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Abstract

Energy production and storage have become major challenges in our day to day life. Zero
emission vehicles and portable electronics require high-energy and high-power density systems.
Li-ion batteries have high volumetric energy density, and have been widely explored and used
in portable electronics. They are also used to power plug-in hybrid electric vehicles and electric
vehicles. As well as “mobile” applications, low cost batteries are required for smarter electric
grids that integrate discontinuous energy flow from renewable sources, optimizing the
performance of clean energy sources. Energy density is not as critical for these applications
and given the likely increasing price and decreasing supply of Li, Na-ion batteries are a very
promising alternative. Elemental Na exhibits similar chemistry to Li, and therefore should be
able to be used in batteries. However, a commercially-realistic focus on exploring cathode
materials, anode materials and electrolytes for Na-ion batteries is needed to bring these
batteries to market. The electrolyte plays a major role in transporting the sodium ions between
cathode and anode in a Na-ion battery, as well as in intercalation of Na ions into the electrodes.
So far, there are no commercialized electrolytes for Na-ion batteries which operate at room

temperature to give stable electrochemical performance, safety and a wide potential window.

Organic electrolytes do not have high thermal stability in Na-ion batteries. Thermal stability
may be improved by using new electrolyte solvents, such as ionic liquids. Ionic liquids have
significant properties of increased safety (wide potential window), high electrochemical
stability, good ionic conductivity and wide liquid temperature range in Na-ion batteries. This
work aims to develop ionic-liquid based electrolytes for high energy density sodium ion battery
by using different synthesis of sodium vanadium phosphate cathode material, commercial hard
carbon anode material with 1M NaFSI salt dissolved in different organic solvents (Ethylene

carbonate and Propylene carbonate), N-methyl N-pyrrolidinium



bis(trifluoromethanesulfonyl)imide (CsmpyrTFSI), and N-methyl N-pyrrolidinium
bis(fluoromethanesulfonyl)imide (CsmpyrFSI) based electrolyte for sodium ion battery. The
hybrid electrolyte and ionic liquid electrolytes showed excellent cycling performance with high
rate capability for NVP@C and Hard carbon electrodes in sodium ion batteries. These
electrolytes formed a more stable passivation layer on the surface of NVP@C, Hard carbon
and sodium metal surfaces in sodium ion batteries. Further, studied the organic, hybrid and
ionic liquid electrolytes thermal decomposition reaction mechanism in sodium ion batteries.
Finally, Developed the low-cost bioderived hard carbon as anode material and NVP@C
cathode material for Sodium ion battery. It shows excellent cycling performance with high
safety batteries for large scale grid storage applications. C3mpyrTFSI and CsmpyrFSI ionic
liquid- based electrolytes enhanced the electrochemical performance, and safety of the full cell

sodium ion batteries.

Keywords: Sodium ion battery, NVP@C, Hard carbon, Ionic liquid, Electrolyte, Solid
electrolyte interface.
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Chapter 1

1.1 Motivation

Climate change caused by consumption of fossil fuels and emission of greenhouse gases has
increased the CO2 levels in the atmosphere'. In order to control the CO2 levels, energy production
must use renewable and sustainable energy sources. In these cases, the power system must have
some energy storage capability to overcome the fluctuations in the energy supply. Renewable
sources such as solar and wind are not continuously available, so efficient energy storage
technologies are needed to level the peak load” and allow the electricity grid to work effectively™
4. Energy storage technologies can be divided into four categories: mechanical, electrical, chemical
and electrochemical for large-scale applications®.

Batteries are used as storage devices in domestic life and have good efficiency, stability, and
greater reliability than other energy storage devices®. Energy storage is defined in terms of
energy density and chemical energy !. Batteries store chemical energy and produce electricity
with high conversion and without polluting the environment. Researchers are interested in
developing low cost, highly safe, rechargeable batteries, which can supply adequate voltage

and high capacity for many cycles.

1.2 Batteries:

The battery is a device that generates electrical energy from electrochemical oxidation and
reduction reactions. Batteries may be single-use (primary), or rechargeable (secondary). The
electrochemical reactions in primary batteries are not reversible. Examples of primary batteries
are zinc-carbon, mercury, alkaline, lithium, and sodium batteries. These batteries can be used
in limited capacity applications, due to their lower self-discharge rate. Secondary batteries have
reversible electrochemical reactions. Examples of secondary batteries are lead-acid, nickel-

metal hydride, nickel-cadmium, lithium-ion, and sodium-ion batteries.



Batteries can be characterized in terms of energy and power density. Energy densities may be
given relative to the mass of the device (gravimetric energy density, Wh.kg™!) or its volume

(volumetric energy density, Wh.I"") for energy storage devices.
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Figure 1. 1: Comparison plot of energy density and power density of different energy storage
devices?.

Power densities describe the rate of discharge in batteries. Usually, batteries should possess a
higher energy density and power density for large-scale energy storage applications. Energy
and power density values for typical batteries are shown in Figure 1.1. Battery charge-discharge
rates are measured in the units of mill ampere-hour or ampere-hour and denoted by C-rates,

which are related to the theoretical capacity of the lithium or sodium reversible electrode



materials. For example, the capacity of a battery is commonly rated at 1C, meaning that a fully

charged battery rated at 1 Ah should provide 1A for one hour.

1.3 Lithium-ion battery:

Li-ion battery energy storage systems are successfully used in the portable electronics, and are
becoming popular for powering automobile applications in the electric vehicle market?.
However, there may be an issue with the scarcity and price of lithium in the future®. Sodium
may be an alternative to lithium for sustainable energy storage; sodium is abundant (Figure
1.2), cheap, recyclable’, and allows copper anode current collectors to be replaced with cheaper
aluminum®. These advantages of sodium-ion batteries (SIBs) suggest that they could be
competitive with lithium-ion batteries for large-scale applications, where weight is not the
primary consideration’. Nowadays, researchers focus on developing a low cost and high-

performance sodium-ion battery to replace the lithium-ion battery.
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Figure 1. 2:The abundance of chemical elements in Earth’s crust'C.

Some of the important characteristics of sodium and lithium ions are given in Table 1.1.
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Table 1. 1: Basic characteristics of Sodium-ion and Lithium-ion batteries!?.

Characteristics Na Li

Price (for carbonates)’ 0.07-0.37° € kg™ 4.11-449" € kg™
Capacity density 116 Ahg! 386 Ahg!
Voltage vs. SH.E. -2.7V -30V

lIonic radius 098 A 0.69 A

Melting point 97.7 °C 180.5°C

“ Purity: 98.8-99.2% min. ” Battery grade: 99.9%. ¢ S.H.E.: Standard
Hydrogen Electrode.

1.4 Sodium-ion battery:

Sodium-ion batteries have similar intercalation chemistry to that of lithium-ion batteries!!.
Sodium-ion batteries have lower energy density than lithium-ion batteries, due to the higher
equivalent weight and higher ionization potential of sodium. In sodium-ion batteries, sodium-
ion transport between cathode and anode occurs through the electrolyte, as shown in Figure
1.3. Reported literature data of cathode and anode materials for sodium-ion batteries are shown

in Figure 1.4.

Cathode Electrolyte Anode

Figure 1. 3:Schematic diagram of sodium-ion battery working mechanism?2,
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Figure 1. 4:Potential versus Specific capacity plots for different (a) cathode, (b) anode
materials studied for their applications in sodium-ion batteries2,

1.5 Sodium-ion battery components:

In sodium-ion batteries, sodium ions move between electrodes by diffusing through the electrolyte



and are generated/consumed by oxidation/reduction reactions of the active electrode materials. The
active electrode materials are cast onto the current collectors, which pass the electrons to the
external circuit. The positive and negative electrodes are separated by a membrane-type separator,

to prevent their direct contact and avoid a short circuit.

1.5.1 Anode materials:

Anode materials have a lower operating potential window, and the anode potential must be
above the potential at which sodium metal deposits in sodium batteries.

This material is used as a cathode material and sodium foil as an anode material in half-cell
configuration of sodium metal batteries. It is used as negative electrode material opposite with
sodium host cathode material in full cell sodium-ion batteries for different applications. Anode
materials are classified on the basis of electrochemical reaction kinetics of sodium ion in
sodium-ion batteries.

1.5.1.1 Carbonaceous anode material for sodium-ion battery:

Carbonaceous materials are important anode materials for sodium-ion batteries. Graphite is
well known as an anode material for lithium-ion batteries, where it demonstrates an
appropriately low operating potential, good reversible capacity, high rate capability and good
long-term cycling stability. However, this material cannot be used as an anode material in a

sodium-ion battery, because the large sodium 1on cannot easily enter graphite.
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Figure 1. 5:“House of cards model” for sodium-filled hard carbon anode materials for sodium-
ion batteries 4.



Doeff et al. successfully reversible sodium intercalation and deintercalation in soft carbon
anode materials in sodium metal batteries'>. In 2003, Dahn et al. synthesized a hard carbon for
sodium-ion battery anodes from glucose using a high-temperature pyrolysis process'*. Sodium
inserts easily between the graphene layers and in the nanopores in the disordered hard carbon
material, shown schematically in the “house of cards” model of Figure 1.8. Further, Komaba
et al. stabilized and enhanced the capacity and initial coulombic efficiency and controlled the
solid electrolyte interface layer formation by optimizing the electrolyte composition through

selection of additive and binders'®.

Recently, bioderived hard carbon materials were
synthesized from biomass waste precursors!”!°. Ionic liquid derived N-doped carbon materials
has been synthesized and used as electrode materials in lithium and sodium ion batteries. It acts
apseudo capacity behavior type material for lithium and sodium ion batteries*’. These materials

are likely to reduce the cost of production and improve the sustainability of sodium-ion

batteries.

1.5.1.2 Alloying type anode materials for sodium-ion batteries:

Alloying

Figure 1. 6:Alloying reaction mechanism in the sodium-ion battery?..

Some materials (including both metals and non-metals: tin, antimony, bismuth, lead,
germanium, and phosphorus) exhibit a reversible alloying reaction with sodium, and are able
to act as high energy density anode materials for sodium-ion batteries (Figure 1.9). For example,
metallic tin has been proposed as an anode material for room temperature sodium-ion
batteries,?> 2* Tin anodes have a theoretical capacity of 847 mAhg™! and can store 3.75Na per
Sn. Ellis et al. examined the electrochemical activity of Sn versus sodium in sodium-metal

batteries?*, and found that alloying between sodium and tin has a four step reaction mechanism:



NaSn3, NaSn, NaoSns, and NaisSns. However, this volume of this anode changes drastically
with cycling, and the anode is also unstable in contact with many electrolytes. The
electrochemical performance of Sn can be improved by doping with inactive elements (Cu)
and the volume expansion can be suppressed by optimizing the binder and the electrolyte
additives?. Binary (Sn-Ge)?%, and ternary (Sn-Ge-Sb?’ & Sn-Bi-Sb?®) Sn alloys have also been
examined as anode materials for sodium-ion batteries. Chen and co-workers successfully
synthesized Sn nanodots encapsulated with N-doped carbon nanofiber by an electrospinning
and thermal reduction method to give a sodium battery anode material which showed excellent
electrochemical performance with a good reversible capacity of 450 mAhg' with 10 Ag’
current density rates for 1300 cycles with organic electrolytes®. Yang et al. demonstrated an
Sb/C composite anode for room-temperature sodium batteries’®, and found excellent
electrochemical performance, with a specific capacity of 600 mAhg™ for 100 cycles with an
organic electrolyte containing added FEC ( Fluoroethylene carbonate). Nithya and Gopukumar
successfully synthesized a reduced graphene oxide (rGO)/Sb nanocomposite as an alloying
anode material, and found excellent reversibility of sodium alloying reactions and a specific
capacity of 452 mAhg-1 at a current density of 100mAg™ 3!, Song et al. made a nanocomposite
sodium-ion battery anode by combining graphene nanosheets with red phosphorous
nanoparticles. This anode showed a high reversible specific capacity of 2077 mAhg™! with a
current density of 260 mAg™! for 60 cycles in sodium metal batteries®’. Several other red
phosphorous nanocomposite anode materials have been synthesized, based on rGO, CNT,

graphene nanosheets and N-doped carbon nanofiber hybrid systems for sodium batteries?!.

1.5.1.3 Conversion type anode materials for sodium-ion batteries:
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Figure 1. 7:Conversion reaction mechanism in sodium-ion batteries?..

Conversion

Tirado and co-workers first proposed NiCo204 as a TMO (Transition-metal oxide) based
conversion-anode material for sodium-ion batteries (Figure 1.10). This material shows a
reversible capacity of 200 mAhg™! by forming Na,O, Ni, and Co in the sodiation process in
batteries®>. However, cells show poor sodium kinetics, structural instability and low energy
efficiency (as demonstrated by high voltage hysteresis). Among TMO materials, iron oxides,
particularly Fe>O3, and Fe3O4 are more promising anode materials for sodium batteries, because

they use abundant resources, are low cost, non-toxic and highly resistant to corrosion®*3°. Chen

and co-workers synthesized a 3D porous *- Fe304/C nanocomposite by an aerogel-assisted

method. It showed good reversible capacity of 740 mAhg™! for 200 cycles at a 200 mAg’!
current rates for high-performance anode material for sodium batteries®*. Wang et al.
synthesized a porous Co3z0s4 / N-doped Carbon composite with a MOF (Metal Organic
Framework) nanostructure by templating around ZIF-67. This material showed excellent
specific capacities of 506 mAhg™! at 100 mAg™! and 263 mAhg™! at 1 Ag’! for 1000 cycles with
only 0.01% capacity loss for each cycle in sodium batteries®’. Liu et al. proposed transition
metal chalcogenide FeS2/C with a yolk-shell nanostructure as a conversion-reaction based
anode material. This material was synthesized by a facile method involving etching, followed
by “sulfidation-in-nano box”. The material exhibited specific capacities of 511 mAhg™! at 100
mAg! and 330 mAhg! at 2Ag™! for 800 cycles with ultra long cycling stability, and appears
suitable for high rate capability sodium batteries*®. Chen et al. prepared a MOF-structured
anode by combining an N-doped carbon nanostructure host with ultrathin MoS> nanosheets,

grown within the host by a hydrothermal method. This material showed good reversible



specific capacities of 660 mAhg-1 at 100 mAg-1 and 306 mAhg-1 at 1 Ag-1 for 1000 cycles
with excellent rate capacity and long cycling life*. Similar hybrid, layered TMC materials,

such as VS, and WS, have been proposed as anode materials for sodium batteries*’.

1.5.2 Cathode materials:

In sodium-ion batteries, the cathode material acts as the initial sodium source and sodium ions
are transported from the cathode to anode material (generally a “hard” carbon) when the battery
is charged. During the discharge process, sodium ions return to the cathode. Cathode materials
are categorized based on their crystal structure.

1.5.2.1 Oxide compounds:

Layered transition-metal oxide (TMO) materials are promising cathode materials for high
energy density sodium-ion batteries. After commercialization of the lithium-ion battery with a
LiCoO; cathode, initial studies were pursued on single, and multiple TMO cathode materials
for sodium-ion batteries. Sodium ions can be inserted and removed from many 3d transition-

metal (Mn, V, Ni, Fe, Ti, Co, Cr) oxides, as shown in Figure 1.5.
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Figure 1. 8: Sodium host layered oxide (NaxTMQO2) schematic crystal structures for a) P2-
type, b) O2-type, c) O3-type, and d) P3-type stacking cathode materials for sodium-ion
batteries. In the crystal structure, blue and yellow balls represent the transition-metal and Na
ions in the O-type frameworks*.

Manganese-based layered oxides are of particular research interest because they are non-toxic,
inexpensive, and have more sites in their structures which can accommodate sodium ions.
These materials have an orthorhombic structure; the unit cell includes MnOs square pyramids
and MnQOg octahedra, which are organized to form two types of tunnels; large S-shaped tunnels
and smaller pentagon tunnels. There are three Na-sites: Nay site is within a small tunnel, and is
occupied completely; the other sites, Na2 and Nas, are half occupied in the large S-shaped
tunnel and are sites for “reversible” electrochemical reactions in a sodium-ion battery. This
material shows a theoretical capacity is 121 mAhg-1 based on two sodium transfer (Naz and
Nas) in large S-shaped tunnels sites in the material structure. Cao et al. synthesized the
NasMnoO1s cathode material with nanowire morphology by a polymer-pyrolysis process and
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found a high reversible capacity (128 mAhg™), excellent rate capability and long cycling
stability for a high-performance sodium-ion battery*>. Delmas et al. were the first to report the
P2 and O3 type NaCoO; material electrochemical studies. P2 phase NaCoO; material shows
excellent electrochemical performance, good structural stability and high reversible capacity
as compared to other types of sodium-ion battery*. Yu et al. synthesized carbon-coated NaCrO
cathode material, which also showed excellent electrochemical performance for sodium-ion
battery applications’. This material delivered an initial discharge capacity of about 100-110
mAhg! (based on 0.5 mol of Na®) related to Cr*"Cr*" redox couple with good rate capability
up to 150 C-rate. While the above cathode materials showed good electrochemical performance,
they have some drawbacks, mostly related to instability (either in contact with air, or as a result
of phase transitions, or major volume changes during intercalation). To overcome such above
issues, NaNij;sFeisMn1;302*, NagoCuo22Feo30Mno4s02*, and NaNig sMno2Tio 302 layered
TMOs are more promising for practical, commercial sodium-ion batteries.

