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ABSTRACT

All solid state lithium batteries are a promising prospect in the field of energy storage
devices providing high energy density and safety. Presently, the rechargeable lithium battery
technology stands at the pinnacle of the energy storage sector for powering a wide range of
green technologies used in daily life. Besides the use of high capacity and high voltage cathode
materials, the use of lithium metal as anode is considered advantageous in lithium batteries
because of its high theoretical specific capacity, low density and the lowest electrochemical
potential (—3.04 V vs. standard hydrogen electrode). Generally, lithium batteries suffer from
various shortcomings associated with the electrochemical operation and design limitations
which often get accelerated when lithium metal anode is used. Firstly, the conventional liquid
electrolytes used in lithium batteries are predominantly based on a mixture of lithium salt in
organic solvents that are highly toxic, flammable, and volatile with a narrow electrochemical
stability window, and prone to liquid leakage. The uncontrolled dendrite growth on lithium
metal surface in lithium batteries using liquid electrolytes brings additional safety issues, such
as internal short circuits, thermal runaway, and, even causes explosion. “Solid state” batteries
seek to resolve these limitations of current lithium battery technology by eliminating the need
for a liquid electrolyte and replacing it with solid state electrolytes. Solid polymer electrolytes
based on polymeric materials can promote safe and reliable solid state lithium batteries with
several advantages like high flexibility, lightweight, good chemical stability, safety, and easy
fabrication. The traditional solid polymer electrolytes suffer from reduced ionic conductivity
due to the semi-crystalline nature of the polymers employed, as a result plasticizer addition or
other modifications are required to reduce crystallinity and improve the ionic conductivity. A
balanced solution for fabricating solid polymer electrolytes can involve ionic liquids as
plasticizers with improved ionic conductivity and crosslinking or incorporation of fibrous
frameworks as reinforcements. The prime objective of this research work is the synthesis and
application of ionic liquid based solid polymer electrolyte systems for solid state lithium
batteries. For this purpose, cage-like 1,4-Diazabicyclo [2.2.2] octane (DABCO) was selected
to synthesize novel ionic liquids. In this thesis, attempts have been made to achieve excellent
electrochemical performance of true solid state lithium batteries via the development of solid
polymer electrolytes based on ionic liquids and poly(ionic liquids), that have remained

relatively unexplored as lithium battery electrolytes.

iv



Firstly, a simple solvent-free melt-diffusion method is presented to fabricate a free-
standing solid electrolyte. A porous polymer host is infiltrated with a binary mixture composed
of mono-quaternized DABCO based ionic liquid and a lithium salt. Next, DABCO is used to
prepare backbone poly(ionic liquids) or ionenes with cationic moieties tethered to the backbone
separated by oxyethylene spacers (-CH>CH»O-). The effect of spacer length on the
electrochemical performance is investigated. Moreover, binary mixtures of the prepared ionene
oligomers and lithium salt are used to coat poly(acrylonitrile) based electrospun fibrous mat to
fabricate the flexible fibre reinforced solid polymer electrolytes. In this case, the soft ionene
improves the interfacial contact and the cell operation in absence of any micro-wetting. In
continuation to the previous work, a unique one-step fabrication approach is also tried where
an all solid state polymer electrolyte is fabricated by uniaxial electrospinning of
poly(acrylonitrile) blended with ionene oligomer and doped with lithium salt. Following heat-
treatment, the ionene oligomer flows out of and around the nanofibers, closing the pores of the
nanofibrous mat forming all solid state polymer electrolytes reinforced by fibrous framework.
Therefore, to incorporate electrolyte in the fibrous mat an extra step involving coating or melt-
diffusion gets eliminated in this case. Compared to the coating process this one step process
can achieve greater mechanical strength and ionic conductivity. Lastly, DABCO is further used
to synthesize cationic monomers with TFSI™ and FSI™ anions to form a semi-interpenetrating
network-based polymer matrix that is incorporated within an electrospun fibrous
poly(acrylonitrile) network. A two-fold reinforcement effect is achieved collectively from the
semi-interpenetrating structure and the three-dimensional fibrous network. Further, a dual
anion synergy is demonstrated by the formation of an ion conductive inorganic rich solid
electrolyte interface layer when both TFSI™ and FSI anions are present. The fibre reinforced
solid polymer electrolyte can remain stable at high temperatures of 150°C while the traditional
polyolefin based commercial separator shrinks at such high temperature. The fabricated solid
polymer electrolytes here in each case shows good electrochemical performance when
evaluated in lithium metal batteries with high voltage cathodes like LiFePO4 (LFP) and
LiNixMnyCo1-x-yO2 (NMC) or high-capacity sulfur/carbon cathodes in lithium sulfur batteries.

