values are obtained at high
temperature with the plot shifting upwards with temperature rise. The highest specific
energy and power of 145 Wh/kg (at 0.57 A/g) and 2012 W/kg (at 5.67 A/g), respectively
at 100 °C. The coulombic efficiency as a function of current density is shown here at
35 °C and 100 °C for a voltage range of 0-2 V (Fig. 5.2 (p)). Coulombic efficiency rises
from low to higher current densities and then saturates to 99 %.

(1)  Swagelok Assembly:
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Fig. 5.3 (a) Nyquist plot for SSC in
Swagelok  assembly at different
temperatures.

Potential (V)

Fig. 53 (b) CV scans for SSC at
different temperatures in Swagelok
assembly.

Fig. 5.3(a) Nyquist plot at 35 °C and 175 °C (10 mHz-0.1 MHz) shows the
supercapacitor formation for different temperatures. The equivalent circuit is given in
the figure. In this fabrication method, the resistance is seen to be slightly high as
compared to observed in SSC fabricated using the other two methods as it is a simple
bare Swagelok geometry without any efforts to improve the contacts further. It is used
only to show the performance of the SSC at temperatures > 100 °C where the other
holders/ coin cell cases are not stable. CV scans (10 mV/s) give good charge storage
capacity without any noticeable faradic process as shown in Fig. 5.3(b). The CV scan
shows appreciable charge storage capacity without any distortion in the peak shape at

175 °C which makes the device capable of working at very high temperatures.
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Fig. 5.3 (c) GCD cycles for SSCs at 35 °C Fig. 5.3 (d) Cs vs cycle number at 175 °C.
and 175 °C.

The GCD cycles (at 0.56 A/g) for SSC at different temperatures in Swagelok assembly
are shown in Fig. 5.3(c). The discharge time is quite large with a slightly high value of
ESR as compared to SSC in coin cell fabrication. As has been already discussed above
that it’s a simple bare Swagelok geometry and resistance is more for device in this
geometry so the rise in ESR is expected. However, it improves with an increase in
temperature. To further explore the stability of the device at high temperature GCD
cycling was performed up to 100 cycles at 175 °C and Cs vs cycle number has been
plotted and shown in Fig. 5.3 (d). It can be seen that even after 100 cycles at such a
high temperature the device performance is appreciable with a good Cs value of 170
F/g. The Inset of Fig. 5.3 (d) shows capacity retention with cycle number for the same
supercapacitor at the same conditions which depicts that after 100 GCD cycles SSC
attains 60% capacity retention.
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Fig. 5.3 (e) Csvalues at room temperature after heating at 175 °C.
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Fig. 5.3(e) shows that the Cs value even at 175 °C is quite appreciable in this simple
bare Swagelok geometry too which shows the high-temperature stability of this
electrolyte material under supercapacitor conditions. On cooling down to room
temperature, the device is seen to be still working with a high Cs value of around 200
F/g. Also, even after 100 GCD cycles at 175 °C and then cooling to 35 °C the device is
nicely working and has an appreciable value of capacitance. So, in this particular
geometry at 175 °C it is possible to obtain a significant value of capacitance, and with
a fairly high, stable value. On cooling, however, the value exhibits a subtle drop at room

temperature.
Annealing of the device at higher temperatures and effect on performance:

Further to explore the thermal stability of the layered/sandwiched geometry beyond 175
°C the devices were annealed to specific high temperatures for 30 minutes and then
furnace cooled to 35 °C and tested with their working condition using electrochemical
characterization viz. impedance, CV, and GCD. These cells after annealing and cooling

were fabricated in Swagelok geometry for studies.
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Fig. 5.4 (a) Nyquist plot for annealed Fig. 5.4 (b) CV scans for annealed SSCs
SSCs at room temperature. at room temperature.

Nyquist plot (10 mHz - 0.1 MHz) for supercapacitors annealed at high temperatures is
shown in Fig. 5.4(a). With increase in annealing temperature resistance increases,
however, the impedance nature is intact even after annealing up to 300 °C. The CV
scans of SSC at room temperature after annealing at various temperatures at a scan rate
of 10 mV/s. CV scans show good charge capacity (Fig. 5.4(b)). There are a few features

in the CV scans which may be due to pseudo capacitive behavior initiated due to high
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temperature treatment. High temperature annealing promotes diffusion across the
interface and thus a charge transfer.
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GCD (at 0.56 A/g) cycles at room temperature for SSCs after annealing at high
temperatures show good discharge time as shown in Fig. 5.4(c). Interestingly, the
discharging time is significant even after annealing the SSC between 175 °C-300 °C.
Fig. 5.4(d) gives specific capacitance at different annealed temperatures and even after

annealing up to 300 °C the device shows an appreciably high Cs value of ~ 170 F/g.

after 175 °C after 200 °C

after 250 °C after 300 °C

Fig. 5.4 (e) Supercapacitors after annealing at higher temperatures.

Fig. 5.4(e) shows picture of the condition of supercapacitors annealed up to 300 °C.

There is not much change in their geometry. There are no significant swelling effects
observed and the interfacial contacts also remain good.
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Fig. 5.5(a) illustrates the Nyquist plot (frequency range of 10 mHz to 0.1 MHz) at two

different temperatures with an equivalent circuit. In this fabrication method, the

supercapacitor nature is clearly defined with very less resistance. So, the contact

between electrodes and electrolyte is very reliable in this geometry. CV scans of SSC

at different temperatures at a scan rate of 10 mV/s show a featureless profile with good

charge storage ability (Fig. 5.5(b)).

= 35°C
s 70°C
LATP-13 EMIM BF |

Potential (V)

0.2

0.0

400 600 800
Time (sec)

0 200

Fig. 5.5 (c) GCD cycles for laminated SSC.

420
Cs (Heating) s
400 O Cs (Cooling) ¥ Z
) o
E 380 27
@ o
@) S
360 F 52 7
340} © LATP-13 EMIM BF4

40 50 60 70
Temperature (°C)

Fig. 5.5 (d) Cs value as observed after
cycling.

Fig. 5.5(c) shows GCD (at 0.56 A/g) cycles for SSCs at 35 °C and 70 °C. It shows
substantial discharge time, that again increases with temperature rise. The EDLC nature

132



SSCs for wide temperature application Chapter 5

is prominent. It is important to note that ESR is very less in this geometry which means
good interfacial contacts and thus compliments the impedance results. Fig. 5.5(d) gives
specific capacitance for the heating and cooling cycle of a laminated supercapacitor. It
shows the Cs with temperature rise when the device is heated. Also, even after cooling
to room temperature, the device exhibited almost the same capacitance which implies
that the device does not get damaged or degraded even after heating up to 70 °C. Also,

the electrode-electrolyte interface is stable.

Fig. 5.5 (e) Laminated SSC picture before and after heating.

Fig. 5.5(e) shows that the device after heating up to 70 °C is in good condition. The
layered stack which undergoes lamination, leads to a remarkable supercapacitor. The
interfacial contacts are appreciable. The self-sustained geometry has significantly low

mass than the 2032-coin cell geometry or the Swagelok assembly.

5.4 Summary

(i) Work in this chapter demonstrates the use of LATP-IL composites in
supercapacitors (SSCs). The amount of IL in the composites is small; thus, the

solid state is not compromised.
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(ii) These SSCs can withstand a temperature from as low as -10 °C to as high as
300 °C.

(iii) Application of these composites to supercapacitor technology is quite flexible.
It has been demonstrated that supercapacitors in three different geometries
exhibit excellent performance.

(iv) We have shown that in the coin cell geometry, the SSCs work quite efficiently
in a temperature range of -10 °C to 100 °C. SSC at 100 °C in coin cells shows
very high values of Cs (~1200 F/g at current density 0.57 A/g), E (145Wh/kg at
current density 0.57 A/g), and P (2000 W/kg at current density 5.67 A/g) and
operating voltage of 2 V. The high-temperature limit is only due to the materials
used in the coin cell casings.

(v) SSC in Swagelok assembly works efficiently up to ~175 °C with high Cs values.
This geometry is used only to demonstrate the application potential of the
composites at high temperatures. Degradation in the performance near 175 °C
is attributed again to the quality of the material used in the Swagelok cell.