Wang et al. successfully synthesized NaNii;3FeisMni30; cathode material by a large-scale
process combining hydroxide co-precipitation with solid-state reaction**. Their cathode
showed good reversible capacity of 125 mAhg! at a 1C rate for 500 cycles, this also
demonstrated its good rate capability and long-term cycling stability. Li et al. synthesized
Nao.oCuo22Fe30Mno 430> cathode material by solid-state reaction®. This material exhibited a
reversible capacity of 89 mAhg™! ata 0.1C rate and good rate capability with capacity retention
of 85% for 150 cycles at a 1C rate. Wang et al. also synthesized the NaNig.sMno»Tio 302 cathode
material by conventional solid-state reaction*. This material exhibited an initial discharge
capacity of 135 mAhg™! with good capacity retention of 85% at a 1C rate for 200 cycles. Above
mentioned  the  three-layered TMO  cathode  materials  (NaNiisFe13Mni1302,
Nag.oCuo.22Fe0.30Mno 4802, and NaNiosMno2Tip302 ) are more reliable to use for commercial

application of sodium-ion batteries as compared to other layered materials.

12



1.5.2.2 Polyanion compound-based cathode material:

Phosphate-(PO4) based systems have similar structures to that of Na+ Super lonic CONductor

(NASICON) compounds, such as Nai+xZr2P3—xSixO12.

Figure 1. 9:NASICON-type crystal structure of NazV2(POs)s cathode material*’.
NasV2(POa4)3 is a NASICON-type compound with a 3D rhombohedral framework (symmetry

R-3c) consisting of isolated VOs octahedra and PO, tetrahedra inter connected via corners to
form the framework anion [V2(PO4)s]*, and Na occupies two distinct sites within open
channels (Figure 1.6). Na3zV2(PO4)3 cathode material has three sodium sources, in that two
sodium ions can intercalate through the electrolyte while the charge-discharge process in the
sodium-ion battery. Saravanan et al. synthesized a carbon-coated porous NazV2(PQa4)3 cathode
material by a soft template method*’. This material exhibited excellent electrochemical
performance, high rate capability, and good long-term cycling stability with 50% capacity

retention at a 40C rate for 30000 cycles in a sodium-ion battery.
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Triphylite (t-NaFePO,) Maricite Phase (m-NaFePO,)

Figure 1. 10: Crystal structures of NaFePO4 cathode material in Triphylite and Maricite phases
for sodium-ion battery, FeO6 octahedra and PO4 tetrahedra are shown in green and blue,
respectively. Na atoms are shown as yellow spheres®.

Olivine-type NaFePOs cathode materials may be either triphylite-NaFePO4 or Maricite-
NaFePO4 phases, as shown in Figure 1.7. Maricite- NaFePO4 phase was obtained by a simple
solid-state reaction method, but this material is not electrochemically active in a sodium-ion
battery*®. Triphylite-NaFePO4 phase cathode material was synthesized via electrochemical or
chemical de-lithiation and subsequent sodium-ion insertion of LiFePOsa. It has a theoretical
capacity value of 154 mAhg* and shows good reversible capacity of 120 mAhg™ with a two-
step voltage profile of Fe®*Fe?* versus. Na/Na*® Pyrophosphate-based sodium host
NazFeP.0O7 cathode material has been synthesized by solid-state, solution combustion, and gas
ceramic routes®>3, This material exhibits an excellent reversible capacity of 85 mAhg™ with
one sodium extraction process in sodium-ion batteries. Na-rich NazsV2(POas)2F3
fluorophosphate compound cathode material was synthesized by simple ball milling of
NasV2(POas)2Fs and Na or NasP 4 In sodium-ion batteries, NASICON-type NasV2(POus)s,
pyrophosphate- Na>FeP2O-, and fluorophosphate- Na-rich Nazs5V2(POa)2F3s cathode materials

promising materials for commercial full-cell sodium-ion batteries.

1.5.2.3 Other cathode materials for sodium-ion batteries:
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Fluoride-based cathode materials are promising electrodes, which offer higher capacity values
as compared to polyanion type cathode materials in sodium-ion battery. Badway et al. reported
the carbon-metal fluoride nanocomposite (CMFNC)- based cathode material for sodium-ion
battery >°. This material was synthesized by high energy mechanical ball milling and shows the
huge reversible capacity of 200 mAhg™! with Fe*’Fe?" redox couple over a potential range of
2.8t0 3.5 V versus Na/Na" for 50 cycles, with 10% capacity loss, in sodium batteries. However,
the above fluoride-based materials are sensitive to moisture and damage the container of the
ball mill. “Sodium host”, NaMF; materials were developed as an alternative to avoid the
moisture sensitivity and reduce the damage to the ball mill container during mechanical milling.
Goecheva et al. successfully synthesized sodium host NaMnF3 NaNiF3; and NaFeF3 cathode
materials by mechanical ball milling, and tested these for use in a sodium-ion battery>®. NaFeF;
cathode material exhibited an initial discharge capacity of 130 mAhg™! at 0.2 mAcm™ current

density with 2.7 V discharge potential against sodium.

1.5.3 Electrolytes:

In batteries, the electrolyte plays a major role by transporting the ions between cathode and
anode. In a sodium-ion battery, electrolytes are usually sodium salts dissolved in aqueous or
non-aqueous solvents®’. Some of the sodium salt in the electrolyte can be used as a sodium
reservoir. Desirable electrolyte properties include a large potential window, high thermal
stability, high chemical stability, being non-flammable, high ionic conductivity, and that the

electrolyte forms a stable solid electrolyte interface when cycled in a sodium-ion battery.
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Table 1. 2: Structures and properties of sodium salts used in sodium-ion battery
electrolytes®.

Salt Anion Mw (g mol ) T(°C) (Li-salt) | 6(mSem™) (Li-
Structure salt)
NaClOs 1224 468 (236) 6.4 (5.6)
O
I
0= CI)II -0
O
NaBFs 109.8 384 (293) (3.4)
|
F
NaPFs 167.9 300(200) 7.98 (5.8)
F
F\ ]!’_/F
et |\F
F
NaTf 172.1 248 (>300) (1.7)
O
FaC-S—NH;
O
NaTFSI 303.1 257 (234) 62 (5.1)
QnQ
FsC-S-N-5-CF5
0 O
NaFSI 203.3 118 (130) -
O
1h
—F
Li M*’”%
\
oF ~E

1.5.3.1 Conventional electrolytes for Sodium-ion batteries:

In sodium-ion batteries, organic-solvent based electrolytes are proposed for use with various
cathode and anode materials systems. Most sodium-ion battery electrolytes contain sodium

salts (such as NaClO4, NaPFg, NaFSI, NaTFSI or NaBF,) dissolved in single molecule organic
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solvents (PC), or in binary (EC-PC, EC-DEC, EC-DMC, and EC-EMC), or ternary (EC-PC-
DMC)* mixtures of organic solvents, as listed in Table 1.2 and Table 1.3. The binary solvent
mixtures are most widely used.

Table 1. 3: Chemical structures and properties of organic solvents used in sodium-ion battery
electrolytes®®,

Solvent Tm | T Tr(°C) | 1] (cP) 25 [ £ 25°C | AN (DN)
O (O °C
364 | 248 160 1.9(40°C) | 89.78 (16.4)

O\[(O

0]
Ethylene
Carbonate(EC)

-48.8 | 242 132 2.53 64.92 18.3
CHs (15.1)

o__0O

b

)
Propylene
carbonate(PC)

4.6 91 18 0.59 3.107
0
chOJLOCHS

Di methyl carbonate
(DMCO)

-74.3 | 126 31 0.75 2.805 (16.0)
0
ch/\O)LO/\CHg

Di ethyl carbonate
(DEC)

-53 110 0.65 2.958
0
H3C\OJKOACH3

Ethyl methyl
carbonate (EMC)

-58 84 0 0.46 7.18 10.9
\O/\/O\ (18.6)

Dimethoxyethane
(DME)
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64 [162 |57 1.06 7.4 9.9(19.2)
0
WV Ny

Diethyleneglycol
dimethylether
(Diglyme)

-46 216 111 3.39 7.53 10.5(14)

H o o
N S e N T

Triethylene glycol
dimethylether
(Triglyme)

In a comparison study, Ponrouch et al. prepared different binary organic-solvent based
electrolytes and tested their thermal stability, potential window, ionic conductivity and cycling
feasibility properties for sodium-ion batteries. They recommended electrolytes consisting of
EC-PC binary organic solvent with 1M NaClO4 or 1M NaPFs as a good choice for sodium-ion
batteries®’. These electrolytes were then studied with various cathode and anode materials in
sodium batteries. The same research group proposed another electrolyte composition consisting
of ternary organic solvent ((EC-PC-DMC) (0.45:0.45:0.1) v/v) with 1M NaClO4 salt, and
showed that this electrolyte has high ionic conductivity with low viscosity, low ion pairing and
forms a stable SEI layer on electrode surfaces in sodium-ion batteries®®. Sankaranarayanan and
co-workers studied the electrochemical performance of TiO2 anode material with 1M NaClO4
salt dissolved in different single and binary organic solvents for sodium-ion batteries®'. Above
literature studies concluded that EC-DMC and EC-EMC binary organic solvent electrolytes
show better capacity retention, and high rate capability with stable SEI layer formation on
electrode surfaces as compared to EC-DEC electrolytes for sodium-ion batteries.

1.5.3.2 Co-intercalating electrolytes for Sodium-ion batteries:

Conventional electrolytes do not participate in the sodium-ion storage process, and do not help
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transport the sodium ions from the electrode surfaces into the storage sites within the electrode
material (carbon, alloying or intercalated material). Instead, the sodium ion de-solvates from
the electrolyte solvent, and transports to the storage sites by solid-state diffusion. In contrast,
for co-intercalating electrolytes, the sodium ion doesn’t completely de-solvate from the
electrolyte solvent molecules, and these solvent molecules participate directly in the sodium-
ion storage process.

Adelhelm and co-workers closely examined intercalation of a graphite anode material by
sodium ions from a 1M NaFSI in diglyme electrolyte®?. Their x-ray diffraction (XRD) studies
revealed significant increases in the d-spacing in the graphite anode material when the sodium
intercalated — implying that diglyme had also been intercalated. The same research group then
studied different solvents ( triglyme, tetraglyme, di(propylene glycol)methyl ether, diethylene
glycol dibutyl ether (Butyl-2G), and 1,5-dimethoxypentane (1,5-DMP))-based electrolytes,
examining their electrochemical performance with graphite anodes in sodium-ion batteries®.
Kang and co-workers found good electrochemical performance of graphite with
NaPFq/diglyme electrolytes for sodium-ion batteries®®. Tarascon and co-workers explored a
diglyme-based electrolyte with a Sn anode material for sodium-ion batteries®, and found an
excellent electrochemical performance with good capacity retention and extended cycling
stability.

1.5.3.3 Ionic-liquid based electrolytes for sodium-ion batteries:

Organic electrolytes have problems associated with their high flammability and low thermal
stability, which means that they can catch fire, particularly when sodium-metal dendrites form
within the batteries. These problems can be overcome by using ionic liquids (ILs, which are
far safer, since they are more thermally stable, non-flammable, and far less volatile) as solvents
in the electrolytes. Such batteries may need to operate at higher temperatures to achieve

excellent battery performance, because of the lower conductivity of IL-based electrolytes.
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IL-based electrolytes have been proposed to enhance battery safety, and have been extensively
studied for lithium-ion batteries over the past few years.*7" Some work suggests that ILs may
also be suitable electrolytes for sodium-ion batteries.”!”’® In particular, pyrrolidinium-based ILs
display a large electrochemical window and good cycling stability with sodium.” 7> 7 For
example, 1-methyl 1-propyl pyrrolidinium bis (fluorosulfonyl)imide (C3mpyrFSI) has been
used as an electrolyte with hard carbon and NaCrO; electrodes and cycled for 500 times in a
sodium-ion battery.” Imidazolium-based ILs have also been used as electrolytes for different
sodium-ion battery systems, but the acidic proton on the imidazolium ring leads to
decomposition of the electrolyte at relatively high voltages.”’8! Some IL structures are shown
in Figure 1.5.

ILs generally display higher viscosity and lower ionic conductivity than those of conventional
organic electrolytes at room temperature. Therefore in order to reduce their viscosity, “hybrid
electrolytes” — mixtures of IL and organic electrolyte — were developed to improve the

electrochemical performance and safety of lithium- and sodium-ion batteries.?*%°
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* R groups — typically ethyl, propyl, butyl.

# this compound (along with many other nitrogen centred anions) is described as an “amide” in the inorganic
literature, but incorrectly as an “imide” in the materials and electrochemical literature. FSI should also be
described as an amide (ie FSA) but that is so uncommon in this field that we have retained FSl in this article.

Figure 1. 11: Molecular structures of different IL cations and anions®’.

1.5.3.4 Aqueous electrolytes:

Aqueous electrolytes showed a significant property such as low cost, high safe, and abundant
resources with eco-friendliness. This electrolyte brings the aqueous sodium-ion batteries
(ASIB) more attention in the large-scale energy storage applications as compared to other
batteries. In ASIB’s, NaxSQOs salt dissolved in various concentration with deionized water most
widely used as an aqueous electrolyte in sodium ion batteries. Whitacre et al constructed the
80V ASIB by using the A-MnO> as a cathode and activated carbon as anode material with 1M
Na>SOs4 aqueous electrolyte. Zhang et al assembled the full cell ASIB’ consist of

Nao.5sMn0,.0.48H>O as a cathode, NaTix(POs4)3 as an anode, and 1M Na;SO4/H>O as an
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electrolyte. this battery showed a high rate of performance of 39mAhg™ at a 10C rate with a
stable long cycle life of 94% capacity retention for 1000 cycles. In aqueous electrolytes,
changing the pH of electrolyte sodium intercalation and deintercalation kinetics improves in
the ASIB’s. Want et al successfully constructed the full cell of ASIB with promising cathode
material of Nao.es[Mn0esTio34] O2, and NaTiz(PO4)3/C as anode material with 1M Na»SO4
aqueous electrolyte(pH-7). It showed an excellent cycling performance with a specific capacity

of 54mAhg! at the 10C rate for 300 cycles.

1.5.4 Binders for sodium-ion batteries:

The binder plays an important role to enhance the electrochemical performance by ensuring
that the active materials are retained on the surfaces of the current collectors as the battery is
charged and discharged. Typical sodium-ion battery electrodes include 5-10 wt. % of binders,
along with the active material and conductive carbon®.

PVDF (Polyvinylidene fluoride) is the most common binder for a wide range of cathode and
anode materials. Generally, PVDF binder is dissolved in an N-methyl-2-pyrrolidone solvent to
and added to the conductive carbon and active material to form an “electrode slurry”, from
which electrodes are cast. However, PVDF leads to poor electrochemical performance with
capacity fading when used with carbon, insertion, alloying or conversion anode materials in
sodium-ion batteries. PVDF binders react with electrolytes to form more SEI layer in the initial
cycles, lowering the lower coulombic efficiency of the anode materials in sodium-ion
batteries®. To overcome such issues in batteries, aqueous binders were introduced, and
enhanced the electrochemical performance and cycling stability in sodium-ion batteries. CMC
(Carboxy methyl cellulose) and Na-Alginate binders are easily soluble in water and are non-
toxic, and have been shown to improve performance of carbon, insertion, alloying and
conversion anode materials *°. PAA (Poly Acrylic Acid) has also been used as a binder for

various anode materials, resulting in more stable electrochemical performance in sodium-ion
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batteries. Komaba and coworkers used PAA binder in a Sn anode material and found excellent
cycling performance, good rate capability and stable SEI formation on the anode surface as
compared to the results obtained with PVDF binder in sodium-ion batteries®'. Liu et al.
observed significant changes in electrochemical performance of Sn anode material with PFM
(poly (9,9-dioctylfluorene-co-fluorenone-co-methyl benzoic ester) as compared to CMC and
PVDF binders for sodium-ion batteries®?. Sun and co-workers improved the electrochemical

performance of conversion type-Fe,Os, and NiO anode materials by using CMC binders®.

1.5.5 Current collectors:

Current collectors transfer electrons to the external circuit within the potential window. The
working electrodes for sodium-ion batteries are prepared by coating each current collector with
an appropriate electrode slurry and drying. Aluminum foil and copper foils are used as cathode
and anode current collectors in batteries. Sodium doesn’t have an alloying reaction with
aluminum foil, so aluminum foil (which is stable across a voltage range of 0 to 5.5 V vs. Na/Na")
6.94.95 can be used as an anodic current collector in sodium-ion batteries. This reduces both the
weight and cost of the battery. Copper current collectors have an electrochemical stability range

of 0-3 V versus Na/Na“. Stainless steel and nickel foam have also been used as current

collectors for several anode and cathode materials®.

1.5.6 Separators for sodium-ion batteries:

Separators are used to prevent the direct contact of cathode and anode and shorting the batteries.
It acts as a porous membrane to passivate the charge carrier ions between the cathode and anode
materials in batteries. Battery electrochemistry and their safety depends on thickness, porosity,
chemically and electrochemically inert behavior and a melting point of the separator. Most of
the sodium-ion batteries have semi-crystalline polyolefin-based polymer such as borosilicate,

polypropylene, polyethylene, and solupor are used as separators with the different cathode and
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anode materials in batteries’’- 8.