The knowledge from textile and fibre engineering proved to be valuable in designing
flexible lithium batteries with the fabricated fibre reinforced solid polymer electrolytes that are
shown to operate under bent, folded or cut states. In summary, this work can provide inspiring
ways to fabricate flexible batteries that can be integrated to power next generation wearable

technologies.
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cycle and (b) heating cycle, (¢) TGA plots of the samples
compared with neat C4DTFSI and LiTFSI and (d) PLOM
images of (1-x) C4DTFSI :(x) LiTFSI on storage at 25 °C from
x=0tox=0.5.
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Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

FTIR spectra of (1-x) C4DTFSI :(x) LiTFSI (a) at 1800 - 400
cm ™! and (b) zoomed view at 1800 - 1400 cm™' showing
interaction between TFSI", C4D" and Li".

Raman spectra of the (1-x) C4DTFSI:(x) LiTFSI: (a) x = 0,
(b)) x =02, (c) x =04, (d) x=0.5and (¢) x = 0.6. [
Experimental spectra (circles) are shown together with the
best fits (solid line) and the individual Voigt components
(dotted lines) where, bands I and II corresponds to the weakly
coordinated TFSI anions and band III is due to the TFSI
anions coordinated to Li*] and (f) variation of N with increase
in LiTFSI mole fraction.

Ionic conductivity measurements of (1-x) C4DTFSI:(x)
LiTFSI showing (a) Arrhenius plots and (b) Vogel-Fulcher-
Tammann (VFT) plots.

FESEM images showing the surface morphology of the (a)
unmodified Celgard, (b) solid electrolyte E64 and the cross-
sectional view of (¢) unmodified Celgard, (d) solid electrolyte
E64 showing porous structure filled with binary mixture of
(1—x) C4DTFSI:(x) LiTFSI at x = 0.4.

DSC curves comparing the unmodified Celgard, solid
electrolyte E64, and binary mixture of (1-x) C4DTFSI:(x)
LiTFSI at x = 0.4 in the region —60°C to 100°C (a) cooling
cycle and b) heating cycle; (¢) Behavior of Celgard soaked in
amixture of 1 M LiTFSI in EC:DEC (1:1 v/v) (top image) vs.
modified Celgard with of (1-x) C4DTFSI :(x) LiTFSI at x =
0.4 i.e., E64 (bottom image) when exposed to open flame.

(a) Tonic conductivity plot of the solid electrolyte E64 varying
from 25°C to 80°C, (b) LSV curve of Li/E64/SS cell at 1 mV
st from OCV to 6 V, (c) CV of Li/E64/SS cell showing Li
plating/stripping at 0.5 mV s! from —0.5 to 3.5 V, (d)
Galvanostatic polarization result of Li/E64/Li cell at 0.2 mA
cm2and 0.5 mA cm™2with stripping/plating capacity fixed at
1 mAh cm™ at 25 °C, (e)FESEM images of pristine lithium
foil and lithium foil after 400h stripping-plating test with E64
at 0.2 mA cm2and 1 mAh cm 2 at 25°C, and (f) AC
impedance of Li/E64/Li at different storage time (the inset is
zoomed view of low frequency region).

Lithium-ion transference number (tLi") of the solid
electrolyte with (1-x) C4DTFSI:(x) LiTFSI at (a) x = 0.2, (b)
x=0.3,(c)x=0.4 (d)x=0.5, and (e) x = 0.7 incorporated in
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Figure 4.10

Figure 4.11

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Celgard, with EIS before and after steady state given in inset
at 25 °C.