(vi) For the first time, laminated ceramic supercapacitors have also been developed
in this work. Direct use of ceramics in the supercapacitors has been shown in a
simple sandwich geometry cell prepared using a simple hot roll laminator. This
method also proved to be economically very efficient.

(vii) High temperature annealing effects on these supercapacitors are quite novel.
Annealing of the SSC at ~ 300 °C does not lead to any significant degradation.
The subtle change in the values is due to copper oxidation. We have shown that
these composites do not swell, or degrade when treated at higher temperatures.
Thus, the electrode-electrolyte interface is quite stable.
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Chapter 6”

lonic Liquid-garnet composites for Solid State Batteries
(SSBs) and Solid State Supercapacitors (SSCs)

In this chapter, the effect of ionic liquid (IL) dispersion on LALZO
(Lis.7sAlo2sLasZr2012) garnet has been studied. Different ILs viz. EMIMBFa,
EMIMCF3SO3, and BMIMBF4 have been added in small amounts to garnet. The
composites are labelled as LALZO-XIL, where x varies from 0.1 to 7 weight percentage
of IL. Compositions with IL > 6 wt% have been avoided to maintain the solid-state
nature of the electrolytes. The electrical (mainly conductivity-structure correlations),
thermal (thermal stability), and structural properties of the composites have been
discussed in detail.

The composites have been further explored as potential electrolytes for Li-ion batteries
and supercapacitors. The synthesis of the electrodes and the fabrication process have

been discussed in detail in chapter 2.

* Parts of the results of this chapter are published in: G. Kaur, S. Sharma, M. D. Singh, K. S. Nalwa,
S. C. Sivasubramanian, A. Dalvi, “lonic liquid composites with garnet-type Lig7sAlo2sLazZr012:
Stability, electrical transport, and potential for energy storage applications”, Material Chemistry and
Physics.
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6.1 FESEM

FESEM images of the pristine LALZO and LALZO-IL composite are shown in Fig.
6.1. Sol-gel derived LALZO exhibit grains of uniform size of ~80-100nm with no
aggregations (Fig. 6.1(b)). In composite (Fig. 6.1(c)), ionic liquid appears dispersed
uniformly in the matrix, surrounding the LALZO crystallites. The IL fills the pores and

connects the grains with each other.

Fig. 6.1(a) The IL-LALZO as prepared pellet used for electrical transport studies
6.1(b) FESEM image of powders of pristine LALZO and 6.1(c) LALZO dispersed with
ionic liquid (6wt%o) at equal magnification.

6.2 Electrical Transport

At the outset, Nyquist plots for samples with low (LALZO-0.1 EMIMBF4) and high
(LALZO-6 EMIMBF4) IL content are shown in Fig. 6.2(a) and 6.2(b), respectively.
These spectra exhibit a similar pattern, consisting of a depressed semicircle at higher
frequencies followed by a tail at lower frequencies. The tail is more prominent and the
semicircle is relatively depressed in the case of a relatively high (6wt%) IL content

sample.
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Fig 6.2 (a) Nyquist plots for LALZ0O-0.1 Fig 6.2 (b) Nyquist plots for LALZO-6
EMIMBF,with equivalent circuit in the EMIMBF,with equivalent circuit in the
inset. inset.

The depressed semicircle consists of two merged-up semicircles, which may be
attributed to impedance corresponding to bulk (high frequency) and grain-grain
interface (low frequency) contributions. The equivalent circuits are also shown for both
composites. The interfacial polarization though seen at the lower frequencies is not
prominent (Fig. 6.2(a)), which may be attributed to ion intercalation in the partially
non-blocking graphite electrodes. Polarization is relatively prominent in the high IL
content samples. The total dc conductivity was obtained from the low-frequency
intersection of the semicircle to the Z'" axis (Fig. 6.2(a) and 6.2(b)).

The variation of conductivity (obtained from the Nyquist plot) with the IL content
(Wt%) is plotted in Fig. 6.3(a) for three different temperatures. It can be seen that with
an increase in IL content, conductivity increases rapidly initially and exhibits a plateau
above ~2 wt%, attaining a practically constant value. In the case of recently investigated
LTP-IL composites, a relatively higher amount of IL was required (10-13 wt%) for the

conductivity to reach the highest saturated value [1-2].

Fig. 6.3(b) shows the total conductivity (steady state) variation with temperature for all
the IL-LALZO composites in a temperature range of 30-165 °C. Conductivity exhibits
linear (Arrhenius) behaviour. The curves almost overlap for IL content > 4 wt% Thus,
the highest conductivity (of ~4x10* Qcm™) is seen for the sample with 6 wt% IL

content.
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As evident in the inset of Fig. 6.3(b) the pristine garnet pellet exhibits a relatively low
conductivity value with a higher activation energy of 0.25 eV. It is also observed that
for composites with varied IL content, the activation energy remains almost constant,
around a value, of 0.10 = 0.02 eV. Thus, it is noticed that incorporating IL lowers the
energy barriers for Li* ions migration. For pure Li* garnets, in-grain (bulk) activation
energies have been reported in arange 0.1-0.6eV in various studies [3]. Such a moderate
activation energy, as in present case, is seen for superionic solids e.g. a-Agl (above 147

°C) a-Li2SO4 (above 575°C) RbAgals [3] near room temperature.

Such a noticeably low, activation energy in the IL-LALZO composites could also be
due to migration of Li* ions along the IL-LALZO interface bypassing the bulk (in grain)
regions. This is similar to polymer-garnet composites where a very low activation
energy of 0.07 eV is reported, and attributed to Li* ion migration along the PEO-garnet
interface [4]. Such a small value also suggest possibility of (i) saturation in the Li*ion
concentration and/or (ii) high Li* ion mobility in presence of ionic liquid.

It is evident that a large variation in the conductivity is observed with a small change
in the IL content in the LALZO matrix. Thus, a small quantity of the IL (2-6 wt%) is

sufficient for a conductivity enhancement.
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Fig 6.3 (c) Electrical conductivity at three different temperatures for LALZO with
different ILs. Amount fixed to ~ 6 wt% in the LALZO matrix.

It is again interesting to see how ionic liquids of different types when added to the
LALZO matrix, influence the electrical transport (Fig. 6.3(c)). Interestingly, the size of
the anion, as well as the cation (of the IL), plays a role in tailoring conductivity. As
discussed in our previous work, NASICON-IL composites have also shown varied
conductivity trends for different ionic liquids. For example, about 13 wt% of EMIMBF4
in the LATP/LTP matrix exhibited a maximum conductivity, attributed to the relatively
smaller cation/anion size of EMIMBFs as compared to the other two ILs viz
EMIMCF3S03 and BMIMBF4. The maximum conductivity has been observed for the
LALZO-6 EMIMBF4 composite, as seen in Fig. 6.3(c). Thus, smaller cation/anion size

leads to a better rise in electrical transport.

6.3 Thermal Stability Investigations

The in-situ high-temperature XRD patterns obtained for pristine LALZO and LALZO-

IL composite are shown in Fig. 6.4(a) and 6.4(b), respectively for three different
temperatures.
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The peaks corresponding to LALZO match well with the literature-reported values [5],
and the overall XRD patterns suggest a predominant cubic phase in LALZO. There are
some unknown peaks, possibly due to the presence of the tetragonal phase (t-LALZO)
along with Li2COs but in small amounts. The lattice parameter obtained (a = 12.95 A)
is comparable to cubic LALZO reported earlier [6]. All the peaks remain intact at their
positions, even at higher temperatures. Furthermore, there is no new peak observed
after the addition of IL to the LALZO, even at higher temperatures (Fig. 6.4(b)). This
readily suggests that the LALZO phase in the composite is stable at elevated
temperatures, and there is no evidence of any new crystalline compound formation due

to the addition of IL. Further the IL addition does not distort the unit cell of LALZO.

FTIR and Raman spectra have been obtained to comprehend the nature of chemical
bonding in the LALZO-IL composite and also to evaluate the way ionic liquid occupies
the space within the LALZO matrix, thus creating possible new bonds, complexation,

etc. A combination of Raman and FT-IR covers a wide energy range.
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Fig 6.5 (a) FTIR in Attenuated total = Fig 6.5 (b) Raman spectra for LALZO
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pristine LALZO, and the LALZO-1L  (Inset: for EMIM BF.).

composite.