1.6 Scope of the work:

Commercialized sodium technologies include a high temperature Na/S cells for MW energy
storage and Na-NiCl, ZEBRA-type cells for electric vehicles.”” Both sodium cells consist a
highly conducting beta-alumina ceramic electrolyte, and operate above 300 °C.” Room-
temperature sodium-ion batteries are more attractive due to their safety and more reliable than
high-temperature batteries.!%0-102

Sodium ions are larger, and diffuse more slowly, than lithium ions.!®® This presents a
tremendous challenge for the development of reversible intercalation electrodes that can deliver
charge quickly. Commercialization of sodium on battery research has begun by many
companies, including Faradion, Aquion, Samsung, Sharp and Toyota, to produce high energy-
density batteries' %19, Rapid progress is occurring in many areas — especially the synthesis
of cathode and anode materials® ''!. However, the electrolyte is critical for a high-performance
SIB and should provide a wide potential window, be safe and allow consistent, efficient cycling
of the electrode materials in batteries.

Aqueous-electrolyte based SIBs are limited by lower power and energy densities, making them

unsuitable for large-scale energy storage applications''?

. Nonaqueous electrolytes are used in
high energy-density SIBs. The currently-explored electrolytes consist of a Na' salt (often
NaClO4, NaFSI, NaTFSI, or NaPFs) in a mixture of organic solvents (such as DEC, DMC, EC,
PC, FEC, and EMC)®* '3, Organic electrolytes have some significant drawbacks: low thermal
stability, and relatively high volatility and flammability. These issues can become even more
important when building large-scale SIBs. To overcome such issues in sodium-ion batteries,
ILs are introduced as alternative solvents in the electrolytes.

ILs have physio-chemical properties which make them promising for electrolytes in different

battery systems, including high thermal stability, wide potential window, low volatility and
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generally high safety®® 87, Imidazolium- and pyrrolidinium-cation based ionic liquids were
developed to increase the operating temperature of batteries’! 7> !'* 115 However, the IL
electrolytes showed poor cycling performance compared to that obtained with conventional
organic electrolytes, due to the high viscosity and low conductivity of ILs. Literature studies
show that IL-based electrolytes operated at 90 °C exhibit excellent cycling performance in
sodium-ion batteries, in contrast to organic electrolytes, which have lower thermal stability,
and do not show stable cycling performance at high temperature®®. This suggests that the IL
would be better from the point of view of safety, but the cost of the batteries would be higher
than for conventional organic electrolytes. ILs have high charge-transfer resistance with
sodium metal, which means that they do not achieve the performance of organic electrolytes at
25 °C!6, This means that appropriate anode materials with sodium reversible electrochemistry
are needed instead of sodium metal to avoid the high charge transfer resistance in sodium-ion
batteries'”.

NVP@C and hard carbon have been used as cathode and anode materials in sodium-ion
batteries and studied thoroughly in several reports'® 18123 This thesis presents the synthesis of
a cost-efficient NVP@C cathode material by a simple solid-state reaction. Also included are
studies of the physio-chemical properties of organic, hybrid and IL electrolytes in sodium
batteries. Compared to organic electrolytes, the hybrid electrolytes showed higher thermal
stability, and stable SEI formation on the NVP@C cathode material, suggesting that they are
suitable for safer sodium-ion batteries. Full-cell cycling performance tests of sodium-ion
batteries with the NVP@C cathode and bio derived hard carbon anodes with organic, hybrid
and 1onic-liquid based electrolytes were then carried out. The hard carbon anode material has
a major problem of initial capacity loss in a sodium-ion battery, because of the thick and uneven
solid electrolyte interface (SEI) layer that forms and makes the sodium insertion and removal

from the anode material less reversible. This work shows a way of reducing the initial
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irreversible capacity loss by short-circuiting the hard carbon with sodium metal for 30 minutes
prior to its use in a battery. Thermal decomposition of organic, hybrid and IL electrolytes are

studied to understand the decomposition mechanism of electrolytes in sodium batteries.

1.6.1 Outline of thesis:

The present thesis work is structured into 8 chapters, which present an experimental
investigation of IL formulation-based electrolytes for sodium-ion batteries, in particular their
SEI formation on NVP@C, hard carbon and sodium metal surfaces.

Chapter 1 introduces sodium-ion batteries, their components and reviews literature on
electrolytes for sodium-ion batteries and scope of the work.

Chapter 2 introduces the experiment methods and characterization of materials and electrolytes.
Chapter 3 examines the role of N-Propyl-N-Methyl Pyrrolidinium bis(trifluoromethane
sulfonyl)imide as an Electrolyte Additive in Sodium Battery Electrochemistry.

Chapter 4 presents a new stability-enhancing IL-hybrid electrolyte for NVP@C cathode-based
sodium batteries.

Chapter 5 shows how IL electrolytes support high energy density in sodium-ion batteries based
on sodium vanadium phosphate composites (NVP@C).

Chapter 6 investigates the thermal decomposition of organic, hybrid and IL-based electrolytes
and also examines the compositions of the SEIs that form on sodium metal when these
electrolytes are used in sodium-metal batteries.

Chapter 7 presents a commercially-focused, cost effective full cell sodium-ion battery which
uses an almond-shell based hard carbon anode and NVP@C cathode.

Chapter 8 recommends future directions for research into IL-based electrolytes for sodium-ion

batteries.

26



Chapter 2

Experimental and methods

2.1 Chemicals:

2.1.1 Chemical for synthesis:

Ammonium vanadium oxide (NH4VO3) (Sigma-Aldrich, India) sodium dihydrogen phosphate
dihydrate (NaH2PO4.2H>O) (Alfa-Aesar, India), oxalic acid dehydrate (Sigma-Aldrich,
India),Vanadium oxide ( Sigma-Aldrich, India), Glucose ( Sigma-Aldrich, India),Sodium
nitrate (NaNO3)( Sigma Aldrich, India), Diammonium hydrogen phosphate (NH4)>HPOs4,
Potassium hydroxide( KOH) ( Merk, India), Hydrochloric acid (HCI)( Sigma-Aldrich, India),

Ethanol( CoHsOH) ( Merk, India).

2.1.2 Chemicals for cell and electrolyte preparation:

Sodium perchlorate (NaClO4)( Sigma-Aldrich, 99%, India), Sodium
bis(fluoromethanesulfonyl)imide = (NaFSI)  (Solvionic,  99%,  France),  Sodium
bis(trifluoromethanesulfonyl) imide (NaTFSI) ( Sigma-Aldrich, 99%, India) , N-propyl-N-
methyl-pyrrolidintumbis(trifluoromethanesulfonyl)imide (CsmpyrTFSI) (Solvionic, 99%,
France), N-propyl-N-methyl-pyrrolidinium bis(fluoromethanesulfonyl)imide (CsmpyrFSI)
(Solvionic, 99%, France), N-butyl-N-methyl-pyrrolidinium
bis(trifluoromethanesulfonyl)imide (CsmpyrTFSI) (Solvionic, 99%, France), N-butyl-N-
methyl-pyrrolidinium  bis(fluoromethanesulfonyl)imide (CsmpyrFSI) (Solvoinic, 99%,
France),Propylene carbonate (PC) (Sigma-Aldrich, 99%, India), Ethylene carbonate(EC)
(Sigma-Aldrich, 99%, India), Di methyl carbonate (DMC) (Sigma-Aldrich, 99%, India),
Fluoroethylene Carbonate (FEC) (Sigma-Alrich, 99%, India), sodium foil (99%, Alfa Aesar,

USA) and borosilicate glass microfiber separator(GF/D) (Whatman,UK).

27



2.1.3 Chemicals for electrode preparations:

Carbon black (Super C-65, Timcal, Swizerland), polyvinyliedene Fluoride (PVDF) (Avg
Molecular wt.534000, Sigma-Aldrich, Germany), Sodium salt of carboxymethyl cellulose
[CMC] (Sigma-Aldrich, India), N-methyl pyrrolidone [NMP] (C¢HoNO) (99%, Merk, India),
Aluminum foil [Al] (Thickness~15um, MTI, USA).

All the chemical was used as without further treatment in applications. Sodium foil, separator,
electrolyte were stored inside the glove box at inert atmosphere and kept moisture and oxygen

levels < Ippm.

2.2 Material synthesis:
Sodium vanadium phosphate (NVP) and Hard carbon (HC) material were synthesized from

different standard approach to make the cathode and anode material for sodium ion battery.

2.2.1 Synthesis of carbon coated sodium vanadium phosphate (NVP/C):

Sodium vanadium phosphate (Na3V2(PO4)3/C) was synthesized using a carbothermal reduction
method, based on the report by Yang et al.'**. In a typical procedure, ammonium vanadium
oxide (NH4VOs;) (Sigma-Aldrich) and sodium dihydrogen phosphate dihydrate
(NaH2PO4.2H>0) (Alfa-Aesar) were mixed together in a 2:3 molar ratio along with 15 wt.% of
glucose (Sigma-Aldrich) as the carbon source. The materials were ball milled for 24 h in
alcohol. The obtained material was dried at 80 °C in a vacuum oven for 24 h and then calcined

at 900 °C for 4 h in a tube furnace under argon.

2.2.2 Synthesis of carbon encapsulated sodium vanadium phosphate
(NVP@C):

The NVP@C composite material was synthesized by a two-step, glucose-assisted solid -state
reaction. The key to this facile synthesis is the use of oxalic acid to form vanadium oxalate as
precursor. Firstly, 0.3 mol oxalic acid dihydrate was dissolved in 50 ml distilled water, and 0.1

mol vanadium oxide powder was added. The solution was stirred at 120°C for 5 hr to form a
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sticky blue gel, which was then dried overnight under vacuum at 80°C. The obtained powder
was ground and heated at 100°C in air for 1 hr to form vanadium oxalate. In the second step,
sodium nitrate, as-prepared vanadium oxalate and diammonium hydrogen phosphate (to give
a mole ratio of Na: V: P of 3:2:3) and the 17 wt% of glucose were dispersed in alcohol and ball
milled at 300 rpm for 8 hr. The obtained solution was dried overnight under vacuum at 80°C.
The obtained powder was ground for 1 hr in a mortar and pestle, and subjected to a two-stage
calcination, at 350°C for 5 hr and 850°C for 8 hr in 5% H2-95% N> atmosphere to obtain well-

crystallized Na3V2(PO4)3/C.

2.2.3 Synthesis of composite of sodium vanadium phosphate material (
NVP@C):

The NVP@C composite material was synthesized by a simple sonication method. The
stoichiometric mole ratio of 3:2:3 precursors of sodium nitrate, vanadium oxide and
diammonium hydrogen phosphate and 20 wt% glucose were dispersed in acetone and sonicated
for 1hr. The obtained slurry was dried overnight under vacuum at 120°C, ground for 1 hr in a
ball mill, and calcined at 800°C for 8 hr in 5% H2-95% Ar atmosphere to obtain well-

crystallized Na3;V2(PO4)3/C.

2.2.4 Synthesis of Bio derived Hard carbon:

Extraction of Lignin from Almond shell by Alkaline-Hydrothermal method:

Adjust the solution
pH=2 with H,SO, solution

Lignin

5g Almond shell
powder

Hydrothermal reaction conditions:

NaOH/Water ratio=15/85 m/v

Almond and liquid ratio=1:10 mass ratio with 50ml solution
Temperature=121°C

Reaction time=60min

Pressure=15psi

Figure 2. 1: Schematic diagram of lignin extraction process from almond shell.
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Pure lignin was extracted from almond shell via a hydrothermally-assisted alkaline
extraction method!?® | a detailed procedure is provided in Figure 2.1.The obtained pure
lignin was loaded in a tube furnace for the pyrolysis process (1100°C for 1h, heating
rate: 5°C min't) under a flowing nitrogen atmosphere (100 cm3 min-1). The obtained
carbon was carefully washed in 20% KOH at 70°C for 2 h and 2 M HCI at 60°C for 15
h to remove the remaining impurities. The purified samples were collected by vacuum
filtration after rinsing further with DI water and ethanol until the washing reached a pH
value of 7. Then the carbon was dried at 110°C overnight in a vacuum oven. This carbon
material was then activated at 300°C for 3 h (at a heating rate of 5°C mint in the tube
furnace) in a dry air flow of 50 cm® min™t. The obtained activated hard carbon was first

ground and then washed with 2M HCI and DI water again before use.

2.3 Preparation of organic, additive, hybrid and ionic liquid electrolytes:
2.3.1 Organic electrolytes:

1.0 M NaFSI (99%, Solv ionic, France) or 1.0 M NaClO4 (99%, Sigma Aldrich, India) were
dissolved in 1:1, by volume, ethylene carbonate/propylene carbonate (EC: PC) (Sigma Aldrich,

India).

2.3.2 Additive electrolyte:

N-propyl-N-methyl pyrrolidinium bis(trifluoromethanesulfonyl)imide ([Csmpyr] [NTf2]) IL
was purchased from Solv ionic, France. The typical electrolyte composition employed in the
current study was 1M sodium perchlorate (NaClO4) in propylene carbonate (PC) solvent with

0,3,5,7,9, or 12 wt% IL added.

2.3.3 Hybrid electrolytes:
1.0 M NaFSI (99%, Solv ionic, France) was dissolved in a mixture of 50 vol.% ionic liquid

(either CsmpyrTFSI, CsmpyrFSI, CampyrTFSI or C4mpyrFSI) (99%, Solv ionic, France) and
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50 vol.% ethylene carbonate/propylene carbonate (EC/PC) (Sigma Aldrich, India). The volume

ratio of EC and PC was 1:1.

2.3.4 lonic liquid electrolytes:

1.0 M NaFSI (99%, Solv ionic, France) was dissolved in ionic liquid (CsmpyrFSI or
CampyrFSI) (99%, Solv ionic, France).

All electrolyte preparation was carried out inside an argon-filled glove box. All hybrid
electrolyte formulations are listed in Table 2.1.

Table 2. 1 : Organic, hybrid and ionic liquid electrolyte compositions.

2.4. Materials Characterization:

2.4.1 X-ray diffraction analysis:

1 1M NaClO4 in EC:PC (50:50) v/v Organic-NaClO,

2 1M NaFSl in EC:PC (50:50) v/v Organic- NaFSI

3 1M NaFSl in EC:PC:P13TFSI(50:50)V/V Hybrid-OG-C;mpyrTFSI
4 1M NaFSl in EC:PC:P13FSI(50:50)V/V Hybrid-OG-C;mpyrFSI
5 1M NaFSl in EC:PC:P14TFSI(50:50)V/V Hybrid-OG-C,mpyrTFSI
6 1M NAFSI IN EC:PC:P14FSI(50:50)V/V Hybrid-OG-C,mpyrFSI
7 1M NAFSI IN P13FSI IL-C;mpyrFSI

8 1M NAFSI IN P14FSI IL-C,mpyrFSI

X-ray diffraction technique used to find the new material phase by incident of x-rays on
samples and occurs a constructive interference in crystal material. It obeys the Bragg’s law.

A= 2d sin® 2.1)

Where, n is the integer, A is the wavelength, d is the distance between equivalent of atoms plans
and 0 is the angle between incident beam and these planes. The sample phase analysis and

structural determination carried out by Rigaku X-ray diffraction with Cu-K, radiation at 40 kV
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and 40 mA. The X-ray data were collected within the range of 20 from 10° to 80° with scan
rate of 0.5°min and dwell time of 0.02sec. In this thesis, X-ray diffraction (XRD) structural

analysis fitted by ICSD standard database.

2.4.2 Scanning electron microscopy:

Scanning electron microscopy is technique in which topographical images of solid sample were
obtained by scanning the sample’s surface with a focused high energy electron beam. Surface
images of samples were created by detecting the secondary electrons emitted. Field emission
gun scanning electron microscopy (FEG-SEM, JSM-7600F, and Carl-Zeiss, Ultra-55) with
energy dispersive X-ray spectroscopy (EDX) was used to study the microstructure and
passivation layers on the electrode surfaces in this thesis. Samples were stick on the carbon
tape and removed the free particles by purge of N2 gas on tape. Further, we collected the images

with best operating conditions.

2.4.3 Transmission electron microscopy:

Transmission electron microscopy is microscope technique and it passes the high energy beam
of electrons through the ultra-thin specimen. Final images were created by interaction of the
electrons through the specimen. TEM technique is capable to catch the high-resolution images
and examine the fine details in single column atoms.

Microstructural analysis of synthesis samples were performed with a field emission
transmission electron microscope (FE-TEM, JEOL, 2100F) in this thesis. TEM samples were
prepared by dispersing a small quantity of solid powder in acetone and put the drop of dispersed

sample on copper grid for the TEM analysis.

2.4.4. Fourier transform infrared spectroscopy ( FT-IR):

Fourier transform infrared spectroscopy is technique which is used to obtain the infrared
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spectrum of absorption or emission of solid, liquid and gas. ATR-FTIR analysis was carried
out Argon-filled glove box on a Cary 640 FTIR spectrometer, Agilent. Powder samples were
made into pellet in the KBr measurement for FTIR analysis throughout in this thesis. Thin films
were performed through the ATR mode for our samples. SEI layer studies were performed on
electrode surfaces by using the ATR-FTIR instrument and maintained inert atmosphere in the

Argon filled glove box.