(a) Schematic illustration of cell assembly with Solid
electrolyte (E64) and possible Li" ion interaction with anion
and cation in the binary mixture; (b)Cyclic voltammetry of
Li//LFP cells with electrolyte E64 carried out from 2.4 to 4.2
V at a scan rate of 0.1 mV s'; (c) Galvanostatic
charge/discharge profile for 1t and 5™ formation cycles of
Li/LFP cell with E64 solid electrolyte from 2.5 to 4.2 V at 0.1
C-rate, and(d) corresponding EIS plots of the cell before and
after formation cycle; (e) Galvanostatic charge-discharge
profile, and (f) cycling performance of Li/LFP cell with E64
at 0.2 C-rate; (g) Rate performance of the Li/LFP cell with
E64 measured at sequential variation of current densities at 25
°C, and (f) Charge and discharge curves of the Li/LFP cell
from 2.5 to 4.2 V with E64 solid electrolyte at various current
densities at 25 °C.

(a) Galvanostatic charge-discharge profile and (b) Cycling
performance of Li/NMC 111 cell with E64 solid electrolyte at
0.2 C-rate for 50 cycles.

(a) Synthesis of POnTFSI from DABCO and corresponding
dihalide, (b) Digital image of as-synthesized ionene
oligomers (POnTFSI), (c) Possible mechanism of ion
transport in prepared POnTFSI/LiTFSI binary mixtures, and
(d) Schematic illustration of the preparation of electrospun
PAN nanofibrous mat impregnated in binary mixtures of
POnTFSI/LiTFSI used as solid polymer electrolyte.

"H NMR of (a) PO2TFSI, (b)PO3TFSI, (c) POSTFSL, in d6-
DMSO for the estimation of molecular weight.

(a) DSC curve showing the 2™ heating cycle of POnTFSI,
where n= 2, 3, 5 denotes the number of —(CH2CH2O)— unit
present in the spacer backbone of the ionene oligomer, (b)
TGA plots of the POnTFSI, (¢) FTIR-ATR spectra of
POnTFSI at 4000 - 500 cm 'and (d) Viscosity plot of
PONTFSI from 0.1 to 100 s7".

(a) Temperature dependent ionic conductivity of POnTFSI
(where n= 2, 3 and 5 are the number of oxyethylene units in
spacer backbone), (b) VTF ionic conductivity plots of neat
POnTFSI samples varying from 20°C to 80°C, (c)VTF
parameters obtained from linear fitting of VTF curves
showing activation energy (Ea.) and A is the pre-exponential
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Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

factor related to carrier ion number and (d) LSV curve of
Li/POnTFSI/SS at 1 mV s~! from OCV to 7 V.

Ionic conductivity at 25°C and 50°C of binary mixtures (a)
PO2TFSL:LiTFSI, (b) PO3TFSLLiTFSI and
(c)POSTFSL:LAiTFSI; VTF ionic conductivity plots of the
binary mixtures (1-x) POnTFSI: (x)LiTFSI samples at
temperatures  varying from 20°C to 80°C (d)
PO2TFSL:LiTFSI, (e) PO3TFSIL:LiTFSI, and
(HPOSTFSL:LIiTFSI; The VTF parameters, activation energy
(Ea) and pre-exponential factor (A) obtained from linear fit
data for binary mixtures (g) PO2TFSLLiTFSI, (h)
PO3TFSL:LiTFSI and (i)POSTFSI:LiTFSI; with addition of

LiTFSI at molar concentrations of x = 0.166, 0.333, 0.5 and
0.667.

Raman spectra of the (x) LiTFSI : (1-x) POnTFSI binary
mixtures (where, x =0.166, 0.333, 0.5 and 0.667, is the mole
fraction of LiTFSI) (a)PO2TFSI (b) PO3TFSI and (c)
POSTEFSI [Experimental spectra (circles) are shown together
with the best fits (red line) and the individual Voigt
components (blue and green lines) where, band 1 corresponds
to the weakly coordinated or free TFSI™ anions and band 2 is
due to the TFSI” anions coordinated to Li‘]; (d) Average
number (N) of TFSI” ions coordinating per Li* and (e)
Percentage of coordinated TFSI"; Illustration of Li"
interactions in (f) PO2TFSI: LiTFSI, (g)PO3TFSI: LiTFSI
and (h) POSTFSI: LiTFSI.

SEM images showing morphology of electrospun fibres (a)
PAN, (b) P-PO2-0.5, (¢) P-PO2-0.5 and (d) P-PO5-0.5.