FTIR spectra for LALZO, LALZO-6 EMIMBFs, and EMIMBF4 are compared in Fig.
6.5(a), and similarly, Fig. 6.5(b) shows the Raman shifts up to 1200 cm™. The pristine
LALZO shows absorption bands only at 1438 cm™ and 863 ¢cm!; this observation,
combined with the Raman shift at 1094 cm!, suggests the presence of impurity Li2CO:s.
The weak and broad nature of these peaks again indicates that Li2COs3 precipitation is

in small amounts and also distributed in a variety of environments. Further, the IR
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spectrum of pure EMIMBF4 is produced for comparison; of the many absorption bands
in this spectrum, the dominant peak at 1049 cm™ corresponds to the asymmetric
vibration of the B-F bond and the one at 1180 cm™ is due to the C-N stretching vibration
of the imidazolium ring. A careful observation of the IR spectrum of the composite
(shown in the middle) suggests that the absorption bands of the composite are either
that of the LALZO or that of IL and no new absorption band is visible. This shows there
is no possibility of any complexation or new bond formation in the composite, and the
IL is adsorbed on the surface of LALZO only by weak forces.

The Raman shifts of LALZO prepared for this study interestingly provide some
additional information. From the literature, we understand that in this case, the shifts,
particularly apparent at < 300 cm correspond to the vibrations of the LiOs octahedral
unit. Further, the shifts in the range 300-550 cm™ may be assigned to vibrational
bending modes of the LiOa tetrahedral unit, and the shifts above 550 cm™ belong to the
vibrations of the ZrOs octahedral unit [7]. All these peaks are visible in Fig. 6.5(b) (top
spectrum), however, compared to the spectra reported for pure cubic phase in literature,
in our case some peaks are split, suggesting the tetragonal phase may also be present at
a much smaller concentration. Looking at Fig 6.5(b)-middle spectrum, we see the peaks
discussed just above for pristine LALZO become broader with a subtle but significant
red shift in the case of the composite. This broadening of peaks and their shift towards
lower wavenumber strongly suggests (i) Li-O bonds are in a variety of environments
(distributed environment) and, (ii) the bond weakening, i.e., the Li-O bonds are possibly
getting elongated after the addition of IL in the matrix.

Thus, HT-XRD, FTIR along with Raman studies, suggest (i) due to IL addition, there
is no other phase formation or chemical reaction leading to strong complexation; the IL
is weakly adsorbed on the surface of LALZO providing a liquid-like environment
(similar to amorphous structures) where the Li-O bonds are weakened; (ii) the presence
of tetragonal phase of LALZO and lithium carbonate at trace levels cannot be ruled out;
Even in the presence of these substances the conductivity values are substantially

enhanced. The thermal analysis studies further confirm this proposition.
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Fig 6.6 (a) TGA plots for LALZO and LALZO-6 EMIM BF.. Inset: TGA plot
for EMIM BF,.

In Fig. 6.6(a) the TGA results of LALZO are compared with the LALZO-6 EMIMBF4
composite. The pristine LALZO does not show any sudden weight loss; The small and
gradual weight loss seen in the plot can be attributed to the slow removal of trace
amounts of water and other organic moieties used during preparation and adsorbed on
the surface of garnet [5]. In the case of LALZO-6 EMIM BF4 composite, there is slight
weight loss near 100 °C which may again be attributed to water evaporation. Further, a
noticeable gradual weight loss initiates at T > 200 °C. As evident in the inset, the TGA
of pristine IL exhibits a weight loss process at relatively higher temperatures (inset, Fig.
6.6(a)). Further, for pristine IL the weight loss around 400 °C is massive. On the other
hand, for the composite, this weight loss may be attributed to the removal of adsorbed
IL (or surface water) which is prolonged and gradual. This suggests in the composites,
the IL is not bound by a unique strong chemical bond but held up by the adsorption of

forces of different magnitudes.

This phenomenon has been again examined using differential scanning calorimetry
(Fig. 6.6(b)). A small endothermic dip below ~100 °C for Pristine LALZO is due to
water/solvent evaporation as also explained in the TGA thermogram. There are no other
major peaks observed in pristine LALZO up to ~500 °C. On the other hand,
surprisingly, for LALZO-6 EMIMBF4 and LALZO-6 BMIMBF4 exothermic broad
peaks are seen around 200 °C which may be attributed to the gradual desorption of IL
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and the consequent strengthening/ordering of other chemical bonds on the surface of

garnet.
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composite with different ILs. Inset: DSC from DSC for composites having
plot of first and second heating cycle for LALZO and different ILs.
LALZO-6 EMIMBF..

In LALZO-6 EMIMCF3SO3 composite this thermal event takes place above ~300 °C.
The second heating cycle for LALZO-6 EMIMBFais surprisingly featureless (inset Fig.
6.6(b)) and suggests an irreversible process of the process at the LALZO grain-grain
interface. Thus, the desorbed IL does not form a bond with the LALZO surface again.
In Fig. 6.6(c) enthalpy obtained corresponding to these exothermic peaks for these
composites is plotted with composition. The behaviour shows that LALZO-6
EMIMBF4 exhibits the highest enthalpy value among the three composites. Higher
enthalpy release is suggestive of better strengthening of other bonds on the surface (for
example Li ion — Garnet bonds) after desorption; and this process is better in EMIMBF4
compared to other ILs. The exothermic peak indicates that disorder at the IL-grain
interface. The exothermic peaks are weak, broad and suggest a slow ordering
transformation. It appears that adsorption gives rise to an amorphous
environment/domain at the grain-IL-grain interface that slowly transforms into a
ordered phase above certain temperatures. IR-Raman studies are in conformity with
DSC/TGA studies. The enthalpy obtained for these composites from DSC correlate
well with the obtained conductivity values and suggest a major role of amorphous

regions/ domains in facilitating the electrical transport.
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In our earlier studies on LTP and LATP IL composites we found the adsorption of IL
on the surface of these materials is a sort of physisorption [2,8]. The thermos-
gravimetric plots of LTP and LATP-IL composites almost mimic the characteristics of
pristine IL, suggesting no strong bonding of IL at the interface. Unlike LALZO —IL
composites exhibit stronger adsorption with a wide range of distributed bond strengths.
The irreversible DSC thermogram also suggests a strong possibility of chemisorption.
Further, during the formation of the composite, these new bonds between the IL and
the garnet surface may consequently weaken the bonds of lithium with LALZO on its
surface thus increasing the conductivity of the Li* ion. We have said the broad
exothermic peak seen in DSC is due to the ordering process after IL is desorbed, in
which the lithium bonds are strengthened. This is further examined using dynamic
conductivity studies.

6.4 Conductivity- structure correlation

To correlate the structural changes as suggested by DSC/TGA and other experiments
with the electrical transport, dynamic conductivity measurements were performed
where the electrical conductivity was measured at a typical heating rate of 1 °C/min
from room temperature to a temperature T > Tc, where Tc is the onset point of

exothermic transformation (as observed in DSC).

60000
LALZO- 6 EMIM BF, = () min
& < 10 min
50000 @ 20 min
30 min
40000 | ¢ 40 min
—_ * 50 min
B , e} (o .
g1E»5 3 o after . = Z 30000 b 60 m!n
° e before heating o, [—\ 0) v 70 min
Oo 20000 | =
1E-6 %0, «
10000
N L L L
1.6 1.8 2 2.2
8 0 -
1000/T (K™) 0 10000 20000 30000 40000 50000 60000

7' (Q)

Fig 6.7 (a) The dynamic conductivity Fig 6.7 (b) Nyquist plot for LALZO-6
temperature cycles for LALZO-6 EMIMBF, at 220 ° C.