2.4.5 Thermogravimetric analysis (TGA):
Thermogravimetric analysis is technique to study the change of material phase in chemical and
physical properties as a function of increasing temperature or function of increasing time with

constant temperature. The sample was placed in alumina crucible, and heated in the furnace

from 50 to 550 °C at 10 °C/min in TG analyzer (STA 8000, PerkinElmer) with N> purging.

2.4.6 Thermogravimetric analysis- Infrared (TGA-IR):

TGA-IR was performed to analyze the gaseous products of thermal decomposition of organic,
hybrid, and ionic liquid electrolytes. The sample was placed in alumina crucible, and heated
in the furnace of the TG analyzer (STA 8000, PerkinElmer) with N> purging. The exhausted
gas was routed into a Frontier infrared spectrometer (FT-IR) by a heated transfer line. The
temperature of the transfer line and gas cell in FT-IR were kept at 250 °C. Samples were heated
from 50 to 550 °C at 10 °C/min. The FT-IR spectra were obtained by MCT detector (32 scans

per each spectrum with 4 cm™! resolution).

2.5 Electrode and cell fabrication:
Electrodes were fabricated by making a slurry of NVP/C composite with Super P-65

conductive carbon (Timcal, Switzerland) and polyvinylidene fluoride (PVdF, Sigma-Aldrich)
binder in NMP (N-Methyl-2-pyrrolidinone) solvent at a weight ratio of 75:15:10 [active

material: conductive carbon: binder]. The mixed slurry was cast on Al foil by a doctor blade
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technique and dried at 80 °C for 24 h under vacuum. The dried foil was cut into circular disks
and used as working electrodes (active material mass loading is ~2.5 mg/cm?). Coin cells
(C2032) were assembled in a NVP/C || Electrolyte || Na-metal configuration. Sodium-metal
foil was used as both reference and counter electrodes, borosilicate glass fiber (GF/D) as the
separator, and the electrolyte was 1M NaClO4 dissolved in PC+(0-12 wt%) [Csmpyr][NTf2].
Electrodes were fabricated by making the slurry of NVP@C as 80% active material, 10%
carbon (carbon black, C-65, Timcal), and 10% PVDF (Sigma— Aldrich) binder were blended
with N-methyl-2-pyrrolidone solvent and cast onto aluminum foil. The solvent was removed
under vacuum in an oven at 120 °C overnight, and the electrode was cut into circular discs (10
mm or 12 mm diameter, loading mass ~1.12 mg) for further use. To prepare the hard carbon
electrode slurry, 80% commercial active material (Kuraha, China), 10% carbon (carbon black,
C-65, Timcal), and 10% CMC (Sigma-Aldrich) binder, by mass, were blended with distilled
water and cast onto aluminum foil. The solvent was removed under vacuum in an oven at
120 °C overnight, and the electrode cut into circular discs (10 mm or 12 mm diameter) for
further use. Above mentioned method followed for whole thesis for electrode fabrication for
cathode and anode materials.

Sodiation of Hard carbon electrode experiment was performed by contacting the sodium metal
for 30 minutes by wetting both electrodes with ionic liquid electrolyte; the experimental setup

is shown in Figure 2.2

»2032 coin cell bottom case
» Stainless steel disc

» Sodium metal

» Electrolyte
— > Hard carbon electrode

Figure 2. 2: Experimental setup of sodiation of hard carbon electrode by sodium metal with
ionic liquid electrolyte.
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2.6 Electro chemical characterization:
All assembled cells were characterized by using various electrochemical techniques - such as

cyclic voltammetry, galvanostatic charge-discharge cycling, and electrochemical impedance

spectroscopy. All electrochemical tests were carried out at 20°C+5°C.

2.6.1 Cyclic voltammetry:

Cyclic voltammetry is a technique to measure the current and voltage of the working electrode
materials with reference electrode and counter electrodes in electro chemical cells. This
technique gives the information of electro chemical reaction mechanism by doing the linear
scan with potential limit of the cells. Results were plotted as voltage versus current to
characterize working potential limits with produced currents of electrode materials. In this
thesis, we have used VMP-3 potentiastat biologic instrument to do the cyclic voltammetry for
half-cell and full cells to record the current and voltage data with EC-lab interface.
Electrochemical stability window tests were performed in a three-electrode Swagelok cell
using Na as the counter and reference electrodes and aluminium foil as the working electrodes

in same instrument and technique.

2.6.2 Galvanometric charge-discharge cycling:

Galvanometric charge-discharge cycling technique is used to measure the capacity and life of
the electrochemical cells. In this technique, constant current with constant voltage mode is used
to do the charge and discharge cycling process in batteries. It gives the data in terms of capacity
versus potential, cycle life versus capacity, and potential versus time. In this thesis, we
performed the half cell and full cell galvanometric charge-discharge cycling in the range of C-
rate of 0.02C to 10C with Arbin instrument. Platting and stripping reaction studies were
performed in the same instrument by using constant current and constant voltage with
0.lmAcm current density. Na|Na symmetrical cell experiments were performed with organic,

hybrid and ionic liquid electrolytes at current density of 0.1mAcm for 30 minutes of stripping
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and platting reaction for each cycle for 100 cycles. To find the sodium deposition an dissolution

of sodium to form the passivation film on the sodium metal surfaces.

2.6.3 Electrochemical impedance spectroscopy:

Electrochemical impedance spectroscopy is an important technique to find the electrochemical
cell reaction kinetics, electrolyte reactions with electrode, separator reaction with ionic
mobility studies, diffusion kinetics and thermodynamics of batteries. AC impedance (Z)

contains a real part and imaginary part at given frequency.

Z=7Re -1 Zim (2.2)
EIS data’s were extracted and plotted in the form of the Nyquist plot. In the plot, X-axis refers
to Zre and Y-axis refers to Zim. In this thesis, we have used VMP-3 Biologic instrument to record
the EIS spectrum in potentiostatic mode within the range of IMHz to 100 mHz with amplitude
of 10mV. In-situ EIS technique were performed and extracted the EIS spectrum in same
instrument without interfering the cell by doing the charge and discharge cycling. EIS spectrum

fitted in Randle’s circuit by Z-fit analysis in EC- lab software.

2.7 AC Impedance Ionic conductivity:
AC-Impedance ionic conductivity is a technique to measure the ionic conductivity of

electrolytes of organic, hybrid and pure ionic liquid by the dip cell method. In this thesis, we
have measured the ionic conductivity of electrolytes with increasing the temperature from 20°C

to 85°C in AC impedance in Biologic instrument.

2.8 Viscosity Measurement:
Viscosities were measured using a rolling ball viscometer (Anton Paar Lovis 2000ME) from

20°C to 90°C using 10°C interval steps, a 10mm long capillary with a diameter of 2.5 mm and

a tilting angle of 60°(0).
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Chapter 3

Role of N-Propyl-N-Methyl Pyrrolidinium bis ( trifluoro
methanesulfonyl ) imide as an Electrolyte Additive in Sodium
Battery Electrochemistry

3.1 Introduction

Most current research targets suitable cathode and anode materials that operate via a rocking-
chair mechanism, similar to that used in current lithium-ion technology'?® '’. However, there
are few reports on electrolyte optimization, and most of these examine sodium perchlorate-
alkyl carbonate-based non-aqueous electrolytes. In these electrolytes, successful operation is
possible because a suitable solid electrolyte interphase (SEI) or surface passivation film forms>*
128,129 " According to the literature, the passivation film should be electronically insulating,
control electrolyte degradation and exhibit high stability with electrolytes at the electrode-
electrolyte interface in batteries'*%!2, Since these SEI layers are formed by the reaction of
organic carbonate-based electrolytes on the surface of the electrodes, the electrolyte
composition affects ionic conductivity and SEI layer thickness, and thus battery
performance!*31%,

Usually, additives control SEI formation and chemical stability in liquid electrolytes in

batteries'3®

. Various additives, including ionic liquids (ILs), have been studied for lithium-ion
battery electrolytes®” 137-140 As neat electrolytes, ILs can offer advantages such as high thermal
stability, high electrochemical stability, excellent ionic conductivity, and a wide liquid
temperature range, and are generally eco-friendly”> 1% 141-146 ' A small addition of IL to an
organic electrolyte changes the electrochemical performance, and can control the side reactions
of the electrolyte on the cathode surface in lithium-ion batteries'*’.

Here, we report the use of [Campyr] [NTf2] as an electrolyte additive in sodium-based organic

electrolytes to enhance the performance of sodium vanadium phosphate (Na3V2(POa4)3)/C
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(NVP/C) cathodes, synthesized via a carbothermal reduction process. The electrochemical
performance of NVP/C was systematically evaluated in both “organic electrolyte”, 1 M
NaClOys in propylene carbonate (PC), and in organic electrolyte with various additions of IL.
We found that adding 5 wt % [Csmpyr] [NTf>] to the organic electrolyte (“organic + IL”) led
to better performance, with higher coulombic efficiency and electrochemical stability
compared to that seen with the base organic electrolyte. The SEI layer was characterized by
electrochemical impedance spectroscopy, surface analysis using XPS (X-ray photoelectron
spectroscopy), and microscopy (FEG-SEM-EDX and FEG-TEM) to understand the role of the

IL in the surface film formation.

3.2 NVP/C characterization:
Figure 3.1a shows the XRD pattern of the NVP/C composite material after calcining. The XRD

pattern matched the standard data (ICSD No- 248140), corresponding to a R-3C space group,

indicating the formation of NASICON-type NVP.
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Figure 3. 1:NVP/C characterization. (a) Powder XRD pattern, (b) Raman spectrum, (¢) FEG-
SEM image, and (d) HR-TEM images.
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A dispersive Raman spectrum (Figure 3.1b) confirmed the presence of the carbon coating; the
carbon D band around 1346 cm™ and G-band around 1583 cm™ are clearly apparent. Figure
3.1c shows a FEG-SEM (Field Emission Gun-Scanning Electron Microscope) image of NVP/C;
the average particle size is around 1 pm, but the particles are agglomerated and non-uniform,
as a result of the high-temperature calcination. Figure 3.1d shows the HR-TEM (High
Resolution-Transmission Electron Microscope) image of NVP/C, and the inset indicates that
there is a uniform amorphous carbon layer, around 3 nm thick, on the NVP/C particles. This is

consistent with the elemental analysis, which found that NVP/C contains 7.5wt% carbon.

3.3 NVP/C cathode material comparison with previous studies:
As per the literature, NVP/C cathode material has previously been synthesized by an electro-

spinning technique, and exhibited a capacity retention of 95.2% after 50 cycles at 0.2C rate'*®.
This electrode material showed lower capacity values during initial cycles, due to irreversible
loss of sodium from the anode side and SEI formation on the electrode surface, which
eventually stabilized the cycling performance, meaning that the capacity values were increased
in subsequent cycles.!*® Yang et al. also synthesized NVP/C cathode material by using a self-
combustion technique, and reported initial charge-discharge capacity values of 111.3 mAhg'!
and 100.7 mAhg™! at 0.1C rate with 1M NaClO4 in PC electrolyte '*°. In their work, 25%
glucose content was used to increase the cycling performance and to make the NVP/C material
more stable in organic electrolyte *°. The organic electrolytes reacted with the carbon
component in the cathode material to form a thicker SEI layer during the initial cycles, This

effect was also seen in other batteries. .

3.4 Organic and additive electrolyte electrochemical performance with
NVP/C and Na metal:

The electrochemical characterization of our NVP/C was performed over a potential window of

3t03.8 V (vs. Na/Na"), at a scan rate of 0.1 mVs!, in both organic and organic + IL electrolytes,
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as shown in Figure 3.2a. The vanadium redox couple (V**/V#") occurs between 3 to 3.8 V vs
Na/Na" and showed excellent reversibility with respect to Na insertion/de-insertion reactions
(NazV2(PO4)3/C «» NaV2(PO4)3/C). The peak positions in the organic electrolyte are similar to

those reported by Yang'**

. Charge-discharge cycling tests at different C-rates in both organic
and organic + IL electrolytes are shown in Figure 3.2b. Adding IL to the electrolyte led to
higher capacity for the NVP/C at all rates examined. This may be attributed to suppression of
electrolyte degradation and formation of a more stable passivation layer on the electrode
material in the presence of ionic liquid in the organic + IL electrolyte, as observed in other

150-152

battery systems and explained below; notably the capacity decreased sharply over the first

3 cycles in the organic electrolyte before stabilizing.
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Figure 3. 2:(a) CV curves for NVP/C, (b) Cycling performance of NVP/C at various C-rates
with organic and organic+IL electrolytes.

Figure 3.2a shows the charge-discharge cycling performance of NVP/C at a C/2 rate in the
potential window of 2.5 to 3.8 V (the lower cut off was limited to 2.5 V to compare the results
with Yang’s work). Our NVP/C showed 1%t and 50t discharge capacity values of 98.5+1 mAhg
'and 851 mAhg!, respectively in the organic electrolyte (error values are calculated based on

repeat experiments with separate samples of NVP/C electrode), corresponding to 86.7 %
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capacity retention. In contrast, in the organic+IL electrolyte a discharge capacity of 107.040.7
mAhg! after 50 cycles with capacity retention of 99.7%, and average coulombic efficiency
around 99.9 % were obtained. The potential versus specific capacity plots (Figure 3.3c and
Figure 3.3d) show that adding ionic liquid reduces the polarization loss, compared to that seen
in the organic electrolyte. This is probably because the ionic liquid controls the electrolyte side

reactions, and makes a stable passivation layer on the cathode material.
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Figure 3. 3:(a) Charge-discharge cycling performance and (b) Coulombic efficiency of NVP/C
in organic and organic+IL electrolytes at C/2 rate, with potential ranging from 2.5 to 3.8 V (vs
Na/Na+), (c) Potential vs. Capacity plot of NVP/C cathodes with organic elect electrolyte, and
(d) with organic+IL electrolyte. All cells used sodium metal anodes.
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Figure 3. 4: (a) Charge-discharge cycling performance, and (b) Coulombic efficiency of
NVP/C in 1M NaClO4 in PC with FEC and different amounts of [C3mpyr] [NTf2] IL added.
C/2 rate, with potential ranging from 2.5 to 3.8 V (vs Na/Na+).

Additive optimization studies were carried out by varying the [Csmpyr] [NTf2] concentration

from 3—12 wt% in 1M NaClOy in PC electrolyte and evaluating the charge-discharge cycling

performance with NVP/C cathode material at a C/2 rate for 50 cycles. Organic and organic+5

wt% FEC electrolytes were also tested for comparison (Figure 3.4). The 50" discharge

capacities and coulombic efficiency values obtained for NVP/C material in organic electrolyte

with different concentrations of additives are shown in Table 3.1.

Table 3. 1: NVP/C electrochemical performance in 1M NaClO4 in PC electrolyte with

different additives.

1M NaClO, in PC+ None 90.0+1.1
1M NaClO,4 in PC + 5wt% 92.040.8

FEC

1M NaClO,4 in PC+3wt% IL  81.0£3.0
1M NaClO,4 in PC+5wt%IL  107.0%0.7
1M NaClQ,4 in PC+7wt%IL  85.0%£2.0

1M NaClQ,4 in PC+Swt%IL  79.0£1.0

1M NaClQ,4 in PC+12wt%IL 67.0+1.0
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3.5. SEI characterization studies on NVP/C cathode material with organic
and organic + IL electrolyte:
To further understand the variation in capacity, at least five cells were cycled for each

composition, and the standard deviations for the 5, 20" and 50" cycles are shown in Figure
3.5. Tt is observed that 1M NaClOs in PC + 5wt% [Csmpyr] [NTf:] electrolyte has higher
discharge capacity and smaller standard deviation values, compared to those seen for other

electrolyte compositions.
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Figure 3. 5: Specific capacity vs. cycle number for 5th, 20th and 50th cycles for different
amounts of IL in 1M NaClO4 in PC electrolyte. SD values are based on measurements of at
least five separate cells.
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Figure 3. 6: XPS C1s Peaks for NVP/C cathodes. (a) Pristine, and after 50 cycles with (b)
Organic, (c) Organic+IL electrolytes

The passive layer formation on the NVP/C electrodes was examined through XPS. In the
pristine NVP/C electrode spectrum (Figure 3.6a), peaks at 284.5 eV, 286.7 eV, and 290.8 eV
are assigned to C-C(sp?) and C-C(sp?) for the in-situ carbon in NVP/C and the added carbon in
the electrode material; C-H and C-F peaks are related to the added PVDF binder. After 50
cycles in either organic or organic+IL electrolyte, another peak occurs at 288.5 eV, which is
assigned to C-O species, part of the passivation film on the electrode surface, rather than part
of the original, pristine material. The intensity ratio of C-C to C-O peaks is higher for the
organict+IL electrolyte than for the organic electrolyte. This is further evidence that the added

IL forms a more uniform passivation layer, with less degradation of the electrolyte.
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Figure 3. 7: Raman spectra of NVVP/C cathode electrode for pristine and after 50 cycles with
Organic and ionic liquid added electrolyte

To characterize the nature of SEI layer on the NVP/C cathode material, Raman spectra were
collected for fresh NVP/C and for NVP/C after 50 cycles at a rate of C/2 with either organic or
organic+IL electrolytes. Significant differences were observed, as shown in Figure 3.7. Raman
peaks are assigned to different components in the SEI layers on the surface of the cathode
material, as listed in Table 3.2.