EIS and chronoamperometry for POnTFSI: LiTFSI coated
PAN solid polymer electrolytes (a)PO2TFSI, (b)PO3TFSI
and (c)POSTFSI and (d) tLi" for P-PO2-0.5, P-PO3-0.5 and
P-PO5-0.5

(a) Stress-strain curves of the electrospun nanofibres
comparing neat PAN with coated PAN P-P0O2-0.5, P-PO3-0.5
and P-PO5-0.5; (b)Temperature dependent ionic conductivity
of P-POn-0.5; (¢) VTF plots of P-PO2-0.5, P-PO3-0.5 and P-
PO5-0.5, (d) LSV of P-PO2-0.5, P-PO3-0.5 and P-PO5-0.5
showing oxidation stability against Li metal; stripping-plating
behavior of the SSE in Li/LLi symmetrical setup at varied
current densities of 0.1 to 2.5 mA cm™? for (e) P-P0O2-0.5, ()
P-PO3-0.5 and (g) P-PO5-0.5.
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Figure 5.10

Figure 5.11

Figure 5.12

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

FTIR-ATR spectra of SPE surface in contact with lithium
before and after cycling tests on Li/Li symmetrical cells (a)P-
P0O2-0.5, (b)P-PO3-0.5, and (c)P-PO5-0.5 with digital images
of the corresponding Li surface (d, e, and f).

Electrochemical performances of all-solid state LFP batteries.
Cycling performance at 50°C of (a) LFP/P-PO2-0.5/Li, (b)
LFP/P-PO3-0.5/Li and (c) LFP/P-PO5-0.5/Li at 0.5 C rate;
Impedance spectra of the Li/P-POn-0.5/LFP cell cycled at 50
°C (d) before and (e) after cycling at 0.5 C; (f) Rate
performance of LFP/P-POn-0.5/Li cells at 50°C from 0.05C
to 2C-rates; Charge and discharge curves of the Li/LFP cells
from 2.5 to 4.2 V at various C-rates with (g) P-PO2-0.5, (h)
P-PO3-0.5 and (i) P-PO5-0.5 at 50°C.

Cycling performance at 25°C of LFP/PO2-0.5/Li, LFP/PO3-
0.5/Li and LFP/PO5-0.5/Li at 0.2 C rate.

Schematic illustration of the fabrication process of
PAN/PO3TFSI/LiTFSI nanofibrous mat by electrospinning
technique followed by a post heat-treatment step to prepare a
flexible ASSPE for lithium battery having leaf blade inspired
veined morphology with closed pores.

(a) DSC curve of PO3TFSI showing the 2" heating cycle, (b)
TGA plots of the PO3TFSI compared with DABCO, (c) VTF
ionic conductivity plots of electrospun P-PO3-x SPE (at x =
10,20,30,40 and 50 wt% LiTFSI) varying from 20°C to 80°C
and (d) LSV curve of Li/PO3TFSI/SS taken at 1 mV s~! from
OCVto7V.

(a) SEM images showing morphology of electrospun fibres of
PAN, P-PO3 (3:1), P-PO3 (1.85:1), and P-PO3 (1:1); (b)
Variation of electrospun fibre diameter on addition of
PO3TFSIL.

SEM images of electrospun P-PO3-x fibres at x = 10, 20, 30,
40 and 50 wt% LiTFSI showing the aspun fibre mat (a, b, c,
d, 1) and post heat-treated nanofibrous mat (e, f, g, h, j)
showing the formation of a veined structure; (h) cross-section
image of the as-spun fibrous mat and the heat-treated fibrous
mat or ASSPE, and (k) EDX mapping of the heat-treated P-
PO3-50 fibrous mat showing the presence of the elements N,
O, C,FandS.

SEM images of (a) electrospun PAN fibres coated with
PO3TFSI and LiTFSI and (b) P-PO3-50; (c) Stress-strain
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Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

curves of the electrospun nanofibres comparing neat PAN, P-
PO3- 50 and coated PAN, (d) TGA plots of the electrospun
ASSPE P-PO3-50, ionene PO3TFSI and electrospun neat
PAN fibres from 50°C to 800°C @ 20°C min~' under N
atmosphere, and (e) Flame test showing flame approaches P-
PO3-50 ASSPE and then the flame is absent showing charring
without spontaneous combustion.