EMIM BF, composite in a temperature
range of 30-340 °C.
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Fig. 6.7(a) shows the temperature dependence of dynamic conductivity for LALZO-6
EMIM BFa4. This observation is aligned with the thermal events suggested by DSC and
TGA. The plot is divided into three regions; the conductivity rises linearly in region-I,
gradually decreases initially, and falls rapidly at 181°C (region-I1I). Further, it exhibits
a dip at 190°C, and in region Il1, it rises almost Arrheniusly with a relatively higher
slope. The fall in the conductivity may be attributed to ordering (strengthening of
lithium bonds) at the IL-LALZO interface. As ordered phase is less favorable for the
electric transport. It is also likely that due to the irreversible nature of chemisorption,
the desorbed products lead to a less conductive layer at the LALZO interface. Above
the dip (T~238 °C) the conductivity rise is due to the electrical transport in LALZO via
less conductive layer of grain-grain interface. The sample is then furnace cooled, and
the second heating cycle is also performed. Conductivity again increases Arrheniusly
with relatively higher slope (activation energy). No thermal events are observed in
region-11, and the cycle almost matches the conductivity of the degraded LALZO-IL
above T~ 250°C. The above results suggest irreversible nature of the conductivity
above ~200°C. The behaviour of the conductivity is therefore aligned with the thermal
events suggested by DSC and TGA.

To further investigate the effect of thermal events on electrical properties, another
experiment was performed in which conductivity isotherms were obtained at T~ Tc
(around >200 °C) i.e., at a temperature close to the onset of the exothermic peak
observed in the DSC. The dynamic Nyquist plots were obtained as shown (in Fig.
6.7(b)) for the LALZO-6 EMIMBF4 composite. The diameter of the semicircle
observed with time gradually increases and almost saturates at later times. The
conductivity (from semicircle diameter) at >200 °C is plotted with time (Fig. 6.7(c)).
Apparently, it falls rapidly initially and stabilizes subsequently to a constant value. This
fall in conductivity is more prominent in the case of the composite containing higher
IL content. The conductivity Ao (ratio of conductivity at t=0 (i) to the saturated value
(os)) obtained from Fig. 6.7(c) is plotted with the enthalpy content of the exothermic
peak as shown in the inset of Fig. 6.7(c). Higher drop in the conductivity thus correlates

well with corresponding higher enthalpy change.
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The electrical, structural, and thermal studies combined suggest the following

qualitative mechanism for the electrical transport in these composites:

(i)

(i)

(iii)

lonic liquid essentially lies at the LALZO grain-grain interface. It does not
react as such with the LALZO massively. This insertion, however, leads to
IL’s chemisorption on the surfaces. The adsorption also leads to localized
amorphous regions between the grains, providing an electrical coupling and
smooth long-range diffusive inter-grain transport. Consequent to the
chemisorption, the weakening of bonds that bind the lithium ions to the solid
happens thus enhancing the lithium ion mobility.

During heating above a specific temperature, desorption occurs, and energy
is released. The nature of this thermal event is irreversible (justified using
the TGA and DSC results), where the desorbed ionic liquid (unlike the
pristine one) does not lead to a sudden decomposition or weight loss.

The desorption leads to either strengthening of mobile Li* ion bonding with
the host matrix and/or may also lead to the possible formation of an
undesired ionically insulating layer due to the formation of some unknown
compound leading to poor conductivity at elevated temperatures. In any
case, such a desorbed layer thus decouples the grain-grain interface. If the
IL content is relatively high in the matrix, conductivity reaches a lower value
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above Tc. This also suggests that desorbed compound/impure IL is less
conductive in nature.

(iv)  Theions of the IL are not mobile. Their contribution to long-range diffusive
motion is not likely due to dense structure and bigger ionic size. Still, their
small ionic size provides better adsorption, possibly on the surface. This
may be the reason for the high ionic conductivity observed in ILs with

smaller ionic radii.

These results are starkly different from that of LTP-IL composites where possibly
physisorption leads to relatively weak bonding, and the process of absorption—desorption
of ionic liquid on the surface is reversible [1]. To validate the above hypothesis, we may
need further sophisticated IL-LALZO interface studies.

6.5 Electrochemical characterization in battery configuration

The LALZO-6IL composite was tested as an electrolyte for batteries. Fig. 6.8 (a) shows the
galvanostatic charge discharge (GCD) cycle for the lithium cell LFP//LALZO-6IL//Li at
0.1 C and 0.5 C discharge rates. The cell was charged using constant current-voltage mode,

followed by discharge at constant current and ~ 30 minutes of rest time.
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Fig 6.8 (a) GCD cycle for lithium cell ~ Fig 6.8 (b) Discharge capacity versus cycle
at different discharge rate. number.

As evident in Fig 6.8(a), the cell shows IR overpotential of ~ 0.5 V at the first cycle.
This could be due to the interfacial contact issues between cathode and LALZO-IL
electrolyte. In all the discharge cycles a reasonably wide discharge-plateau is witnessed
which is a typical characteristic of lithium cell. The very first charge-discharge cycle

appears irreversible with low coulombic efficiency. Even though the LALZO conducts
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only Li" ions, presence of IL ions, viz EMIM* and BF4 may lead to the formation of a
complex SEI layer at the interface. During charging along with the Li* ions, the IL
cations (EMIM®) are directed towards Lithium anode may form complexes that are
irreversible in nature. Such a formation may be responsible for low coulombic
efficiency. Nevertheless, a coulombic efficiency of ~100% is witnessed in the later
cycles. Such a behaviour also suggests that the SEI layers become stable at later times
and Li* ions are the majority charge carriers. The cell shows an initial discharge
capacity of 89 mAh-gat 0.1C rate with a stable discharge plateau of 3.34V (Fig.
6.8(a)). Furthermore, as apparent in Fig. 6.8(b), the capacity is almost stable, and
comparable to recent report on PEO-LLZTO based Li/LFP battery [9,10].

Based on the initial investigations, the LALZO-6IL electrolyte appears suitable at least
for low-power devices. However, there is a scope for improvement by enhancing the
mechanical stability of the composite, reducing the thickness of the electrolyte pellet,
and improving the interface between the electrode and electrolyte by using suitable

electrodes.

Finally, it is worth comparing the ionic liquid-garnet composite with the conductive
ceramic filler (Bismuth doped LLZO particles) based polymer electrolyte (PEO-
LiTFSI). In a study by Villa et al. [11], various experimental investigations were used
to demonstrate that the ionic conductivity is primarily regulated by 'highly conductive
transport channels' at the interface of the polymer-filler particles. As a result, at low
temperatures where the interface resistance is high, the conductivity is also low.
Conversely, the interface conductivity becomes significant for high temperatures close
to the polymer's melting point. This leads to inter-grain ionic transport and enhanced
ionic conductivity of the composite. In the present work, where ionic liquid occupies
the matrix in place of polymer, the LALZO grains are well connected due to the
presence of IL, and high ionic conductivity is witnessed in a reasonably wide range of
temperatures. Compared to polymers, ionic liquids possess higher thermal stability.
Therefore, the ‘conductive channels’ in this case have a different nature. However, there
is still a similarity. Low ionic conductivity is witnessed when the IL-ceramic interface
is degraded. Therefore, the ion conductive transport channels [11] at the interface
possibly play an important role in controlling inter-grain ionic transport, similar to
ceramic-polymer composites. In future work, to further tailor the ionic conductivity, it

would also be interesting to study how the ionic liquid morphology and the interface

149



Li containing Garnet-IL composites Chapter 6

are affected by compositional alteration of the conductive LALZO ceramic, as

demonstrated for the polymer-ceramic composites.
6.6 Electrochemical characterization in supercapacitor configuration

At the outset the electrical conductivity of the composite in a pellet geometry (diameter
~ 9 mm and thickness ~ 3 mm) was measured as a function of temperature in the 30 —
165 °C range (shown in the inset of Fig. 6.9). The LALZO with 6 wt% IL exhibits a
high conductivity of ~ 6 x10“ Q*cm™at 35 °C, therefore found to be suitable as a SSC
electrolyte. For the SSC electrode preparation, high surface area (~ 1500 m?/g)
activated charcoal was used. . All the devices have been fabricated using electrodes
having mass loading of ~1.2 mg/cm?. The SSCs in a coin cell geometry (2032 type)
were studied at 0 °C, 35 °C, and 100 °C for testing their wide temperature applications.
At the outset, Nyquist plots for SSCs at three different temperatures are displayed in
Fig. 6.9 in a frequency range of 10 mHz to 0.1 MHz. Confirmation of supercapacitor
formation at three different temperatures in a range of 0 °C to 100 °C is indicated by a
tiny semicircle at higher frequencies followed by a steep vertical line at low
frequencies. The semicircle, though with a small diameter, is most likely due to some

charge transfer at the interface, suggestive of a weak faradic process.
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Fig. 6.9 The Nyquist plot and corresponding equivalent circuit for the SSC (2032 type)
at different temperatures having LALZO-6 EMIMBF, composite as an electrolyte.
Inset: Temperature dependence of total conductivity for composite LALZO-6
EMIMBF..
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The equivalent series resistance (ESR) is obtained from the intersect of a vertical line
with Z " axis as shown by the dotted line [2,12]. The ESR at 0 °C is about ~ 80 Q cm?
which reduces to a value of ~34 Q cm? at 35 °C and ~24 Q c¢cm? at 100 °C. The
impedance spectra depict SSC behaviour. A model shown in Fig. 6.9 inset fits well for

all these Nyquist plots.