Table 3. 2 : Listing of Raman peaks and their assignments for the spectra of the SEI layers on

NVP@C electrodes after cycling with organic and ionic liquid added electrolyte.

Raman Shift (cm?) Assigned to the functional groups
1039 H-F

833 S-F, SO,FSI

563 S-F

447 S-S

332 C-H

231 C-N
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The amorphous nature of the carbon in the NVP/C material was confirmed by the Ip/I intensity
ratios for the fresh and post-cycled NVP/C electrodes; the values were organic electrolyte
(1.03), organic+IL electrolyte (0.96) and fresh NVP/C electrode (0.95). Thus, the carbon is

more amorphous in the NVP/C cathode material cycled in organic+IL electrolyte.
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Figure 3. 8:FEG-SEM-EDS images of NVP/C electrodes. (a) pristine, (b) after 50 cycles with
organic electrolyte, and (c) after 50 cycles with organic+IL electrolyte

The dispersive energy X-ray (EDX) analysis of the NVP/C electrodes after 50 cycles reveal
clear differences (Figure 3.8). Sulfur was found on the surface of the NVP/C electrode cycled
with 1M NaClOy4 in PC + 5wt% [Csmpyr] [NTf;] electrolyte. This sulfur comes from the IL

and may form part of the protective passivation layer on the surface of the electrode.
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Organic lonic Liquid

Figure 3. 9: HR-TEM images of NVP/C electrodes after 50 cycles with (a) organic electrolyte
(b) organic+IL electrolyte

Figure 3.9 shows the HR-TEM images of NVP/C electrodes cycled with organic and
organic+IL electrolytes. With the organic electrolyte, side reactions formed an uneven
passivation layer on the surface of the NVP/C material in the sodium battery (Figure 3.9a). In
contrast, when NVP/C is cycled in the organic+IL electrolyte, a uniform passivation layer is
apparent (Figure 3.9b). This difference in passivation is consistent with the difference in
polarization drop with cycling seen in Figures 3.3c and 3.3d. The polarization drop increases,
caused by the cathode material deterioration, electrolyte degradation, and unstable surface
passivation film formation on electrode materials, can lead to poor cycling performance of
batteries. !> Here, we observed that the NVP/C cathode cycled in the organic electrolyte
showed a high polarization loss and an increased charge transfer resistance. These changes

were suppressed by addition of the IL, which appears to lead to a stable passivation layer.

47



(a)

2000

1600 4

1200 4

E
=
[~]
s
E 800 4
]
400 4
(c)
4000
3500
3000
2500
E
=
o
- 2000
E
£

1500

1000

500

ZRe f ohm —

Zpe fohm —

2500
Fresh cell EPEy, CPE. \
H
| 1 17 Cycle == 1M NaClOy in PC
R
-
2000
By e = 1M HaC 104 i PO+ Swat IL
. - v
—a— 1M NaCIly In PC £ 1500
ik = =1M HaCly in PC+5wt % IL £ o)
S &
/ E /
;-.’: N 1000 /
1 Y
3 500 A e
i Kr._e'-' 'wn,u“',
VIV g, Sadaci ae®
. }q_a.f':‘:l". y_ﬂ?‘\:,’ W
j = T T T T u T T T T
o 400 80D 1200 1600 2000 500 1000 1500 2000 2500
Zpe ! ohm — I:d} ZRe ! ohm ——
5000
50™ eyele
10t cyele
4000 .
—a— 1M NaCiy n PC =@ 1M HulKly in PC
— = TMNGCID i PE + St IL [ 3000 0= IMNaCIOg in PC o~ Swit IL .
£ /
£
e of
E /
/ N 2000 /
7 /
a 1000 5—: o
- iy i e @
AP i ""“‘G-oo“aqu*f i e 2333009
JReagpr " I o L
2 T T T T T T 04 T T T T
0 500 1000 1500 2000 2500 3000 3500 4000 0 1000 2000 3000 4000 5000

Figure 3. 10:Nyquist plots of NVP/C|Na Cells(a) after aging the cell for one day; then after (b)

1st cycle, (c) 10th cycle, and (d) 50th cycle with organic and organic+IL electrolytes

Electrochemical impedance spectroscopy studies on NVP/C|Na cells with organic and

organic+IL electrolytes in the frequency range from 1 MHz to 50 mHz are shown in Figure

3.10. In EIS spectra of batteries, SEI layer resistance, charge-transfer resistance, and Warburg

diffusion are usually observed at the high-frequency, mid-frequency and low-frequency regions,

respectively. 1** Such spectra are usually fitted to the circuit shown in the inset of Figure 3.10a.

Before cycling, the cells were stored for one day to allow spontaneous reactions between the

electrodes and electrolytes in the batteries. These spontaneous reactions form passivation layers

on the surfaces of the electrodes'>. After storage, the cell with the organic+IL electrolyte had
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formed a less resistive passivation layer, as indicated in Figure 3.10a. After the first cycle, the
EIS spectra of the two cells showed significantly different low-frequency regions (Figure
3.10b), corresponding to differences in diffusion of ions into and out of the electrodes. The cell
containing the organic electrolyte showed greater irreversible loss after the first charge-
discharge cycle with NVP/C cathode material (Figure 3.3). This loss is caused by sodium
accumulation on the diffusion layer; this sodium cannot reach the active materials because of
the more resistive surface film (Figure 3.10a). In contrast, the organic+IL electrolyte controlled
the irreversible loss of sodium on the diffusion layer on the cathode material in the sodium
battery (Figure 3.10b). After subsequent cycles, these resistance values are increased for both
electrolytes, but the organic+IL electrolyte shows less resistive layers on the electrodes, and
superior cycling performance compared to that of the organic electrolyte (Figures 3.10c and
3.10d). Therefore, the addition of 5wt% IL to the conventional organic electrolyte enhanced

the NVP/C cycling performance for sodium metal battery.
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Figure 3. 11: Diffusion coefficient (as evaluated from Warburg impedance) for NVP/C material
at different potentials during first discharging cycle in inorganic and organic +IL electrolytes.

EIS is another way to examine the electrode surface diffusion kinetics at different potentials in
batteries. The Warburg parameter, ow, can be used to calculate the diffusion coefficient of the
NVP cathode material using the equation in the inset of Figure 3.11. These results confirmed
that adding IL to the electrolyte leads to a less resistive passivation layer on the surface of the

electrode, thus improving the NVP/C material diffusion coefficient compared to that seen with
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the conventional organic electrolyte.

3.6 Summary:

NVP/C composite material was demonstrated as a cathode material for sodium-ion batteries
using [Csmpyr] [NTf:] IL as an electrolyte additive. The optimum content of 5 wt% IL showed
far more stable cycling performance with NVP/C composite compared to that seen when
NVP/C composite was cycled in the base organic electrolyte. The electrolytes with added IL
controlled the side reactions on the surface of the electrode, and improved the Na* ionic
mobility within the passivation layer, which further enhanced the charge-discharge cycling
performance. A sodium-ion battery using the composite cathode and the IL-containing
electrolyte exhibited high discharge capacity of 107.0+£0.7 mAhg!, with capacity retention
around 99.7%, and an average coulombic efficiency around 99.4%, which was significantly
better than the performance found with an IL-free electrolyte (1M NaClO4 in PC). The HR-
TEM images show passivation layers on the surface of NVP/C electrodes for organic and IL-
containing electrolytes. EDX found Sulphur in the surface film of the electrode cycled with IL-
containing electrolyte, and this surface film was more stable than that produced on the NVP/C

electrode in the base organic electrolyte
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Chapter 4

Stability-enhancing ionic liquid based hybrid electrolyte for
NVP@C cathode based sodium-ion batteries

4.1 Introduction:

In batteries, electrolyte selection is also critical — electrolytes must have high ionic
conductivity, a wide electrochemical stability and high thermal stability. Commercial lithium-
ion battery electrolytes comprise of a lithium salt dissolved in organic solvents. These display
excellent ionic conductivity, but are volatile, toxic and flammable.!*¢'> Jonic liquid (IL) based
electrolytes have been proposed to enhance battery safety, and have been extensively studied
for lithium-ion batteries over the past few years.%7" This work suggests that ILs may also be
suitable electrolytes for sodium-ion batteries.”!””® In particular, pyrrolidinium-based ILs display
a large electrochemical window and good cycling stability with sodium.” 7* 7> For example,
1-methyl 1-propyl pyrrolidinium bis(fluorosulfonyl)imide (C3mpyrFSI) has been used as an
electrolyte with hard carbon and NaCrO; electrode systems, and was cycled more than 500
times in a sodium-ion battery.”* Imidazolium based ILs have also been used as electrolytes for
different sodium-ion battery systems, but the acidic proton on the imidazolium ring causes
decomposition of the electrolyte at relatively modest voltages.”’-8!

ILs generally display higher viscosity and lower ionic conductivity than those of conventional
organic electrolytes at room temperature. Therefore in order to reduce their viscosity, “hybrid
electrolytes” — mixtures of IL and organic electrolyte — were developed, and provided
improved electrochemical performance and safety in lithium-ion batteries.®*¢ Palacin et al.
reported hybrid electrolyte formulations and studied their physical properties, electrolyte
thermal stability, solvation ability and electrochemical performance with hard carbon as a
sodium-ion battery anode.'®® However, the electrochemical stability of this hybrid electrolyte

was found to be only 3V versus sodium, which is too low for most sodium cathode materials.
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Here we seek improved sodium batteries that can operate at room temperature. We have
developed a simple synthesis of a composite cathode of carbon and Na3;V2(PO4);, NVP@C and
characterized its performance in detail with hybrid electrolytes comprising 1M NaFSI in a
mixture of ethylene carbonate (EC)/propylene carbonate (PC) organic electrolyte and an ionic
liquid, (CsmpyrTFSI) (The choice of ionic liquid here will be further explored and discussed

in Chapter 5). The surface layers formed on the cathode are examined by XPS, TEM and SEM.

4.2 Synthesis and Characterization of NVP@C electrodes:

% f \ |
\
Ox
!,“. o O& ! \"
\ .%’ | &

Ammonium Dihydrogen
Phosphate

Sodium Nitrate ’

 Tubularfurnace with N,/H, (95:5)
atmosphere NVP@C

Figure 4. 1: Schematic representation of NVP@C synthesis

Our approach to the synthesis of NVP — carbon composites is described in detail in the
experimental section and summarized in Figure 4.1. This process is facile and could be readily
scaled up. The XRD pattern of as-prepared NVP@C is displayed in Figure 4.2a. The NVP@C
diffraction patterns match with ICSDS data (card no-248410) and show the formation of a

crystalline NASICON-type framework with an R-3C space group.!®!
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Figure 4. 2:Characterization of NVP@C: (a) Powder XRD pattern (red is experimental, black
is literature); (b) Raman spectrum; (c) FE-SEM image; and (d) HR-TEM images

The surface of NVP@C was investigated with Raman spectroscopy (Figure 4.2b). NVP@C
displayed a vibration band around 1000 cm*, which corresponds to weak stretching vibrations
of POs*. The stronger peaks at 1316 cm™ and 1605 cm™ are related to the D and G bands
intrinsic to residual carbon, confirming the presence of amorphous carbon in NVP@C. This is
consistent with the elemental analysis, which found that NVP@C contains 4.2 wt% carbon.

Figure 4.2c is an SEM image of as-prepared NVP@C powder, showing micron-sized particles.
The TEM image in Figure 4.2d shows agglomerates of NVP@C particles partly coated with

amorphous carbon.
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Figure 4. 3:Electrochemical performance of NVP@C: (a) CV curve measured from 2.5 to 3.8
V vs. Na/Na+, scan rate 0.05 mVs-1 in organic electrolyte (b) Cycling performance at various
C-rates (c) Cycling performance at 0.5C rate; potential range from 2.5 to 3.8 VV vs. Na/Na* with
1M NaClO4 in a EC: PC electrolyte at 20°C.

The CV for NVP@C, measured with conventional electrolyte (1M NaClO4 in EC: PC (1:1)
v/v) at scan rate 0.05mVs?, showed two redox peaks at 3.41 and 3.35 V vs. Na*/Na, which
correspond to the oxidation/reduction of VV#*/ \/** (Figure 4.3a). The charge-discharge cycling
performance of NVP@C at different current densities is presented in Figure 4.3b; NVP@C
showed initial discharge capacity values of 114, 112, 104, 102 and 100 mAhg™ at discharge
rates of 0.2, 0.5, 1, 2 and 5C, respectively. This result indicates lower polarization loss and high
reversible capacity of our NVP@C composite material as compared to previously-reported
versions of similar materials.'®*'%” As shown in Figure 3.3c, NVP@C retains 89% of its
capacity when charged and discharged at 0.5C for 100 cycles. This material was further

investigated with the hybrid electrolytes as discussed below.
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4.3 Characterization of hybrid electrolytes:
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Figure 4. 4:(a) lonic conductivity (b) viscosity and (c) TGA measurements for organic and

hybrid electrolytes.

lonic conductivity of the organic and hybrid electrolytes as a function of CsmpyrTFSI

concentration at various temperatures is shown in Figure 4.4a. At 25 °C, the conductivity value

of the organic electrolyte was 5.5 mScm™, which is consistent with a previously reported

value.?® The conductivities of the hybrid electrolytes decreased with increasing IL

concentration (4.2, 3.2, 2.9 mScm™ for hybrid-1, hybrid-2 and hybrid-3, respectively); this is

expected because of the increased viscosity and enhanced ion-ion interactions at higher IL

concentrations.'®® 10 Viscosities of organic and hybrid electrolytes are shown in Figure 4.4b;

the hybrid electrolyte viscosities increase at higher IL concentrations.
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The thermogravimetric analysis (TGA) data for the organic and hybrid electrolytes are shown
in Figure 4.4c. The organic electrolyte showed a significant mass loss of >75% when the
temperature reached 250°C, corresponding to the evaporation of organic solvents (EC and PC).
In contrast, the hybrid electrolytes showed lower mass losses: 55%, 27% and 12% for hybrid-
1, hybrid-2 and hybrid-3, respectively at 250 °C, indicating their increased thermal stability.
Furthermore, the addition of CampyrTFSI to the electrolytes shifted the EC/PC evaporation

temperature to higher values (300°C).
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Figure 4. 5: Electrochemical oxidative stability tests (by cyclic voltammetry) in three electrode
Swagelok cells at 10mVs-1 scan rate.

CV was used to evaluate the electrochemical oxidative stability for the electrolytes in contact
with sodium metal (Figure 4.5). Hybrid electrolytes showed higher oxidative stability than the

organic electrolyte; the oxidative stability trend followed the IL concentration with hybrid-3
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(5.1V vs. Na'/Na) > hybrid-2 (5V vs. Na'/Na) > hybrid-1 (4.2 V vs. Na*/Na) > organic

electrolyte (4 V vs. Na*/Na).

4.4 NVP@C combined with hybrid electrolytes:
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Figure 4. 6:(a) CVs for NVP@C, at a scan rate of 0.05 mVs-1, (b) Cycling performance of
NVP@C at various C-rates (c) Cycling performance of NVP@C with organic electrolyte and
hybrid electrolytes at 0.5C; (d) Coulombic efficiency of NVP@C with organic and hybrid ele
ctrolytes at 0.5C; potential range from 2.5 to 3.8 V vs Na/Na".

CVs of NVP@C with organic (1M NaFSl in EC: PC(1:1)(v/v)) and our new hybrid electrolytes

are shown in Figure 4.6a. NVP@C clearly shows the oxidation/reduction reaction,

NazV2(POa)3 <> NaV2(POa)s, in both organic (at 3.44 £ 0.02 V vs. Na/Na*) and hybrid (at 3.22

+0.02 V vs. Na/Na*) electrolytes. Figure 4.6b shows the charge-discharge cycling performance

of NVP@C with organic, hybrid-1, hybrid-2 and hybrid-3 electrolytes at various current rates

from 0.2 to 5C for 5 cycles. NVP@C with hybrid-2 electrolyte delivered discharge capacities

of 115, 112, 108, 104 and 100 mAhg* at 0.2, 0.5, 1, 2 and 5C, respectively. After this cycling,
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the discharge capacity of the same NVP@C material was measured again at 0.2C, and yielded
the original value of 115 mAhg®. This shows the stable cycling performance of this
combination of hybrid electrolyte and NVP@C. The behaviour of NVP@C with organic
electrolyte was similar to that with hybrid electrolyte at lower discharge rates (115 and 112
mAhg? at 0.2 and 0.5C, respectively). However, at higher discharge rates (1, 2 and 5C) in the
organic electrolyte, the capacity decreased to 95 mAhg™. There was no decrease in capacity in
the hybrid electrolytes even at the 5C rate.

The charge-discharge cycling performance of NVP@C was examined at 0.5C rate with both
organic and hybrid electrolytes for 100 cycles (Figure 4.6¢). NVP@C retained its discharge
capacity of 112 + 3 mAhg at 0.5 C rate for 100 cycles with hybrid-2 and hybrid-3 electrolytes.
NVP@C with the organic electrolyte gave 1% and 100" discharge capacities of 112+3 mAhg*
and 105+2 mAhg?, respectively, at 0.5C rate — a capacity retention of 87% over 100 cycles.
NVP@C in the hybrid electrolytes with higher concentrations of IL delivered both slightly
higher discharge capacities and stable cycling performance compared to that obtained in the
organic and hybrid-1 electrolytes.