(a) Temperature dependent ionic conductivity of P-PO3-x
SPE (at x = 10,20,30,40 and 50 wt% LiTFSI) varying from
20°C to 80°C, (b) Room temperature ionic conductivity of
electrospun P-PO3-x SPE (at x = 10,20,30,40 and 50 wt%
LiTFSI), (¢c) VTF ionic conductivity plots of electrospun P-
PO3-x SPE (at x = 10,20,30,40 and 50 wt% LiTFSI) varying
from 20°C to 80°C, (d) Lithium-ion transference number
(tLi") of P-PO3-x at different LiTFSI concentrations of x =
10, 20, 30, 40, and 50 wt% of total solid content.

(a) FTIR-ATR spectra of LiTFSI, PO3TFSI and electrospun
fibres of PAN, P-PO3, PAN-LiTFSI, P-PO3-50% at 4000 -
500 cm™!, (b) FTIR-ATR spectra of LiTFSI, PO3TFSI and
electrospun P-PO3-x fibres at 3250 - 1750 cm™' showing
interaction between TFSI, C=N of PAN and Li", and (c)
Schematic illustration of Li" transport in the prepared
PAN/PO3TFSI/LiTFSI based ASSPE.

(a) CV of Li/P-PO3-50 /SS cell showing Li plating and
stripping behavior at 0.5 mV s~! from —0.5 to 6.5 V, (b) LSV
of Li/P-PO3-50/SS cell at 1 mV s~ from OCV to 6 V, (c)
Galvanostatic polarization result of Li/P-PO3-50 /Li cell at
0.1 mA cm™2, 0.5 mAh cm™2 and ImAh cm™  at 25 °C with
0.5 h stripping plating time with zoomed plots in the insets,
and (d) EIS spectra of Li/P-PO3-50 /Li at different storage
time (the inset is zoomed view of low frequency region).
FESEM images of (a) pristine lithium foil and (b)lithium foil
after stripping-plating test with ASSPE P-PO3-50 at 25°C.

(a) Galvanostatic charge—discharge profile and (b) Cycling
performance of Li/LFP cell with P-PO3-50 ASSPE at 0.2 C-
rate and 25°C; (c¢) Cyclic voltammetry of Li//LFP cells with
electrospun P-PO3-50 SPE carried out from 2.5t0 4.2 V ata
scan rate of 0.1 mV s7'; (d) Galvanostatic charge—discharge
profile and (e) Cycling performance of Li/LFP cell with P-
PO3-50 ASSPE at 0.2 C-rate and 60°C; (f) Impedance spectra
of the Li/ASSPE/LFP cell cycled at 25 °C and 60 °C before
and after cycling at 0.2 C; (g) Cross-sectional SEM image of
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Figure 6.10

Figure 6.11

Figure 6.12

Figure 7.1

Figure 7.2

Figure 7.3

LFP cathode/ASSPE after disassembling of cell; (h) Rate
performance of the Li/LFP cell with P-PO3-50 ASSPE
measured at sequential variation of current densities at 25°C
and (i) Rate performance of the Li/LFP cell with P-PO3-50
ASSPE measured at sequential variation of current densities
at 60°C; Charge and discharge curves of the Li/LFP cell from
2.5 to 4.2 V with P-PO3-50 SPE at various current densities
(G) at 25°C and (k) at 60°C; and (1) Cycling performance of
Li/LFP cell with P-PO3-50 ASSPE at 1 C-rate and 60°C for
50 cycles.

Galvanostatic charge-discharge profile, and (b) cycling
performance of Li/ASSPE/NMC cell at 0.2 C-rate for 50
cycles at 25°C.

Abuse tests of ASSPE P-PO3-50. (a) Digital images of the
ASSPE P-PO3-50 being bent, folded, crumpled, and
unfolded. (b) Li/P-PO3-50 /LFP custom made flexible cell in
different bending and rolled states lights up an LED.

Discharge-charge profiles of lithium sulfur batteries (a)
control Li/(PEO20LiTFSI)/S cell and (b) Li/P-PO3-50 /S cell
at 0.1C-rate and 80°C; (c) Impedance spectra of Li/P-PO3-
50/S cells at the initial and after] 0™ discharge cycle at 80 °C
at 0.1 C; and (d) CV curve of Li/P-PO3-50 /S cell at a scan
rate of 0.1 mV s™! at 80°C.

(a) Synthesis of ionic liquid (IL) monomers; (b) 'H NMR of
the prepared monomer SDCI; (c¢) Digital photographs
showing liquid SDCI and solid SDTFSI (M1) and SDFSI
(M2) after ion exchange.