The CV patterns at 35 °C have been recorded for the device by gradually increasing the
operating voltage range up to 3V as shown in Fig. 6.10(a). It has been observed that the
shape of the CV curve remains intact and featureless up to 2 V, and above this, a
deviation is seen. So, further studies were avoided above 2 V to remain in a pure
electric-double layer type regime. Cyclic voltammetry scans (10 mV/s) were obtained
at three temperatures as shown in Fig. 6.10(b). The charge storage ability at different
temperatures can be depicted by observing the significant hysteresis in the CV. The CV
scan (except at 35 °C) exhibit some peak-like features and deviations from the ideal

box-like behaviour.
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Fig. 6.10 (b) CV scans (at 10 mV/s) for the

SSC for the 10" cycle at different

temperatures.

Fig. 6.10 (a) CV scans (at 10 mV/s) of
SSC for different voltage ranges at 35 °C.

Further, the galvanostatic charge-discharge (GCD) cycles were obtained to evaluate
various performance parameters. The total device capacitance C = % (in F) is

calculated using discharge current (I in A), discharge time (At in seconds), and voltage

window of the discharge cycle (AV in volts). The specific capacitance (F/g) per
4c

Mtotal

electrode has been calculated as C; = , Where muotal IS the activated carbon mass
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2
in grams on the electrodes. Moreover, the specific energy (E = %%
: total

) and
specific power (P = %‘ZES) were obtained for the full device in the units of Wh/kg

AVIR)

and W/kg, respectively. Furthermore, the equivalent series resistance (ESR = Y

was calculated using the initial voltage drop during the discharge cycle. For
comparison, the areal capacitance values with specific energy and power density were
obtained and given in Table 6.1. The areal capacitance (F-cm?) of the device has been
obtained as C = %. Further, the energy density (Wh-cm) and power density (W-

C(av)?
3600

3600-E .
and P, = — = respectively.

1
cm?) have been calculated as E, = >

The GCD curves were obtained for different cut-off voltages to evaluate the operating
voltage limit as shown in Fig. 6.11(a). Evidently, beyond ~2 V the IR drop is quite
significant with relatively poor coulombic efficiency (inset of Fig. 6.11(b)). The
coulombic efficiency has a slow and gradual drop to ~2 V, beyond that it reduces
sharply to almost 70 % at 2.5 V. Thus, the optimal operating voltage limit for these
devices is considered close to 2 V. Importantly, for the voltages < 1.5V the GCD cycles

are indeed of triangular shape suggestive of EDLC nature.

GCD cycles (2V) were further performed at 35 °C for various current densities ranging
from 0.57 A/g (1 mA) - 6.8 A/g (12 mA) as shown in Fig. 6.11(b). Interestingly, a slight
non-triangular nature is evident for all the discharge currents. Also, IR drop during the
discharge cycle reduces gradually as discharge current density decreases. As expected,

the discharge time increases as the discharge current decreases.
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Fig. 6.11(c) GCD curves for SSCs at 0.57 A/g (1 mA) for different activated charcoal
surface area electrodes.

GCD curves have also been obtained for the devices with same electrolyte LALZO-6
EMIM BF4, but the activated carbon used for the electrode preparation is of different
surface area (Fig. 6.11(c)). As the surface area increases, charge-discharge time also
increases. The device with higher surface area appears to have more charge storage
ability. However, the pseudo-type behaviour is also prominent with ~ 1800 m?*/g surface
area. Further, as seen in inset, coulombic efficiency and ESR decreases. Thus, 1500
m?/g is found to be a suitable surface area for these cells. Nevertheless, ionic liquid
presence provides good wettability at the interface, and the surface area is effectively
utilized by the mobile ions. The various performance parameters obtained for SSCs
from Fig. 6.11(c) are shown in Table 6.1. The areal values are also provided for

comparison.

Since a predominant EDLC behaviour is observed for operating voltages < 1.5, so long
cycling was performed at 1 V. The potential versus specific capacitance for different
charging-discharging cycles at 1 V and 1 mA (0.57 A/g) is shown in Fig. 6.11(d). The
main characteristic features of discharge cycles remain the same even up to ~ 4000
cycles. The cycles remain symmetric and almost linear suggesting dominant EDLC

behaviour.
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Table 6.1: Specific Capacitance (Cs), specific energy (E), specific power (P), Equivalent
series resistance (ESR), areal capacitance, energy density (Ea), and power density (P,) for
the SSCs of the composite LALZO-6 EMIM BF, as electrolyte having different surface
area activated carbon for electrodes and operating current and voltage as 1 mA (0.57 A/g)
and 2 V respectively. The range is specified for Cs and (*) represents values for a typical
SSC used in the analysis that is close to the average performance of the SSC.

Surface Cs E P ESR Areal Ea Pa
area of Ll e » | Capacitance | (UWh- | (UW-
activated (Ffg) | (Wh-kg™) | (W-kg™) | (Q2 em) (mF-cm?) cm?) | cm?)
charcoal
(m?g)
1050 255-265 35* 277* 30* 145-155 123* 979*
262* 150*
1500 560-570 74* 276* 38* 315-325 261* 974*
562* 300%
1800 850-860 103* 264* 102* 486-494 365* 932*
855* 490*
1.0 ) Bo.. at 35 °C »
0.8 " m\l,]. 104 Tresetttttets . * . -‘-' 300
—~ * 500 200 f *Se "
> 1000" e e 1 o
= 0.6 1500" 3) o: ,--.. ...— 200 §
g . 2000 & = 9% <
i‘o) 0.4 < 2500':‘ J ioi 01000 2000 3000 ;.m“- %
o « 3000" Cycle number s |5 =
N > 3500" J
% 4000" __,..--"'-'-' *— Capacitance
’Ill. ) ) . h?R
0.0 0 50 100 150 200 2;) 3(‘)0 . 0 1000 2000 3000 J()()[(])
Cy(Fg™) Cycle number

Fig. 6.11(d) Charge-discharge curves Fig. 6.11(e) Specific capacitance and ESR vs
obtained at different cycles for SSC with  cycle number for SSC having electrolyte
LALZO-6 EMIM BF. composite as LALZO-6 EMIM BFs. Inset shows
electrolyte at room temperature at 0.57  coulombic efficiency vs cycle number up to
Al/g (1 mA). 4000 cycles.
The Cs and ESR as a function of cycle number are shown in Fig. 6.11(e). As observed
Csfalls slowly from 282 F/g to 235 F/g in first 1000 cycles and then stabilizes for the
next 1500 cycles. Evidently, Cs value finally remains at a fairly high value of ~145 F/g
even after ~4000 cycles with ~53 % capacity retention. The ESR is almost constant
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initially and shows a gradual rise, but only after ~2000 cycles. As shown in the inset of
Fig. 6.11(e), the cell exhibits a coulombic efficiency of > 99% throughout the ~4000
charging-discharging cycles which in turn suggests satisfactory electrochemical
stability with a stable electrode-electrolyte interface. These results readily suggest there

is no notable degradation of the device.