The coulombic efficiency data for 100 cycles are shown in Figure 4.6d. NVP@C in hybrid-2
and hybrid-3 electrolytes displayed coulombic efficiencies of approximately 99%,
respectively, over 100 cycles while NVP@C with organic and hybrid-1 electrolytes gave
coulombic efficiencies of 98% and 96%, respectively. In summary, the hybrid electrolytes offer

more stable cycling than organic electrolytes.

4.4.1 Characterization of Na metal and NVP@C SEI layers:
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Figure 4. 7: Electrochemical impedance measurements for Na//Na symmetrical cells at (a)
OCV, (b) after 50 cycles, and (c) after 100 cycles with organic and hybrid electrolytes.

Figure 4.7 shows the Nyquist impedance plots for sodium symmetrical cells after the charge-
discharge cycling with organic and hybrid electrolytes at 0.1mA/cm?. At OCV, the organic and
hybrid-1 electrolytes displayed high charge transfer resistances, as compared to those found
with hybrid-2 and hybrid-3 electrolytes (Figure 4.7a); this is related to sodium diffusion
kinetics at the electrode/electrolyte interface. After the 50™ and 100™ cycles, hybrid-2 and
hybrid-3 electrolytes showed an additional feature (see inset) at high frequency in the Nyquist
plots; this is related to the resistance of the SEI layers formed on the surface of the Na metal.!'!’
(Figure 4.7b and 4.7c). In contrast, Nyquist plots of cells containing organic and hybrid-1
electrolytes do not exhibit depressed semicircles at high-frequency, and this behavior is known
to be associated with capacity fade behavior in some of other systems with organic

electrolytes.!®® 171-172 Tt appears that hybrid-2 and hybrid-3 electrolytes form stable SEI layers
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on the surface of Na metal, thus controlling the electrolyte decomposition reaction, and

enhancing the electrolyte stability while avoiding dendrite formation in sodium cells. There

were no changes of SEI layer resistance observed for hybrid-2 and hybrid-3 electrolytes at 50™

and 100" cycles — implying that the SEI layer is stable.
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Figure 4. 8:Electrochemical impedance measurements for NVP@C at (a) OCV, (b) after 1
cycles, (c) after 50 cycles, (d) after 100 cycles with organic and hybrid electrolytes.

Electrochemical impedance spectroscopy (EIS) studies were also performed for organic and

hybrid electrolytes with sodium foil as an anode material and NVP@C electrode as cathode

material in 2032-coin cells. The EIS spectra are shown in Figure 4.8. These experiments were

performed at OCV, 1% cycle, 50" cycle and 100" cycle, while cycling at 0.5C rate. The

differences observed here are more dramatic than those observed for the Na/Na symmetric cells

and suggest that the different electrolytes have a much larger impact on the cathode

performance. At OCV and 1% cycle, hybrid electrolytes showed lower charge transfer
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resistances in the EIS, as compared to that obtained with the organic electrolyte (Figure 4.8a
and Figure 4.8b). After the 50" cycle, we can see a depressed semicircle at high frequency. The
magnitude of the depressed semicircle is too large to be the sodium anode SEI layer and
therefore we hypothesise that this is related to the SEI layer resistance on NVP@C electrode
material (Table 4.1). A second depressed semicircle occurs in the low frequency region, which
is related to charge transfer resistance, for hybrid-2 and hybrid-3 electrolytes. The values of
charge-transfer resistance and SEI layer resistance obtained with the hybrid electrolytes are
lower than those obtained with the organic electrolyte. After the 100" cycle, the EIS spectra of
the hybrid electrolytes still displayed lower SEI layer resistances at high frequency and smaller
charge transference resistances (Figure 4.8c and 4.8d) than the organic electrolyte.

Table 4. 1: RC Circuit and resistance values for hybrid electrolytes in sodium ion battery.

CIPEIdl CPEgg,
3 | R
R
Ry SEI
MA__T AAA

System Rsg (0hm) R (ohm) R, (ohm)
Na |HE-2|Na 144.9 823.4 14.4
Na |HE-3[Na 129.3 689.7 14.8
NVP@C|HE-2[Na | 731.2 782.8 16.2
NVP@C |HE-3|Na |607.6 731 16.7

-Rsgr -SEI resistance

-Ret - Charge transfer resistance

-Rso1 - Solution resistance

-HE- Hybrid electrolyte

Thus, EIS data demonstrate that hybrid-2 and hybrid-3 electrolytes provide significantly more

stable and low resistance SEI layers on the working surface of the NVP@C electrode materials.
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This is consistent with the improved cell cycling behaviour demonstrated in Figure 4.6. In the
case of the organic electrolyte, a depressed semicircle at high frequency region and Warburg
diffusion impedance in the low frequency region were not observed. This EIS spectrum
indicates that organic electrolyte generates an unstable passivation layer and poor Na* ion
diffusion between electrode and electrolyte interface while cycling with the NVP@C electrode.
This unstable passivation layer formation has been observed in other studies on cycling with
organic electrolytes in sodium ion batteries. The hybrid-1 electrolyte showed SEI resistance
and charge transfer resistance values in between those obtained with the organic electrolyte

and those obtained with hybrids 2 or 3.
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P

Figure 4. 9:FEG-SEM images of NVP@C electrodes: pristine and after 100 cycles with organic
and hybrid electrolytes.

The FEG-SEM images (Figure 4.9) of the NVP@C electrode before and after 100" cycles
show that the pristine electrode has a rough surface with many pores; after 100 cycles, the
electrodes have become rather smooth, because of the formation of an SEI layer on the surface
during cycling. In both cases, no structural damage is seen on the NVP@C electrode. The data
suggests that increasing the IL concentration in the hybrid electrolytes prevents the

decomposition of organic solvents (EC and PC) that has been observed in other systems.8% 17
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Figure 4. 10: EDX analysis of NVP@C electrode cycled with organic and hybrid electrolytes.

EDX analyses were used to identify elements on the NVP@C electrodes after 100 cycles
(Figure 4.10). Sulphur traces were present on the surface of NVP@C electrode, probably from
retained anion.

(a)

Hybrid-288
,fi v

Figure 4. 11: HR-TEM images of NVP@C electrodes after cycling with (a) organic, and (b)
hybrid-2 electrolyte.
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HR-TEM images were obtained, as shown in Figure 4.11, and show clear differences between
the passivation layer formation on the surface of NVP@C electrode with organic and hybrid
electrolytes. Figure 4.11a shows that a uniform passivation layer has been formed on the
surface of NVP@C electrode, as expected from the evidence of impedance spectrum (Figure
4.7 and Figure 4.8). Figure 4.11b shows a thinner SEI layer on the cathode (as compared to

that in Figure 4.11a) with the organic electrolyte, as also observed in the impedance spectra in

Figures 4.7 and 4.8.

Figure 4. 12: HR-TEM images of Passivation layer on the surface of NVP@C electrode after
cycling with (a) Organic, (b) Hybrid-1, (c) Hybrid-2 and (d) Hybrid-3 electrolyte.

It is proposed that in hybrid electrolytes the presence of ionic liquid may suppress the NaFSI-
induced reaction on the surface of the cathode material (Figure 4.12) and prevent the electrolyte
decomposition on the cathode surfaces (Table 4.1).

Table 4. 2: Different electrolyte compositions in sodium and lithium ion battery literature.
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S.NO | Cell System Solvent Salt Electro Thermal Reference
chemical Stability
Stability
1 Hard Carbon|[Na | EC:PC (1:1) wt%+10 | 0.8M <3.2V <140°C 160
Wt%CsmpyrTFSI NaTFSI
2 NVP||Na EC:PC (50:50) wt% | 1M 0.1-5V ~100°C a7
NaClO,
3 Na[Nio2sFeosMn | EMS + 2VoI%FEC 1M 5.6V ~120°C 175
025]02/C || C- NaClO4
Fe:03
4 Nao;Co0; [Na | EC:.DMC  (30:70) | 0.5M 4.8V ~120°C 176
wt% NaPFg
5 NVP@C || Na EC:PC (1:1) viv% | 1M 0.01-5v >180°C Our work
:CampyrTFSI NaFSlI
6 LiFePO4|| Li EC:.DEC (1L:1)viv%e | 1M 4.8V <90°C 147
+38Wt% CsmpyrTFSI | LiPFg
7 LiCoO2 || Li EC:DMC (1:1) viv% | 1M 4.8V <90°C 151
+ 40 wt% | LiPFs
CsmpyrTFSI
8 LiFePOq|| Li PC:CampyrTFSI 0.3M 4.1V <128°C 174
LiTFSI

In lithium and sodium-ion batteries, hybrid electrolytes have previously shown good cycling
performance, and thermal stability (Table 4.2). Furthermore a stable SEI layer on the surface
of both cathode and anode were shown in these systems.8% 160.173.174 |n our case the hybrid-2
and hybrid-3 electrolytes have shown a lower interfacial resistance, and a more stable SEI. In

addition, a higher thermal and electrochemical stability is observed here in comparison to the

literature 83,171,173,174,176

65



Cis S1p

294 292 290 288 286 284 282 280 278 172 170 168 166 164 162
v T } T T T v v T — ¥ T Y
1 o-c(=0)o - .
c=o (=0)Oy Cc-C,C-H SOF Na-TFS|
2 Na-FSl|

Hybrid-3

Hybrid-3

Hybrid-2

a

i

Hybrid-2

Hybrid-1

Hybrid-1

xa

Organic
Pristine
- M \ : ' ' x ' x
294 292 290 288 286 284 282 280 278 172 170 168 166 164 162
Binding energy(e.V) Binding Energy(e.V)
F1s O1s
694 692 690 688 686 684 682 680 540 535 530 525
T M T u ] M L] T W | v T v T T U
S-FSI, SOZF, : NaF CH,CH,0CO ,Na, Na-0,Na,0
P-F,Na, PO,F, — Hybrid-3 (cH,0co,na),,
— Hybrid-3 Na.co.

= Hybrid-2

——Hybrid-2

—— Hybrid-1

—— Hybrid-1 /\ .

. L L P . . L 0
694 692 690 688 686 684 682 680
540 535 530 525
Binding Energy (e.V)

—— Organic

Binding Energy (e.V)

Figure 4. 13: XPS spectra of NVP@C cycled electrode with organic and hybrid electrolytes.

XPS studies were used to identify the surface traces (Passivation layer composition or
electrolyte decomposition products) on the surface of NVP@C electrodes after 100 cycles with
organic and hybrid electrolytes (Figure 4.13). In the C1s spectrum, 284eV, 286eV and 290eV
peaks are assigned to carbonates, sodium carbonates and alkyl carbonate, which are known to
be major components of passivation film on the surface of NVP@C.'"* 173 In the F1s spectrum,
a peak at 687.4eV is assigned to S-FSI°, NaxPOyF;, P-F and NaF components, which arise from
the organic electrolyte decomposition!™. In the case of hybrid electrolytes, SO.F and
NaxPOyTFSI peaks are assigned at the same peak position. These may come from ionic liquid
(CampyrTFSI) and the phosphate framework to form a passivation layer as observed in other
systems.8® 171173 |n the S2p spectrum, 169.4eV and 168.5eV peaks are assigned to Na-TFSlI,
Na-FSI and SO.F components of the passivation film on the surface of the electrodes cycled
with hybrid electrolytes. In organic electrolytes, an Na-FSI peak is observed as a passivation
film composition in other sodium electrolytes.t™ 173 In the hybrid electrolytes, separate Na-FSI

and Na-TFSI peaks are not observed in the XPS spectrum. In the O1s spectrum, peak positions
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at 530.5 eV, 531.3 eV and 532.8 eV are assigned to Na;O, Na-O, sodium bicarbonates,
CH3CH>0OCO>Nas, and sodium carbonate, as observed in other sodium cathodes with organic
electrolytes.’* But in the case of hybrid electrolytes, an additional Na-TFSI peak is observed
on the surface of the cathode which most likely arises from the anion in the ionic liquid
(CampyrTFSI) present in the hybrid electrolytes. This peak is overlapped with Na-FSI peak
position in the XPS spectrum. In the case of hybrid electrolytes, these peaks show a higher

intensity than in the organic electrolyte.

4.5 Summary:

In this work, we have successfully synthesized a cathode material, a NVP@C composite, for
sodium-ion batteries, by an inexpensive synthesis route. This material displayed good cycling
performance and high rate cycling stability with the conventional organic electrolyte. Further
studies with hybrid electrolytes (mixtures of ionic liquid and organic-solvent-based
electrolytes) showed good electrochemical performance with NVP@C composite material, and
suppressed electrolyte decomposition on the surfaces of both the cathode material and the
sodium metal. The hybrid-2 and hybrid-3 electrolytes also showed greater thermal stability,
wider oxidative stability, higher specific capacity and more stable passivation layers, compared
to the organic electrolyte, making them excellent candidates as potential electrolytes for

sodium-ion batteries.
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Chapter 5

Pure ionic liquid electrolytes development in high energy density
sodium-ion batteries

5.1 Introduction:

Full-cell cycling performance of sodium-ion batteries with various cathodes with organic and
ionic-liquid based electrolytes has been reported in the literature!> 19 122, 180-185 ‘Ionic liquid-
based devices need to improve their operating conditions, fabrication of devices, energy density,
electrochemical performance, and formation of stable passivation layers on both electrodes for
the commercialization of sodium ion batteries. NVP@C cathodes have been studied in the
presence of various organic electrolytes'® due to its high potential (3.4 V vs Na), high capacity
(theoretical capacity = 117mAh/g) and good rate capability. However, to the best of our
knowledge, a full cell combining the advantageous features of the NVP@C cathode combined
with a hard carbon anode and an ionic liquid electrolyte has not yet been reported. In this work,
we have used an NVP@C cathode material, synthesized by a simple and facile solid-state
reaction developed in our laboratories'®’, with a commercially-available hard carbon anode
material. IM NaFSI dissolved in N-Propyl-N-methyl pyrrolidinium
bis(fluoromethanesulfonyl)imide (CsmpyrFSI) is used as a state of the art ionic liquid
electrolyte'®® 1*°. The IL supports extended cycling of the hard carbon, providing the basis for

an energy density as high as 368 Wh/kg.

5.2 Hard carbon material characterization:
Commercial hard carbon used as anode material and synthesized from the glucose source at

high temperature pyrolysis process. NVP@C material used as a cathode material and
synthesized at our lab by solid state reaction process. Both materials are studied thoroughly
with pure ionic liquid electrolytes to develop the high safe full sodium ion battery and detailed

studied are briefly explained in the below sections.
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Figure 5. 1: Commercial hard carbon anode material morphology and structural information
by (a) XRD, (b) Raman and (c) SEM.

Figure 5.1a shows the XRD pattern of commercial hard carbon anode material, which exhibited
two broad peaks at 23° and 44°, corresponding to the (002) diffraction of the graphitic layer

structures and the (101) diffraction of graphite, respectively'*

. Moreover, the Raman spectrum
shows two broad bands: the defect-induced band at 1335 cm™ (D-band) and crystalline graphite
band at 1587 cm™ (G-band) (Figure 5.1b). The intensity of the I6/Ip ratios was 0.94, indicating
that the graphene sheets in the material are highly defective'*. An SEM image of the hard

carbon (Figure 5.1¢) shows sheet-like particles, with a wide range of sizes, in the material.

5.3 Characterization of organic and ionic liquid electrolyte:
The thermogravimetric analysis (TGA) data for the organic (1M NaClO4 in EC:PC (1:1)v/v)

and ionic liquid electrolytes are shown in Figure 5.2. The organic electrolyte showed a

significant mass loss of >85% when the temperature reached to 300°C, corresponding to the
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evaporation of organic solvents (EC and PC). In contrast, the ionic liquid electrolyte showed a
mass loss of >5% when the temperature reached at 300 °C, indicating their higher thermal

stability.
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Figure 5. 2: TGA measurements for organic and ionic liquid electrolytes.
CV was used to evaluate the electrochemical oxidative stability for the electrolytes in contact

with sodium metal (Figure 5.3). Ionic liquid electrolyte shows a higher oxidative stability

(5.2 V vs. Na/Na) than does the organic electrolyte (4 V vs. Na“/Na).
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Figure 5. 3: Electrochemical oxidative stability tests were performed in three electrode
swagelok cells at 10 mVs-1 scan rate.
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5.4 Electrochemical performance of NVP@C and hard carbon with Na metal:
Cyclic voltammetry of NVP@C cathode material with ionic liquid electrolyte shows clearly

reversible oxidation and reduction of V3*/V*" at 3.45 V(oxidation) and 3.31 V(reduction) vs.
Na/Na" at a scan rate of 0.01 mVs™'(Figure 5.4a). Figure 5.4b shows charge-discharge profiles,
obtained at different rates, of NVP@C cathode material with ionic liquid electrolyte in a
NVP@C|Na half-cell configuration. The discharge capacity values were 89, 85, 83, 82, 75, 79

and 60 mAhg™! at C/20, C/10, C/5, C/2, 1C, 2C, and 10C, respectively.