Schematic illustration of preparation of solid polymer
electrolyte following three steps (a) preparation of
PEO:LiTFSI stock solution, (b) preparation of the precursor
solution (PEO+LiTFSI+IL monomer+PEGDA) with BPO as
initiator and subsequent crosslinking to form semi-IPN films
(matrix material), (¢) electrospinning of PAN fibres and
impregnation with precursor solution to form 3D reinforced
solid polymer electrolyte (SPE).

(a) PLOM images of SDTFSI (M1) (top) and SDFSI (M2)
(bottom) monomers; (b) DSC plots of the SDTFSI (M1) and
SDFSI (M2) monomers during first heating cycle; (¢) TGA
plots of the monomers SDTFSI (M1) and SDFSI (M2) from
50°C to 800 °C showing the decomposition temperature; and
(d) ATR-FTIR spectra of PEGDA, M1, M2, xM1PEGDA and
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Figure 7.4

Figure 7.5

Figure 7.6

xM2PEGDA from 2000-400 cm™'showing disappearance of
bands due to C=C after crosslinking; Digital photographs of
films of monomers crosslinked with PEGDA700 at 1:1 molar
ratio where (e) SDTFSI crosslinked with PEGDA
(xMIPEGDA), and (f) SDFSI crosslinked with PEGDA
(xM2PEGDA) showing insolubility of the films after being
kept immersed in acetonitrile for 24h.

ATR-FTIR spectra of of StCl, PEGDA700, PEO, SDTFSI
(M1), SDFSI (M2), the crosslinked semi-IPN films xSPE20-
M1 and xSPE20-M2 and the PAN fibre reinforced SPE films
F-xSPE20-M1and F-xSPE20-M2 (a) at 2000 - 500 cm™'; (b)
at 4000 - 2000 cm™!; (c) Percentage of chain entrapment
obtained after immersing the crosslinked films and fibre
reinforced samples in acetonitrile solvent; (d) DSC plots
showing the effect of crosslinking using monomers with two
different anions on the crystallinity of PEO based SPE by
observing the melting behavior of neat PEO, SPE20, xSPE20,
the crosslinked semi-IPN films xSPE20-M1 and xSPE20-M2
and the PAN fibre reinforced SPE films F-xSPE20-M1and F-
xSPE20-M2; (e) TGA plots of the crosslinked semi-IPN film
and fibre reinforced samples from 50°C to 800°C showing the
decomposition temperature; and (f) Thermal shrinkage test of
Celgard PP separator, and the SPE samples SPE20, xSPE20-
M1, xSPE20-M2, F-xSPE20-M1and F-xSPE20-M2 at 25°C,
55°C and 150°C.

SEM images showing surface morphology of the fibres
incorporated with semi-IPN electrolyte (a)F-xSPE20-M1, (b)
F-xSPE20-M2, and (g) neat PAN fibres; Cross-sectional
images (d) F-xSPE20-M, (e) F-xSPE20-M2, and (h) neat
PAN fibres showing existence of pores; (c) Digital
photograph showing flexible fibre reinforced solid polymer
electrolyte; and (f) Stress-strain curves of the crosslinked
semi-IPN films and the electrospun fibre reinforced SPEs
compared with neat PEO film and SPE20 (or PEO20LiTFSI).

(a) Temperature dependent ionic conductivity plots for
SPE20, xSPE20, xSPE20-M1 and xSPE20-M2 from 25°C to
80°C; (b) Ionic conductivity plots for FxSPE20-M1 and
FxSPE20-M2 from 25°C to 80°C; (¢) VTF plots of ionic
conductivity of the samples; (d) Expanded DSC plots
showing onset of glass transition (Tg) values for the SPE
samples; Lithium-ion transference number of (e) F-xSPE20-
M1 and (f) F-xSPE20-M2 by Bruce-Vincent method.
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Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

(a) Cycling stability of Li/Li cells with XSPE20-M1 vs. F-
xSPE20-M1 at 0.5 mA cm™ and stripping/plating time of 1 h
each;(b) Rate performance of the F-xSPE20-M1 Li/Li cell at
various current densities with stripping/plating time of 1h
each; (c) Cycling stability of Li/Li cells with xXSPE20-M2 vs.
F-xSPE20-M2, at 0.5 mA cm™ and stripping/plating time of
1 h each; (d) Rate performance of the F-xSPE20-M2 Li/Li cell
at various current densities with stripping/plating time of 1h
each; (e) Cycling stability of Li/Li cells with SPE20 at a
current density of 0.5 mA cm™ and stripping/plating time of
1h each; and (f) LSV plots of F-xSPE20-M1 and F-xSPE20-
M2 in a Li/SS asymmetric cell at 1 mV s™! from OCV to 6 V.