To further explore the SSC stability in adverse temperature conditions, GCD cycling
was also performed at 0 °C and 100 °C. Fig. 6.11(f) shows the GCD curves up to ~200
cycles for SSC at 100 °C with a current density of 1.13 A/g (2 mA). The cycles exhibit
almost a continuous trend without any abruption at such a high temperature. The Cs vs
cycle number for 200 cycles at 100 °C is shown in Fig. 6.11(g). As apparent, the Cs
value remains almost constant to an appreciably high value around ~300 F/g. The ESR
is quite low and remains almost constant, stabilizing to a value of ~16 Q cm? The
coulombic efficiency as shown in the inset of Fig. 6.11(g) increases gradually and then
stabilizes to 97%. These results indicate excellent electrochemical stability of

electrode-electrolyte interface.
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Fig. 6.11(f) GCD curves (at 1.13 A/g) for  Fig. 6.11(g) C, vs Cycle number for first 200
SSC up to 200 cycles at 100 °C. cycles at 100 °C. Inset: coulombic efficiency

versus cycle number.

Fig. 6.11(h) shows first 200 GCD cycles for the SSC at 0 °C with a current density of
1.73 A/g (3 mA) at 2 V. These cycles also follow a constant pattern with a nominal
drop in the Csvalue. The Cs vs. cycle number for 200 cycles at 0 °C is shown in Fig.
6.11(i). The Cs value gradually falls from 270 F/g to 220 F/g in the first 100 cycles and
then almost stabilizes and remains at an appreciably high value of 206 F/g even after
200 cycles. The ESR accordingly shows a subtle but gradual rise depicting the stability
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of the device. The coulombic efficiency is again appreciable throughout the cycling as

shown in the inset of Fig. 6.11(i). These observations clearly demonstrate excellent

electrochemical stability and a stable electrode-electrolyte interface even at such low

temperatures.
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Fig. 6.11(h). GCD curves (at 1.73 A/g)

for SSC up to 200 cycles at 0 °C.
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Ragone plot for the supercapacitor at room temperature and 2 V operating voltage is

shown in Fig. 6.11(j). The Specific energy (E) and specific power (P) values are

appreciable at room temperature. At low specific power of 540 W/kg one observes a

high value of specific energy of 86 Wh/kg. Further, with increasing power output, the
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specific energy decreases. The highest specific energy and power are found to be 86
Wh/Kkg (at 1.13 A/g) and 2195 W/Kkg (at 5.67 A/g), respectively.

To demonstrate the applicability of the IL-garnet composites in other geometries, SSCs

were developed in laminated geometry which is also suitable for creating ceramic

supercapacitors. This fabrication technique is cost-effective and provides good contact

between electrodes and electrolytes. Further investigations are planned in this direction.
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Fig. 6.12(c) GCD (at 0.57 A/g) cycles for laminated SSC. In comparison to coin

cells apparently the ESR is less.

The Nyquist plot (frequency range of 10 mHz to 0.1 MHz) at two different temperatures

with an equivalent circuit is shown in Fig. 6.12(a) for laminated SSCs. The
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supercapacitor nature is clearly defined with very little resistance ~ 34 Q cm? that
decreases at high temperature to ~17 Q cm?. Apparently, the contact between electrodes
and electrolyte remains intact in this geometry. Fig. 6.12(b) gives the CV scans of
laminated SSCs at a scan rate of 10 mV/s which shows a featureless profile with a good

charge storage ability.

The GCD cycles (at 0.56 A/g) for laminated SSCs at 35 °C and 70 °C are shown in Fig.
6.12(c). This depicts a substantial discharge time which further increases with
temperature rise. The EDLC nature is quite evident from these cycles. It is appreciable
to note that the ESR is very less in this geometry which shows a good interfacial contact

between electrode and electrolyte.

Fig. 6.13 Glow of LEDs using four cells connected in series. The coin cell
geometry also exhibits similar performance.

To demonstrate the practical applicability of the SSCs, the series combination of four
cells having LALZO-6 EMIM BF4 composite as an electrolyte has been used to glow
two LEDs of ~6 V as seen in Fig. 613. The LEDs during direct discharge could glow
for ~30 minutes at a temperature of ~25 °C. In laminated as well as coin cell geometry

the SSCs exhibit similar and reproducible performance.

The above discussion may be summarized as follows:
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1. The SSCs discussed are predominantly of EDLC nature below 1.5 V operating
voltage. However, above this voltage the pseudocapacitive effects appear;
attributed to some unidentified redox process of the trace impurities or IL.

2. Room temperature operation of these cells is most effective and stable. The
interface nevertheless is well maintained in a wide temperature range of 0 °C-
100 °C. Thus, the IL possibly provides good coupling between electrodes and
electrolytes.

3. As also observed in supercapacitors based on NASICON-IL composites [13]
the predominantly EDLC behaviour is also observed up to 1 V. Apparently, Li*
ion garnet’s presence in the electrolyte improves electrochemical stability
window. Another advantage of the present system is that a lesser amount of 1L
(6 wt% against 13 wt% in NASICON-based systems) leads to similar
performance and relatively higher operating voltages can be used for the
operations.

4. The small amount of pseudo supercapacitance still needs investigation.
However, one cannot deny a possibility that the presence of some functional
groups in IL, or its hygroscopic nature, or some other trace impurities, may be
responsible for this. These impurities, however, do not contribute significantly
towards a chemical reaction at lower voltages. More systematic experiments are

required to understand the partial pseudo nature of the capacitance.

6.7 Summary

(i) By asimple synthetic procedure stable composite of LALZO and ILs has been
produced which shows reproducible structural and electrical properties.

(i) The LALZO — IL composites show significant enhancement in electrical
conductivity compared to pristine LALZO , attributed to the non-uniform and
weak chemisorption of IL on the surface of LALZO and consequent weakening
of bonds that bind the lithium ions to the solid. The electrical conductivity in
the composites is assumed to be attributed to Li* ions. Moreover, the amount
and type of IL influence electrical conductivity.

(iii)The synthesized composites have been found to be stable under battery
conditions with good capacity value. The Preliminary investigations on Li|lL-
LALZOI|LFP button-type cells also suggest that IL-LALZO composite

electrolytes have the potential for applications in lithium batteries. The
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formation of the SEI layer at the interface, though, needs to be addressed with
more experimental evidence. LALZO-IL composites can be directly applied to
devices. They also offer a freedom of wide temperature applicability at least up
to ~200°C. Such composites in pellet form do not require high-temperature

sintering prior to use in batteries.

(iv)We have demonstrated that these composites can further be used to construct

solid-state supercapacitors (SSCs) (only coin cell geometry has been
considered); At low voltages (below 1.5 V) SSCs are predominantly EDLC in

nature and pseudo capacitance effects appear at higher voltages;

(v) The SSC cells that show good results are fabricated only by pressing the

sandwich geometry, indicating that IL possibly provides a good coupling
between the electrodes and electrolytes; The cells (interfaces) are stable in a
wide range of temperature between 0 °C-100 °C and the best operating

condition happens to be that of room temperature.

(vi) Compared to NASICON — IL composites, the LALZO — IL composites require

lesser amounts (wt %) of IL for a similar performance. In both cases below 1 V

predominant EDLC behavior is observed.

(vii) Further systematic experiments are required to explain the pseudo

capacitance appearing at high voltages; At this stage, we may only guess, that
some redox process happens at higher voltage either due to the functional
groups of IL or due to the impurities of various nature, such as the hygroscopic

components, carbonates etc.
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Chapter 7
Conclusions and future scope

7.1 CONCLUSION

This chapter provides a comprehensive overview of the thesis’s findings and outline
the potential directions for future research and development.

The current energy storage devices available in the market contain liquid or liquid
slurry-based electrolytes, which have many issues related to safety, leakage, toxicity,
operating temperature range, mechanical stability, etc. To overcome these issues,
various new electrolytes in numerous forms e.g., gels, polymers, ionogels, etc., have
been developed. Although these materials have been able to address some of the issues
related to liquid electrolytes up to a certain limit, they are still lagging in terms of big

commercial applications.