—_
[+}]
—

(b) .,

0.04- ’
1

Scan rate- 0.01 mVs 36

g

o

R

1
h

e

o

=3

L

w W
°

Current (mA)
Potential (V)

&

(=3

¥
NN
= @ ®

10C,2C1C,C/2,Ci5,C/10,C/20
B e EE—

24 238 32 36 40

6 2‘0 4‘0 5‘0 3‘0 100
Potential (V) vs.Na/Na* Specific Capacity(mAhg™1)
(c) (d)

-100
~ . £
o Ls0 2 ™ L 80 2
5 g ]
£ 0l —@— Charge Capacity ‘g £ 3
E —@— Discharge Capacity | 60 uEJ ‘5 60%
2 —k— Coulombic Efficiency o ‘s o
& a0 E g 40 £
3 Ha0 E 3 —a—Charge Capacity L40 5
;.'z_‘ 5 .g =@=Discharge Capacity F
> 3 £ o o
g 2 C-rate-C/Z 20 © 2 20 +*— Coulombic Efficiency 20
(7] (7]

0 T T T T 0 0 T T T T T
0 10 20 30 40 50 0 1000 2000 3000 4000 5000
Cycle Number Cycle Number

Figure 5. 4:Electrochemical characterization of NVP@C | Na metal cell with ionic liquid
electrolyte: (a) Cyclic Voltammogram, (b) Potential vs. Specific capacity curves obtained at
different rates for NVP@C|Na cell, (c) Charge-discharge cycling performance at C/2 rare for
50 cycles, and (d) charge-discharge cycling performance at different rates (1C, 2C and 10C)
for 5000 cycles.

These capacity values are lower than the theoretical capacity (117mAhg™') of NVP@C cathode
material, probably because of the high charge transfer resistance values of ionic liquid
electrolyte with sodium metal at room temperature!!”. NVP@C electrode exhibited excellent

charge-discharge cycling performance at the C/2 rate for 50 cycles (Figure 5.4c), as
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characterized by stable cycling with consistent capacity values of 83 mAhg™!, 99% capacity
retention and close to >99% coulombic efficiency.

The NVP@C || Na half-cell system was subjected to extended cycling with IL electrolyte for a
total of 5000 cycles: at rates of 1C (for 100 cycles), 2C (for 100 cycles), and 10C (for 4800
cycles). This material showed excellent reversibility and consistent capacity values, with an

impressive 99% average coulombic efficiency, even after 5000 cycles (Figure 5.4d).
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Figure 5. 5:Electrochemical performance of hard carbon | Na cell with ionic liquid electrolyte
(@) Cyclic voltammetry performed at a scan rate of 0.1 mVs-1, (b) The charge-discharge
cycling performance of hard carbon at different rates in the potential range of 0.01 to 2V vs
Na/Na+,(c) Potential versus Capacity plot of hard carbon anode material for first and 100%

cycle, (d) Charge-discharge cycling performance of hard carbon for 100 cycles at C/5 rate in
the potential range of 0.01 to 2V vs Na/Na+.

Figure 5.5 shows similar electrochemical performance measurements for the hard carbon || Na
cell with ionic liquid electrolyte. The cyclic voltammetry of hard carbon was performed at
0.1 mVs™! scan rate in the potential interval of 0.01 to 2.5 V vs. Na/Na" (Figure 5.5a). The hard
carbon anode material shows peaks at 0.5 V and 0.01 V vs. Na/Na*, which are related to the

insertion and adsorption mechanism of sodium on the electrode material in SIBs'* 12!, This
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electrode material was then subjected to charge-discharge cycling at different rates with IL
electrolyte, and showed discharge capacity values of 258, 250, 200, 150, 100, 50 mAhg™! at
C/20, C/10, C/5, C/2, 1C, and 10C rates, respectively (Figure 5.5b). It shows that excellent rate
capability and good capacity retention of 99% with ionic liquid electrolyte, and followed the
similar trend with organic electrolyte!¢”-1°°  Figure 5.5¢ and 5.56d show the charge-discharge
cycling performance of hard carbon with sodium metal at the C/5 rate for 100 cycles in the
potential range of 0.01 to 2 V vs. Na/Na'. The potential versus capacity plot shows that the first
charge capacity value is less than the first discharge capacity, due to the formation of a solid
electrolyte interface (SEI) on the surface of hard carbon. During the subsequent cycles, the

capacity values stabilized and showed stable capacity values up to 100 cycles (Figure 5.5d).

5.5 Electrochemical performance of NVP@C||Hard carbon full cell:
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Figure 5. 6:Electrochemical characterization of NVP@C | hard carbon cell with IL electrolyte
for (a) Cyclic voltammogram, (b) Charge-discharge cycling performance of full cell with IL
electrolyte at different current density rates, (c) Potential vs. specific capacity curve at different
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current density rates for NVP@C | hard carbon full cell, and (d) Charge-discharge cycling
performance at C/2 rate for 100 cycles

Based on the above results, NVP@C and hard carbon electrode materials are suitable candidate
cathode and anode materials for a full cell SIB. Charge-discharge cycling performance of full
cell was investigated under galvanostatic conditions at room temperature in the potential
window of 2 to 3.8 V . Figure 5.6a shows a cyclic voltammetry curve for NVP@C// Sodiated
hard carbon full cell at a scan rate of 0.05 mVs™'. This curve shows two well-defined redox
couples at 3.35 V (cathode sweep) and 3.28 V (anode sweep), consistent with the reported
literature!®. The rate capability test of the full cell is shown in Figure 5.6b. As the rate changed
(from C/10, through C/5, C/2, 1C, 2C, to 5C), capacity values change from 110 to 35 mAhg™!
based on the cathode mass. Figure 5.6¢ shows a capacity versus potential plot, which highlights
the polarization loss of the full cell at different currents. Capacity decreased with increasing
current, and polarization loss between charge and discharge curves also increased. These trends
were observed in some other SIB systems!®’. Figure 5.6d shows the charge-discharge cycling
performance, and coulombic efficiency tests at a rate of C/2. This corresponds to a capacity
retention value of 66%, which is better than that for an organic-electrolyte (57%) based full

cell room temperature SIB'®.

5.6 SEI characterization of NVP@C and Hard carbon:

Electrochemical impedance spectroscopy studies were performed for NVP@C| hard carbon,
NVP@C|Na, and hard carbon|Na cells cycled with ionic liquid electrolyte at C/5 rate and are
shown in Figure 5.7. At OCV, the NVP@C]| hard carbon cell shows a smaller charge-transfer
resistance compared to those of the other two cells (which contain Na metal), (Figure 5.7a).
This implies that the charge-transfer resistance values are high for NVP@C|Na and hard
carbon|Na cells, because of formation of a more resistive passivation film on sodium metal
with ionic liquid electrolyte when operated at room temperature, as has previously been

observed in ionic-liquid electrolyte based sodium batteries'!”. After 100 cycles, the NVP@C|
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hard carbon full cell shows a increased charge transfer resistance (Rc:1000 ohm), as compared
to after 5 (Rei: 200 ohm) and 50" (Rei: 500 ohm) cycles (Figure 5.7b—d). This may be the
root cause of capacity fade, since it implies irreversible loss of sodium on hard carbon material,

which would then cause insufficient sodium to be available for insertion into NVP@C cathode

material in later cycles in a full cell SIB (Figure 5.7).

(a) (b)
6000 — 3500
5000 - 3000 -
£ 25004
4000 - f=-d—a. <
- —9-0-9,4,49
E 55 = 20001
E
G o=
£ 30004 L N 5 =
£ Zaglonet
N NE 18001 =@= NVP@C||Hard carbon
2000 == NVP@C|| Na
[~ ] 10004 Q= Hard Carbon||Na
-
/ 0’0’ =@= NVP@C]|| hard carbon 3-3-0 ° _o-9
1000 : @ =@= NVP@C||Na 500 000%00
== Hard carbon||Na . th
Fresh Cell After 5 cycle
0 T T T T T 0 T T T T T T
(c) 0 1000 2000 3000 4000 5000 00 (d) 0 500 1000 1500 2000 2500 3000 3500
Zpe (ohm)
Zpelohm)
8000 8000
70004 ., y 7000
g
6000 <. 6000 5 _
4
50004 " il 0/ 5000
- &
£ z )
S 4000 S 40004 Py e
£ & == NVP@C| Hard carbon
N 3000 N 3000 =P= NVP@C|Na
=Q=NVP@C| Hard carbon =Q= Hard carbon| Na
3
20004 P =@=NVP@C|Na 2000 o
@-3-g.,  =@=Hard carbon|Na 0? 0,0-0 ? th
990900 X After 100 cycle
10004 1000
After 50th cycle
0 [}

Figure 5. 7: Electrochemical impedance measurements for NVP@C| Na, Hard carbon| Na, and
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Figure 5. 8:Ex situ FTIR spectra of electrodes extracted from NVP@C | Sodiated Hard carbon

cells. (a) NVP@C, pristine and after 100 cycles; (b) hard carbon, pristine (not sodiated) and
after 100 cycles.

FTIR spectra (Figure 5.8) were collected for fresh NVP@C and hard carbon electrodes, and
also after the electrodes had been cycled with IL electrolyte for 100 cycles at C/2 rate. There
are significant differences between the spectra of the fresh and cycled NVP@C electrode
surfaces. It shows a composition of the (SO2F&FSI), and SO,FSI peaks at 1184, 1368 cm™!
based SEI layer compositions on the surface of electrode material (Figure 5.8a). Both peak
differences are explained in more detail in the subsequent table. Figure 5.8b showed clear
differences in the spectra of fresh and cycled hard carbon electrodes, and includes peaks
corresponding to SEI components SO>F, SOFSI, and S-F at 1184, 1368 and 820 cm™,

respectively on the electrode surface.
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Figure 5. 9:Raman spectra of electrodes from NVP@C | sodiated hard carbon cells. (a)
NVP@C, pristine and after 100 cycles, (b) hard carbon, pristine (not sodiated) and after 100
cycles.

Raman spectra were collected from NVP@C and hard carbon electrodes extracted from cells
after 100 cycles with IL-based electrolyte, and are shown in Figure 5.9. The Raman peak
positions are listed in Table 4.1 and assigned to different components of the SEI layer, which
forms through reaction of the electrode surfaces with the IL electrolyte during cycling. This
layer is critical to protect the electrodes and electrolyte from further degradation.

Table 5. 1: Listing of Raman peaks and their assignments for the spectra of the SEI layers on
NVP@C and hard carbon electrodes after cycling with IL electrolyte.

NVP@C electrode SEl composition's

Raman Shift(cm-?) Assigned to the compositions
1039 H-F
833 S-F, SO,FSI
563 S-F
447 S-S
332 C-H
231 C-N
Hard carbon electrode SEl composition’s
Raman Shift(cm™1) Assigned to the compositions
1214 Cc-C
1126 S0,
1082 CF,
1038 S-0
968 C-H
902 C-FS-F
724 S-C,C-F
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Figure 5. 10: XPS spectra for pristine and after 100 cycles with organic and ionic liquid
electrolytes for (a) NVP@C and (b) HC electrodes.

XPS studies were used to identify the surface traces on the surface of NVP@C and hard carbon
electrodes after 100 cycles with organic (1M NaClO4 in EC:PC (1:1)v/v) and ionic liquid
electrolytes (Figure 5.11). In the Cls spectrum, 284eV, 286¢V, and 290eV peaks are assigned
to carbonates, sodium carbonates and alkyl carbonate, which are known to be major
components of SEI film on the surface of NVP@C and hard carbon.!”! 7 There is a significant
difference in the hard carbon XPS spectra, shown in Figure 5.11b. The organic electrolyte
forms an SEI film based on O-C=0 and Na>COs components on the surface of hard carbon;
such a film is known to cause unfavorable Na® ion transport and side reaction of the
electrolyte!®”- 1! lead to the poor cycling performance of the sodium ion battery. The ionic
liquid controlled the carbonate-based SEI films on the surface of hard carbon (Figure 5.11b)

and showed the excellent cycling performance of full cell sodium ion battery.
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Figure 5. 11:FEG-SEM of hard carbon (a) in pristine state, (b) Sodiated Hard carbon (i.e. after
30 minutes in contact with Na metal wet with IL electrolyte), and (c) after 100 cycles in a cell
comprising NVP@C]| Sodiated hard carbon.

FEG-SEM images of hard carbon electrode material at various stages of cell life (pristine,
sodiated, and after 100 cycles in a full cell SIB with IL electrolyte) are shown in Figure 5.11.
The pristine hard carbon electrode has sheet-like particles, which appear uniformly dispersed
with the binder (CMC) and carbon black (Figure 5.11a). This electrode was then sodiated (a
sodium metal surface was wet with electrolyte, and the hard carbon electrode placed on this
surface and left for 30 minutes) to increase the sodium availability, and coulombic efficiency
in the initial cycle with NVP@C cathode material in a SIB. After sodiation, the electrode
morphology changed, probably due to the formation of a passivation layer on the electrode
surface (Figure 5.11b). The sodiated hard carbon electrode was used as an anode in a SIB (along
with NVP@C cathode material and IL electrolyte) and the cell was cycled for 100 times. After
cycling, the electrode morphology is different again as compared to previous state of hard
carbon electrode and is shown in Figure 5.11c. The IL-based electrolyte forms a uniform

passivation layer on both electrode surfaces and enhances the cycling performance of the SIB.
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Figure 5. 12:HR-TEM images of (a) Pristine NVP@C, (b) Pristine Hard carbon (not sodiated),
(c) NVP@C electrode after 100 cycles, and (d) Hard carbon electrode after 100 cycles.

HR-TEM images obtained for NVP@C and hard carbon electrodes before and after 100 cycles
with IL electrolyte are shown in Figure 5.12. Both electrodes showed a uniform passivation
layer on their surfaces after cycling, (Figure 5.12c and Figure 5.12d), in contrast to the surfaces
before cycling (Figure 5.12a and 5.12b). The passivation layer that forms on the hard carbon
electrode appears to be thicker than that formed on the NVP@C electrode. It means that IL
electrolyte forms more passivation layer on the surface of hard carbon due to the electrolyte
reaction with different heterogeneous atoms (C, H, N, O) in hard carbon and more sodium
deposition on the surface electrode surface'?® 83, This could explain why SIBs that contain
hard carbon anodes generally show capacity fading, regardless of the choice of cathode; it could
also explain why electrolyte additives do not solve the capacity fade problem. Similar capacity

fade trends are observed in our present work, although our full SIB outperforms other SIBs
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containing IL- or organic solvent-based electrolytes, as shown in Table 5.2. The NVP@C and
hard carbon-based cathode and anode materials gave a 3.3V full cell SIB with IL electrolyte,
which was able to power an LED study lamp in a demonstration with a 2032-coin cell (Figure

5.13).

Figure 5. 13:NVP@C| Pre-sodiated hard carbon full sodium-ion battery prototype
demonstration video, showing an LED study lamp with a 2032-coin cell.

Table 5. 2 : Summary of electrochemical performance of various sodium-ion batteries.

NVP@C/1IM NaClOs in EC:PC 2-3.8 3.3 363.(0.5C) 57%(1-100) 150
+2wt% FEC/Hard carbon
03-Nao.sCuo.22Fe0.3Mno.4sO2 /| 1405 3.2 210a:c (0.05C)  >95%(1-100) @

0.8M NaPFs in EC / DMC
(1:D)viv/HC

P2-Na7eCuOzeFesMnz;s0z2 / 1M 1-4.2 Si5 1954+c(0.02C) 89%(1-50) 22
NaClOsin EC/DEC(1:1) viv/HC

P2-NazsNisMn2s02/IM NaClOs  1.4-4.0 2.9 130a+c(0.5C)  94%(1-110) 193
in EC:PC (2:1)viv+5wit%

FEC/Sb

P2-Nao7CoO2/ 1M NaClO4in 0.5-3.7 2.2 60a:c(0.175C)  80(1-1250) L

TEGDME/Graphite
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Symmetrical P2-NaosCrosTiosO2 1.5-3.0 25 824:+c(0.106C)  84(1-100) KE
/IM NaClOs4 or 0.8M NaPF6 in
EC:DEC(4:6)viv

NasV2(POs)s/IM  NaPFs in 0.7-42 29 120a+c(0.1C) 70(1-250) 196
DEGDME/graphite

Na:FeP207/IM  NaClOs in 11-42 23 142p+¢ (0.01C)  93.3(1-100) 197
PC+2vol% FEC/C-Fe304

NaFePO4 INASICON-based 1.5-4.0 2.6 3124+¢(0.2C) 96(1-200) 198
hybrid solid electrolyte/HC

R-NaxMnHCF/IM NaClOs in 15-38 3.2 448¢(0.1C) 95(2-25) 107
DEC/EC(1:1)+10wt% FEC/HC

P2/P3/02- 2-42 33 180a:c(0.09C)  80(1-700) 183

Nao.76Mno.sNio.3Fe0.1Mgo.102/1M

NaPFs in PC/HC

NVP@C/1M NaFsSI in 2-3.8 3.3 368¢(0.5C) 66(1-100) Our
P13sFSI/HC work*

5.7 Summary:

In summary, we have developed a high energy-density, high rate capability, safe and easy to
fabricate NVP@C]|| hard carbon full-cell sodium ion battery, with 1M NaFSI in CsmpyrFSI
electrolyte. Studies of the individual electrodes in the electrolyte found that the NVP@C
cathode material shows stable, fast and consistent cycling performance — retaining a 99%
coulombic efficiency at a 10C rate for at least 5000 cycles. In the full cell, using sodiated hard
carbon (obtained by wetting the carbon with electrolyte and then bringing it into contact with
sodium metal) improved the initial coulombic efficiency. In the full cell sodium-ion battery,
the ionic liquid electrolyte formed a stable and uniform passivation layer on the surfaces of
both electrodes. Compared to other battery systems, our full cell showed high safety, high
energy density (368Whkg™) and outperformed the others. A 2032-coin cell sodium ion battery

with ionic liquid electrolyte lit the prototype LED study lamp at full light intensity.
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Chapter 6

lonic liquid added electrolytes improve the physio-chemical
properties and stabilize the SEI layer in sodium batteries

6.1 Introduction

Much research is underway on cathodes, anodes, and electrolytes for development and
commercialization of sodium-ion batteries®> . In all batteries the electrolyte plays a
significant role in determining the cycling performance. Aqueous electrolyte-based sodium-ion

17 "and are unsuitable for commercial

batteries are restricted to lower power and energy density
grid-storage applications. The most-used electrolytes consist of a sodium salt dissolved in
organic carbonate solvents®’, and have some significant disadvantages, including low thermal
stability, high volatility and being flammable, which diminished their potential safety in
manufacturing operations and large scale use’.