(a) ATR-FTIR spectra of of StCl, PEGDA700, PEO, SDTFSI
(M1), SDFSI (M2), the crosslinked semi-IPN films xSPE20-
M1 and xSPE20-M2 and the PAN fibre reinforced SPE films
F-xSPE20-M1and F-xSPE20-M2 and LiTFSI at 2000 - 500
cm™!; Raman spectrum of (b) xXSPE20, (¢) F-xSPE20-M1 and
(d) F-xSPE20-M2 showing the deconvolution peaks
coordinated TFSI™ (green), free TFSI™ (blue), coordinated
FSTI™ (pink), free FSI™ (purple); (e) Schematic of lithium ion
conduction in F-xSPE20-M2.

(a) XPS characterization of the lithium surface after cycling
in Li/Li symmetrical cell with F-xSPE20-M1 (top, from right
to left) and the F-xSPE20-M2 (bottom, from right to left),
showing Cls, N1s, Fl1s, and S2p spectra; Temporal evolution
of the impedance spectra for Li/Li symmetrical cells on
storage with the (b)F-xSPE20-M1 SPE and (c¢) F-=xSPE20-M2
SPE; (d) FESEM images of the lithium surface in contact with
SPE20, xSPE20-M1, xSPE20-M2, F-xSPE20-M1, F-
xSPE20-M2, and the pristine lithium foil; and (e) FTIR of the
fibre reinforced crosslinked SPE (F-xSPE20-M1 and F-
xSPE20-M2) surface in contact with the lithium surface
before and after Li/Li symmetrical cell cycling tests.

Electrochemical performances of all-solid state LFP batteries
with mass loading of 2 mg cm™2 unless otherwise mentioned.
(a) Cycling performance of Li/F-xSPE20-M1/LFP and Li/F-
xSPE20-M2/LFP cells at 55°C; (b) Interface of LFP cathode
with fibre reinforced SPE; (c)Rate performance of the cells
with F-xSPE20-M1 and F-xSPE20-M2 at 55°C from 0.1C to
2C-rate.; Galvanostatic charge—discharge profile of Li/LFP
cells with (d) F-=xSPE20-M1 and (e) F-xSPE20-M2 SPEs at
varying C-rates and at 55°C; Cycling performance of Li/LFP
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Figure 7.11

Figure 7.12

cell with F-xSPE20-M1 and F-xSPE20-M1 SPEs : (f) for 500
cycles at 2 C at 55°C, (g) for 200 cycles at 0.1C and room
temperature (25°C) (h) for 200 cycles with high mass loading
of §mg cm 2 at 0.2 C and 55°C,and (i) at 0.2 C for 200 cycles
at high temperature of 100°C.

(a) Lithium plating on Cu-foil in Cu/Li cell at 1 mAh cm=2 for
10 h, (b) Cycling performance of Cu-Li/LFP full cell at 0.5C
and 55°C for 50 cycles, and (¢) SEM image of the Cu-Li foil
after 50 cycles of charge-discharge;(d) Cycling performance
of Li/NMC622 cell and (e) Galvanostatic charge-discharge
profile of the Li/NMC622 cell using F-xSPE20-M2
electrolyte at 0.2C for 100 cycles at 40°C.

(a) Digital photograph of multi-meter reading showing the
open circuit potential of the custom-made flexible battery
assembled with F-xSPE20-M2 under different angles of
folding (0°, 90°, and 270°) and after cutting in to pieces, (b)
Schematic representation of cell setup, (¢) illuminated LED
design powered by the flexible battery under different angles
of folding and after cutting, (d) galvanostatic charge-
discharge curve of one unit flexible battery system and () the
corresponding EIS spectra under different angles of folding.
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List of Symbols