During the literature review, it is highlighted that there have been consistent efforts on
the development of fast ionic ceramic solid electrolytes; despite high bulk conductivity
comparable to liquid/aqueous electrolytes or gels, their direct application has been
found to be far restricted. Among these fast ionic systems, Li* ion conductors such as
NASICONSs (LTP, LATP) and garnets (LLZO, LALZO) have shown immense potential
for future solid ionic devices. In these, high grain boundary impedance and solid-solid
(electrode-electrolyte interface) is the bottleneck. VVarious technigues have been applied
to reduce the impedance at the interfaces, such as adding additives, forming glass
ceramics, or making composites denser, but the intergrain transport still remains
inadequate for device application. On the other hand, at the electrode-electrolyte
interface, the ionic transport is slowed down which remains another major issue that

needs to be resolved, before these ceramics can be utilized in all-solid-state devices.

Considering these issues on ion conducting ceramics, the present work was planned to
tailor the grain-grain and electrode-electrolyte interfaces by developing novel
composites of NASICONs (LTP, LATP) and garnets (LLZO, LALZO) with ionic

liquids. There have been a few reports in the literature on ceramic-ionic liquid based
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composites, particularly in the context of improving the interfacial contact between the
electrode and solid electrolyte, but rarely applied to the solid electrolyte itself.
Moreover, a detailed investigation of electrical transport and a mechanism for ceramic-
IL composites’ electrical conduction was missing. Further, in most of such composites
reported earlier, the ionic liquid existed in a large amount (80-90%) which does not
promote the cation transport from the host ceramic matrix. The present work was also
focussed on ways to tailor the interface, i.e., improving electrode-electrolyte and grain-
grain contacts, and to improve the performance of solid-state batteries and

supercapacitors using the novel IL-ceramic composites.

Again, to emphasize that during the synthesis and in application, it has been ensured in
this thesis that the basic ‘solid-state’ of the electrolyte is not compromised and the
mobile (Li*) ions from the ceramic matrix, mainly contribute to the electrical transport.
Further, the concept of direct use of ceramics as supercapacitor electrolyte was novel,
and as discussed there were truly no reports available on the use of Li*ion NASICONs
or garnets in supercapacitors. Therefore, the present study was planned to explore these
two potential battery materials for their usage in supercapacitors. While planning and
consolidating the ideas for a systematic study on ceramic-ionic liquid-based
composites, we pondered around the following areas having ‘yet to be answered’

questions to define the proposed objectives (chapter 1) of the thesis.

I Ceramic Synthesis route: To explore an optimized synthesis route for

preparing ceramics particularly Li* ion NASICON and garnet-type
compounds that do not require high-temperature annealing conditions.

ii. IL-ceramic composites: To explore if IL incorporation can enhance the

conductivity in ceramics, finding an optimized amount of IL, and without
compromising the ‘solid state’.

iii. Wide Compositions: A variety of novel compositions that can be prepared

and explored using various ceramics and ILs.

V. Basic Characterization: The structural, thermal, and electrical properties of

these composites and to set a correlation between IL amount and electrical
properties.

V. Electrical Transport: To explore the mechanism of conductivity

enhancement. To understand the role of different ceramics in the

composite’s conductivity and other properties. Also, to comprehend the role
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of IL ions in the process.

Vi. Role as Electrolyte: Due to the high ionic conductivity of these ceramic-IL
based composites, to use them as electrolyte for solid-state batteries and
solid-state supercapacitors.

Vii. Interfaces: To investigate if IL present in composites can be useful in
improving the electrode-electrolyte and grain-grain interface.

viii.  IL-ceramics in Energy Storage: As ceramics-IL-based composites are

expected to have better conductivity in both low and high temperatures, so
to fabricate devices, particularly supercapacitors, using these composites for
wide temperature applications.

iX. Device and geometries: To explore possible geometries in which the

supercapacitors can be fabricated considering flexibility, cost of fabrication,

etc.

While a substantial amount of work was required on the above-defined challenging
goals that can be consolidated and defined while preparing this thesis, most of these
could finally be answered in the best possible way. The present work pays attention to
novel synthesis routes for device fabrication and performance. Device point of view, it
was decided to give more emphasis on less explored solid-state ceramic

supercapacitors.

For developing these composites Li* ion based NASICONSs such as LiTi2(POa4)3 (LTP),
Li13AlosTi17(PO4)3 (LATP), and LissAlo2LasZr2012 (LALZO) garnet were
synthesized and various composites were prepared by carefully mixing them with three
ILs, viz. EMIMBF4, EMIMCF;SO3, and BMIMBF,. To understand the role of ILs and
ceramics in conductivity enhancement, the ionic transport mechanism was thoroughly
explored while giving sufficient emphasis to comprehend structural and thermal
properties. Further, to explore the potential of these electrolytes, solid-state batteries
and supercapacitors were fabricated. The battery fabrication was essentially to test the
potential of the composites under electrochemical conditions. The main emphasis was
given to the supercapacitors. These were prepared in various geometries thoroughly
characterized with temperature, operating voltage, and current variations. Importantly,
these supercapacitors were tested for adverse temperature conditions i.e., operations in

a wide range of -30 °C to 300 °C were carried out in this study.
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The following points conclude the work done in the thesis:

1. NASICONs and garnet were synthesized by sol-gel route as this preparation
method gives more homogeneous and fine powders with good crystallinity and
purity. The work reveals that this technique requires low sintering temperature and
hold time as compared to other conventional methods. The ceramic prepared
through this method exhibited a porous structure that accommodates IL
homogeneously to reach to inter-grain interfaces. The ceramic-1L composites were
prepared by mixing them either in a simple mortar pestle or by using a ball milling
process. Importantly, the IL content in the matrix was kept small (0.1-13 wt%),
and the solid-state nature of the electrolyte was preserved. Different types of
compositions were prepared to investigate various phenomena either by changing
the ceramic, IL ions or by varying IL wt%.

2. The addition of IL in the ceramics exhibits a rapid enhancement in the
conductivity. The conductivity saturates above a certain IL amount. Mostly
between 7-10 wt% for LTP/LATP and 4-6 wt% for LALZO, the conductivity
stabilizes to a higher value ~3 orders above the pristine conductivity of ceramics.
Interestingly, the mechanism of this enhancement is found to be dependent on the
nature of the ceramic.

3. The garnets and NASICONSs exhibit different mechanisms for the conductivity
rise. In the case of Li"-NASICON:S, it is revealed that the IL occupies the inter-
grain regions thus providing a coupling between the nearby grains. The added IL
initially occupies the space between the grain boundaries. This leads to a
substantial reduction in the grain boundary impedance and a steep rise in the
conductivity. After filling the inter-grain regions, the remaining IL occupies the
surface. Beyond a few monolayers, it is expected that the surface cannot hold IL
and it spills out leading to saturation in the electrical conductivity. It has been
observed that in LTP-IL and LATP-IL composites the IL occupies the surface and
interfaces via predominant physisorption. This is complemented by TGA results
that exhibit characteristics of pristine IL, suggesting no strong bonding of IL at the
interface. On the other hand, LALZO-IL composites demonstrate stronger
adsorption of the IL ions with a wide range of distributed bond strengths. During
the composite formation, these new bonds between the IL and the garnet

surface/interface may weaken the bonds of lithium with LALZO on its surface
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which leads to an increase in Li* ion conductivity.

4. The present study, through various experimental evidence, reveals that these
composites are essentially Li* ion conductors and the role of IL is to facilitate
electrical transport by lowering the barriers for Li* ion movement or dissociating
the Li* ions from the ceramic matrix. lonic liquid cations and anions though exist
in a molten state, the possibility of their contribution in providing mobile ions to
the electrical transport is rather weak. In such dense and compact systems, it seems
unlikely that ions with large ionic radii will undergo long-range diffusive motion.
Further, the grain-grain interface is dense due to crowded IL ions. So, the
possibility of electrical transport along the grain boundaries is also less. Thus, it
has been bought out in the present investigation that IL occupying space in the
matrix uniformly and facilitates inter-grain transport like a coupling agent.

5. Even though, IL does not provide its mobile ions for electrical conduction, both IL
and ceramics play a vital role in conductivity enhancement. On the one hand, the
bulk conductivity of ceramic plays a role, and on the other side, the addition of IL
on the surface brings in further enhancement of conductivity. As seen, LATP-
containing composites have better ionic conductivity as compared to LTP-based
composites. Also, the size of IL ions affects the conductivity enhancement.
Evidently, IL with a relatively smaller cation/anion size leads to better conductivity
rise.

6. It is again revealed that the amount of IL that can be added to a ceramic has a
strong dependence on its porosity and surface area. The Li* NASICON-based
ceramics were found to be absorbing a relatively larger amount of IL than that of
the LALZO garnet. The maximum weight percentage of IL that can be added to
LTP/LATP is 13%, while for garnets it is 6%. Adding more IL beyond these
specific weight percentages causes the excess IL to spill out, as the ceramic surface
cannot hold it.

7. The potential of Li*-NASICON-IL and LALZO-IL composites has been explored
under battery conditions. Preliminary findings with Li/LiCoO:2 electrode pair
suggest that these composites are useful as electrolyte; however, some engineering
of electrodes and the interface is required. Generally, in all solid-state batteries, the
lithium metal-electrolyte contact is established by taking the cell a little above the
melting point of lithium. This process could not be performed due to experimental

limitations. Nevertheless, as evident, simple physical contacts also lead to mA of
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current during discharge stable for 10-15 hours. More precisely, the use of LATP-
13 EMIMBF4 results in ~5 h of discharge with 10 pA current. Further, as expected,
the LALZO-6 EMIMBF4electrolyte based cell was able to deliver a higher current
of ~50 pA for the relatively higher time of ~ 16 h. Higher discharge currents could
not be obtained, possibly also due to the substantial thickness of the electrolyte
pellets (~ 1-0.5 mm). Literature reveals that generally ~ 30 um thick electrolyte
should be used for battery operations. In the present study, such a small pellet
thickness could not be obtained. Nevertheless, in this fundamental investigation it
can be safely concluded that (i) the developed electrolyte composites are stable
under battery conditions, and (ii) due to high conductivity with less intake of IL,
LALZO-IL composites appear a better choice.

8. The performance of solid state supercapacitors based on these composites is
promising. Li*-NASICON-IL as well as LALZO-IL composites could be
successfully used as electrolytes. High and stable values of capacitance (Cs),
coulombic efficiency (nce), energy density (E), and power density (P) were
obtained and found to be better than those of gel based supercapacitors. The cyclic
performance, studied up to ~ 10, 000 cycles, was also satisfactory. For example,
Li*-NASICON based cells exhibit Cs ~ 680 F/g, nce ~ 99%, E ~ 87 Wh-kg*, and
P~ 275 W-kg* values. On the other hand, the garnet-IL supercapacitors display Cs
~ 555 F/g, nce ~ 99%, E ~ 74 Wh-kg?, and P ~ 271 W-kg* values. On comparing
it appears that the Li*-NASICON-IL based composites exhibit better candidature,
and their performance is more stable with time and cycling. However, such a
comparison is not justifiable due to the different mechanisms by which the IL
interacts with them. Since IL exhibits physisorption on Li*-NASICONS, it is
therefore suggested that their use is appropriate in EDLC applications. Further, the
garnet-IL composites exhibit chemisorption, they appear more useful in faradic
processes i.e., pseudo supercapacitor applications.

Further, it is also interesting to see that both of these compounds are flexible for
adopting different supercapacitor geometries, and in the pellet form with a
substantial thickness of ~200 um useful for storing large amounts of energy.

9. The solid-state supercapacitors with the Li*-NASICON-IL containing composites
can withstand a temperature from as low as -10 °C to as high as 300 °C. The
composites are quite stable in this wide temperature range and do not show any

features of degradation. The LALZO-IL composite-based supercapacitors can also
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work within a temperature range of -10 °C to 150 °C. The thermal stability of
to NASICON-based

supercapacitors; while we have seen that the IL adsorption process is different in

garnet-based supercapacitors is less as compared
NASICONSs (physisorption) and garnets (chemisorption), further fine sophisticated
experiments may be required to explain the lower thermal stability of garnet
composites compared to NASICON composites. These devices can be extremely
useful in such cases where adverse temperature conditions exist like in industry

applications or defence and space applications.

The conductivity and performance parameters related to devices for the optimized

composites of Li*-NASICON and garnet with IL from the thesis work have been

tabulated for comparison in Table 7.1.

Table 7.1 A comparison of electrical conductivity of the composites and device

performance parameters obtained for the optimized composites of Li*-NASICON and

garnet with IL

Composition Giotal (O Li cell Supercapacitor performance at 1 mA, 2 V, and 35 °C with electrode
lem?) at performance having surface area ~1500+100 m?/g
30°C with Li metal
asanodeand =m0 E P Cycling stability
LiCoO:2 as (Wh- (W-kg?)
cathode kg)

LATP-13 1.72x10° | 10 pA current | 675-685 | 87* 275* 61 % capacity retention after 13000
EMIM BF, withdrawn  for 680* cycles with ESR 12 Q cm?

11-12 hours
LALZO-6 6.9x10* 50 pA current | 550-560 | 74* 271%* 50 % capacity retention after 4000
EMIM BF, withdrawn  for 555% cycles with ESR 350 Q cm?

15-16 hours

10. Different geometries for supercapacitors have been developed in the present

investigations, such as coin cell fabrication, Swagelok assembly, and laminated
supercapacitors. The study suggests that all these geometries have their features
and advantages. Coin cell fabrication is one of the conventional geometry which
gives intact packing with better contacts between the electrode and the electrolyte
reducing resistance and keeping the cell moisture free. Swagelok assembly has
high

supercapacitors have been developed for the first time in this work where direct

been used mainly for temperature characterization. Laminated
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use of ceramics in the supercapacitors has been shown in a simple sandwich

geometry cell prepared using a simple hot roll laminator. This method also proved

to be economically very efficient.

7.2 FUTURE SCOPE

1.

In this work, composites were developed using Li*-NASICON and garnet-based
ceramics. However, various ceramics such as perovskites, LISICONS, LisN, etc.
can be explored. Also, compositional variation in the LTP, LATP, and LALZO
can be tried. For example, increasing the Li* ion content or elemental
substitution can be explored as it can enhance the ionic transport, and, in turn,
increase the device performance parameters.

Similar studies should be planned on Na® ion systems. The Na+ ion solid
electrolytes exhibit poor conductivity. The addition of IL can lead to much-
improved values, suitable for applications to supercapacitors and batteries.
Varying lonic liquid content and type can be explored, as the cation/ anion size
can affect the electrical transport in the composites, hence device performance.
The ion transport mechanism proposed in the thesis should be examined for
these composites using sophisticated techniques such as XANES, XPS, or solid-
state NMR. These techniques can be used to find salt ion’s interaction with ionic
liquid. Investigations using these techniques can be done to do a judicial
comparison between Li* ions and IL mobile ions. Also, impedance spectroscopy
can further be explored in the GHz region for a better understanding of the
electrical response.

The composites need to be explored through theoretical studies to have a better
understanding of the morphological features, conduction pathways, etc.

New electrode materials, pseudo electrodes can be developed compatible with
IL-ceramic composites. These can further enhance the capacity and can have
better contact with these composites.

In the present work, solid-state supercapacitors have been developed. To further
enhance their performance, novel electrode materials can be explored from
different sources with a large surface area.

It is important to use a variety of sophisticated techniques to understand the
mechanism of charge storage in the ceramic-IL based supercapacitors; Also

further temperature variation studies of structure are required to elucidate the
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9.

10.

11.

comparatively lower thermal stability of garnet composites compared to the
LATP composites.

Attempts are required to develop thin (< 50 microns, or so) and free-standing
sheets of IL-ceramic composites. Solid ILs need to be explored for making
composites with ceramics. Using solid ILs possibly mechanically stable ceramic
sheets can be produced with large surface area.

More geometries for supercapacitors and batteries can be explored which can
give better contacts between electrodes and electrolytes and are cost-effective.
There is a need to develop a fabrication process that can work at high
temperatures. Also, there is a need to develop thin films of ceramic electrolytes
or to develop ways to make electrolytes as thin as possible as it leads to better
results with less impedance and interfacial issues.

These composites as electrolytes can be explored for symmetric pseudo,

asymmetric pseudo, and hybrid supercapacitors.
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