cm Centimeter

cm™! Centimeter inverse

cP Centipoise

°C Degree centigrade

°C min™! Degree centigrade per minute
eV Electron Volts

g Gram

gcm> Gram per cubic centimeter
g mol™! Gram per Mole

Hz Hertz

h Hour

JK ' mol™! Joules per Kelvin per Mole
K Kelvin

kJ mol™ Kilo Joule per Mole

kHz Kilohertz

MHz Megahertz

ne Microliter

pum Micrometer

mAhg! Milliampere-hour per gram
mAh cm™2 Milliampere-hour per square centimeter
mg Milligram

mg cm™> Milligram per centimeter square
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mL Milliliter

mL g™! Milliliter per gram

mL h™! Milliliter per hour

mL m™! Milliliter per minute

mm Millimeter

mm min™! Millimeter per minute
Mmol Millimole

Mmol g™ Millimole per gram

mV Millivolt

mV s™! Millivolt per second

min Minute

M Molar

mol Mole

nm Nanometer
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Ohm per square centimetre
Pascal second
Mega Pascal

Per second
Second
Siemens per centimetre

Square root Kelvin-Siemens per
centimetre
Volt
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Li Lithium

S Sulfur

N Nitrogen

O Oxygen

C Carbon

Cl Chlorine

Br Bromine

H Hydrogen

DABCO 1,4-diazabicyclo [2.2.2] octane (DABCO)

BPO Benzophenone

FSI bis(fluorosulfonyl)imide

TFSI bis(trifluoromethanesulfonyl)imide

LiFSI Lithium bis(fluorosulfonyl)imide

LiTFSI Lithium bis(trifluoromethanesulfonyl)imide

PAN Polyacrylonitrile

PEG Polyethylene glycol

PEGDA Polyethylene glycol diacrylamide

PEO Polyethylene oxide

PP Polypropylene

PVDF Polyvinylidene fluoride

DME 1,2-dimethoxymethane

DOL 1,3-dioxolane

CNT Carbon nanotube

DI De ionized water

d6-CDCl; Deuterated Chlororform

d6-DMSO Deuterated Dimethylsulfoxide

EC Ethylene carbonate

LiPFs Lithium hexafluorophosphate

IIfFPel())E)A; Lithium iron phosphate

LiNO3 Lithium nitrate

NMP N-methyl-2-pyrrolidone

DMF N, N-dimethylformamide

NMC Nickel manganese cobalt oxide
Poly(3.4-

PEDOT:PSS ethylenedioxythiophene):polystyrene
sulfonate

[RaNT" Quaternary ammonium cation

LiPS Lithium polysulfide

List of Abbreviations
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LSB Lithium sulfur battery

IL Ionic liquid

PIL Polymerized ionic liquid or Poly(ionic liquid)

SSE Solid state electrolyte

ASSPE All solid state polymer electrolyte

SPE Solid Polymer Electrolyte

Semi-IPN Semi-Interpenetrating network

SS Stainless steel

OIPC Organic ionic plastic crystal

DSC Differential Scanning Calorimetry

Ty Glass transition temperature

T Temperature of melting

TGA Thermogravimetric Analysis

CA Chronoamperometry

Cv Cyclic Voltammetry

LSV Linear Sweep Voltammetry

EIS Electrochemical Impedance Spectroscopy

ocv Open Circuit Voltage

SEI Solid electrolyte interphase

PLOM Polarized Light Optical Microscopy

EDX Energy Dispersive X-ray Spectroscopy

FESEM Fic?ld Emission Scanning Electron
Microscope

SEM Scanning Electron Microscopy

XPS X-Ray Photoelectron Spectroscopy

FTIR Fourier Transform Infrared

ATR Attenuated Total Reflection

IR Infrared

NMR Nuclear Magnetic Resonance

VFT Vogel-Fulcher—-Tammann

A Area of electrolyte

ASR Area specific resistance

N Average number of ion coordination

Ea Activation energy

a.u Absolute Unit

corlC Ionic conductivity

tLi" Lithium ion transference number

R Resistance

Rp Ohmic resistance

p Resistivity

Ret Charge-transfer resistance

L Length or thickness of electrolyte

o Diameter
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v/v

7w
W/W

e—
wt.%
HOMO
LUMO

IV IAN H

l

Eta (Viscosity)

Volume by volume

Warburg resistance

Weight by weight

Electron

Weight percentage

Highest occupied molecular orbital
Lowest unoccupied molecular orbital
Plus and minus

Less than equals to

Greater than equals to
Approximately
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