Ionic liquids have been used as novel battery electrolytes because their physio-chemical and
electrochemical properties can solve some of the above issues in respect of sodium-ion
batteries®”. In particular, pyrrolidinium cations (C3mpyr & C4mpyr) with different anions
(TFSI & FSI) as ionic liquid electrolytes have shown excellent electrochemical performance at

room temperatures in sodium ion batteries!®% 200-202

. However, pure ionic-liquid based
electrolytes are not especially effective in sodium-metal batteries, due to their low ionic
conductivity and high charge-transfer resistance when stripping and plating with sodium metal
1172035 "«Hybrid” electrolytes, mixtures of ionic-liquid and organic-solvent based electrolytes,
have been introduced and used in lithium- and sodium-ion batteries®® 147-151:152 They can show
excellent electro chemical performance and compatibility with cathode and anode materials as

well as enhancing thermal stability compared to pure carbonate based electrolytes'®. The solid

electrolyte inter-phases (SEI) formed on both cathode and anode materials with organic, hybrid
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and ionic liquid electrolytes have been characterized?** 2>, Here, we probe more deeply the
properties of these hybrid electrolytes compared to the pure carbonate or ionic liquid solvents.
Thermal stability is probed by examining the gaseous products on thermal decomposition.
Their electrochemical performance is also evaluated in Na|Na symmetrical and NVP@C|Na
cells for 100 cycles at room temperature. Surface passivation layer studies are performed and
the morphology and composition of the SEI layers examined by FEG-SEM and ATR-FTIR

techniques.

6.2 TGA-IR studies of organic, hybrid and ionic liquid electrolytes:
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Figure 6. 1:TGA curves of (a) organic, (b) hybrid, and (c) ionic liquid electrolytes.

The thermogravimetric analysis traces for the organic, hybrid and ionic liquid electrolytes are
shown in Figure 6.1. The organic electrolytes showed a significant weight loss, >85% before
260°C, attributed to evaporation of the organic solvents. The hybrid electrolytes had

considerably lower weight loss, <35% by 260°C, demonstrating that the thermal stability of
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the electrolytes increased when the ionic liquids were added. All of the hybrid electrolytes show
a plateau beginning at ~260°C which indicates the completion of the evaporation of the organic
solvents?®®. This result clearly states that the addition of ionic liquid to conventional
electrolytes, increased the thermal stability of the electrolytes in sodium systems. Similar

findings were observed in other battery systems!'’ 207,

,-.
Q

L
=

A —125"C

l A ——100°C

—150°C — 290°C

A ’ —450'C
""—\rw‘\( "'""V""‘r‘v—"_‘_

) L T ) J U T U
500 1000 1500 2000 2500 3000 3500 4000 4500

——260°C

Transmittance (%)
Transmittance (%)

T L ) L J U L U
500 1000 1500 2000 2500 3000 3500 4000 4500
Wave Number (cm'1)

(c)
W
“ —300°C
WMDC

Wsonc

T U 1 1 T L ) L
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Wave Number (cm'1)

Transmittance (%)

Wave Number (cm'1)

Figure 6. 2: Gaseous thermal decomposition products detected by FTIR spectra for (a) organic,
(b) hybrid, and (c) ionic liquid electrolytes.

Figure 6.2 shows the FTIR spectra of the gaseous products obtained from organic, hybrid and
ionic liquid electrolytes at particular temperatures (corresponding to significant stages in the
weight-loss data for each electrolyte). Peaks are collated and assigned in Table 6.1. In the
organic electrolyte, first NaFSI salt decomposed to form NaF and CF2SOs products?® 2%, at
higher temperatures the organic solvents (EC and PC) evaporated, resulting in the significant

weight loss of 85% by 260°C. The remaining residue in the pan should be NaF, carbon and
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Sulfur compounds based solid products (Figure 6.2a). The FTIR spectra of the gaseous
decomposition products obtained during thermal analysis of the hybrid electrolyte show good
agreement with the spectra obtained for the organic electrolyte up to 260°C; again, these spectra
are related to decomposition of the sodium salt and organic solvent. Further increasing the
temperature of the hybrid electrolyte to 500°C led to some additional peaks in the FTIR
spectrum, which are related to ionic liquid decomposition products (Figure 6.2b). In contrast,
there was no significant weight loss for the ionic liquid electrolyte at 260°C — the
decomposition reaction of NaFSI salt has been shifted to 300°C. The FTIR spectra of the
decomposition products of the ionic liquid electrolyte are significantly different from those of
the other electrolytes (Figure 6.2¢).

Table 6. 1: FTIR peaks assigned to gaseous decomposition products from organic, hybrid and

ionic liquid electrolytes.

Wavenumber (cm1) Assigned to functional groups
1876 c=0

1544 Cc=0

1372 $=0, C-H, O-H

1192 C-O, C-N

1116 c-0

2368 O=C=0

1856 Cc=0

1374 5=0, O-H, C-H

1246 C-N (stretching vibrations)
1106 c-0

838 C=C

3882, 3742 O-H

2974 C-H

2348 0O=C=0

1874, 1706 c=0

1520 N-O

1368 C-H, 5=0, O-H

1184, 1038 $=0, C-0

778, 672 c=C
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Figure 6. 3: Charge-discharge cycling performance of NVP@C /electrolyte/Na-foil cell using
(a) organic, (b) hybrid and (c) ionic liquid electrolytes.

Figure 6.3 shows the charge-discharge cycling performance of NVP@C | Na cells with organic,
hybrid and ionic liquid electrolytes at a 0.5C current rate over a potential range of 2.5 to 3.8V
vs. Na/Na+ for 100 cycles. As shown in Figure 6.3a, NVP@C retains 89% of its capacity when
charged and discharged in this way with the organic electrolyte. The capacities and capacity

retention values obtained with the hybrid electrolytes depended on the ionic liquid used (Figure
6.3b). Hybrid-OG-C3mpyrTFSI shows a high capacity and 95% capacity retention up to 100
cycles as compared to other Hybrid-OG-CsmpyrFSI, Hybrid-OG-C4mpyrTFSI, and Hybrid-
OG-C4mpyrFSI electrolytes. Hybrid-OG-C3mpyrTFSI electrolyte forms a Na-FSI, Na-TFSI

and SO2F based stable SEI layer on the both NVP@C and sodium metal surfaces as compared

to other hybrid compositions, as indicated in the sodium battery literatures'>> ', Pure ionic
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liquid electrolytes (IL-C3mpyrFSI & IL-C4mpyrFSI) with NVP@C cathode material show

99% capacity retention after 100 cycles, but specific discharge capacity is 80mAhg™! at a 0.5C
rate which is lower than that found with the organic and hybrid electrolytes (Figure 6.3¢). This
is due to the high charge-transfer resistance which occurs when ionic liquid electrolytes are
used in sodium-ion batteries '’

Based on the above electrochemical performance results, we have chosen three electrolytes for

further study of the SEI layers that form on both NVP@C and Na metal surfaces in contact

with these electrolytes (Organic-NaFSI, Hybrid-OG-C3mpyrTFSI, and IL-CzmpyrFSI).
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Figure 6. 4: Plating and stripping cycles of Na| Na symmetrical cells with organic, hybrid and
ionic liquid electrolytes at 0.1 mAcm-2.

Na|Na symmetrical cell cycling was performed over 100 cycles at 0.1 mAcm™ current density,

as shown in Figure 6.4. The initial polarization values for each cell were 150mV, 130mV, and
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50mV for organic, hybrid and ionic liquid electrolytes, respectively (Figure 6.5). The organic
electrolyte shows tail peaks in these stripping and plating reactions. This is attributed to the
deposition, dissolution of the sodium and formation of the surface passivation film on the metal
surface”® %2, As indicated by the greater over potentials in each cycle (150mV) the organic
electrolyte, the passivation film on sodium metal is more resistive than that formed in either
hybrid or ionic liquid electrolytes. Further, the presence of ionic liquid in the hybrid and ionic
liquid electrolytes may lead to the formation of smoother, less resistive passivation layers on
sodium metal, as has been observed in other metal batteries?'®. The hybrid and ionic liquid
electrolytes showed smooth stripping, and plating reaction peaks as compared to the organic

electrolyte.
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Figure 6. 5: First cycle platting and stripping reaction of Na|Na symmetrical cells with organic,
hybrid and ionic liquid electrolytes.
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6.3 Characterization of SEI layers on NVP@C and Sodium metal surfaces:
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Figure 6. 6: Ex-situ FTIR spectra of NVP@C cathode material: pristine and after 100 cycles
with organic, hybrid and ionic liquid electrolytes.

FTIR spectra of the surfaces of NVP@C electrodes cycled with organic, hybrid and ionic liquid
electrolytes are showed in Figure 6.6. These spectra show that the SEI layers that formed on
the electrodes depend upon the electrolyte used. The most relevant peaks are those for SO>F,
FSI, and SO,FSI at 1184, 1038 and 1368 cm™!. Organic and ionic liquid electrolytes produced
SEI layers, as indicated by spectra that were quite different from that of the pristine NVP@C
electrode. In contrast, the spectrum of the surface of the electrode cycled in the hybrid

electrolyte is similar to that of the pristine NVP@C electrode.
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Figure 6. 7:Ex-situ FTIR spectra of sodium metal extracted from Na| Electrolyte INVP@C cells
after 100 cycles with organic, hybrid or ionic liquid electrolytes.

FTIR spectra of sodium metal after cycling with organic, hybrid and ionic liquid electrolytes
are showed in Figure 6.7. The FTIR peaks, listed in Table 6.2, show a major component of
carbonate, sodium carbonate and alkyl carbonate based SEI layer on sodium metal by the
organic electrolyte. There is a significant difference between SEI layer compositions, with
additional peaks of ionic liquid related peaks seen in the spectra from the sodium surfaces

cycled in hybrid and ionic liquid electrolytes, as listed in Table 6.2.
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Table 6. 2 : SEI compositions on sodium metal analyzed by FTIR for organic, hybrid and ionic

liquid electrolytes.

Wavenumber (cm1) Assigned Functional groups
2932 C-H, O-H

2296 N=C=0, N=C=S
2097 N=C=N

2006 C=C=0,C=C
1661 NH,, C=N

1643, 1579 C=0, C=C

1071 NH,, N-H

1443, 1379 $=0,5=0

1125, C=S

1071 NH,, N-H

889 NH,, N-H

825 S-OR

(a) (b) (c)

Organic Electrolyte Hybrid Electrolyte lonic Liquid Electrolyte

: ium Metal surf
Ot Sodidrn Metal subface On Sodium Metal surface On Sodium Metal surface

(d)

On the surface of separator On the surface of sefi@tator On the surface of separator

Figure 6. 8:SEM images of Sodium metal and separator after 100 cycles with (a) & (d) organic
electrolyte, (b) & (e) hybrid electrolyte and (¢) & (f) ionic liquid electrolyte.

The surfaces of Sodium metal electrode cycled with organic, hybrid and ionic liquid

electrolytes for 100 cycles at a C/2 rate are shown in Figure 6.8. The organic electrolyte formed
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a thick, uneven, SEI layer, containing small pores, on the surface of sodium metal (Figure 6.8a).
The hybrid electrolyte formed a more uniform SEI layer, but the layer appeared very porous
(Figure 6.8b). The ionic liquid electrolytes formed a more stable SEI layer, compared to those
formed with the organic or hybrid electrolytes. As well as being porous and uneven, this layer
has some cracks in it (Figure 6.8c), which could be the cause of the high charge transfer
resistance seen with this electrolyte®® !, Here, separator surfaces shown similar morphologies
to the corresponding sodium surfaces with organic, hybrid and ionic liquid electrolytes (Figure

6.8d, 6.8e, and 6.8f).
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Figure 6. 9: EDX analysis of sodium metal surface with (a) organic, (b) hybrid, and (c) ionic
liquid electrolytes.

The FEG-SEM-EDX technique was used to determine the compositions of the surface films
formed on sodium metal by different electrolytes, as shown in Figure 6.9. The SEI layer formed
on sodium metal in the organic electrolyte (Figure 6.9a) shows the most carbonate and
fluorinate, while the SEI layer formed in the hybrid electrolyte shows sulfur, carbonate and
fluorinate compounds (Figure 6.9b). The higher concentration of sulfur and fluoride
compounds can come from the ionic liquid (Figure 6.9b). In the hybrid electrolyte, the ionic

liquid formed a highly stable passivation layer on the surface of the sodium. In the ionic liquid
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electrolyte, the SEI layer contains mostly fluorinate and sulfur compounds. This ionic liquid
electrolyte formed the more stable passivation layer on the surface of the sodium metal battery

as compared to organic electrolyte.

6.4 Summary:

In this work, adding ionic liquids to organic electrolytes increased their thermal stability. The
electrolyte thermal decomposition reaction mechanism was examined by TGA-IR. The
NVP@C cathode material shows stable and excellent cycling performance with organic, hybrid
and 1onic liquid electrolytes for 100 cycles at a rate of C/2. Hybrid electrolytes showed higher
capacity (115 mAhg™!) than organic or ionic liquid electrolytes. This is probably because hybrid
electrolytes formed a uniform and stable SEI layer on the surfaces of NVP@C and sodium
metal in the sodium metal battery. The SEI morphologies and compositions were analyzed by
FEG-SEM, FTIR and EDX techniques. The hybrid electrolyte, a mixture of organic and ionic
liquid-based electrolytes, provided increased thermal stability, excellent electrochemical
performance, and a stable passivation layer on the surfaces of NVP@C cathode material and

sodium metal in sodium metal batteries.
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Chapter 7

Low-cost sodium-ion battery using almond-shell based hard
carbon anode and NVP@C cathode

7.1 Introduction
Development of low cost and high-performance electrode materials is required for
commercialization of sodium-ion batteries. In this context, carbonaceous materials stand

out as a low cost and sustainable negative electrodes in energy storage devices.?!!

Graphite is a well-established carbon based electrode material for lithium batteries.?'?
Unfortunately, graphite shows poor electrochemical performance with Na+, probably
due to its larger ionic radius than Li+. Problems include poor sodium insertion and more
solid electrolyte interface products with organic electrolytes.?** However, expanded
graphite (otherwise known as reduced graphene oxide) displays significantly better
sodium-insertion performance,?** 2% though it shows poor performance with alkyl
carbonate-based organic electrolytes.®® Hard carbon-based anode materials are
promising because they display high capacity, low working potentials with sodium, and
excellent long-term cycling stability.2%*

Hard carbons (HC) are prepared through calcination of carbon sources such as sucrose,
glucose, poly vinyl chloride or biomass materials,*® 216 27 and are extensively
investigated because their precursors are abundant, cheap and easy to access when
compared to other carbonaceous precursors.?'® Most biomass-derived hard carbons are
prepared by a simple pyrolysis process from a vast range of sources such as banana
peel, 219 peanut shell,??° apple waste,??* corn cobs,*® sorghum stalk waste,??? macadamia
shell??3, kelp??* and orange skin®?®. Recently, Dow et al. stated that a hard carbon

prepared from a lignin-rich source (Peanut shell) showed superior cycling performance

with sodium, in contrast to the performance of hard carbons prepared from pectin-rich
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(apple waste) and hemicellulose-rich (corn cob) sources.??® Almond-shell waste is
another example of a lignin-rich biomass. In particular, a relatively pure form of lignin
that can be obtained after a bio-refinery process has extracted the valuable products from
the almond shell.*?® Hard carbons derived from this type of pure lignin source have not
yet been explored as anodes for sodium-ion batteries.

In this work, we report the synthesis, morphology, electrochemical and structural
characterization of hard carbon anodes derived from almond-shell-waste lignin. The
electrochemical performance of hard carbon electrode was evaluated with an ionic
liquid-based electrolyte for 1000 cycles at a 1C rate in a HC |Electrolyte| Na-metal half-
cell. The full-cell sodium-ion battery cycling performance was also investigated by
assembling batteries containing the new hard carbon as anode material and a previously
reported*” 152 NVP@C as cathode material (synthesized here by a new and more facile
method), and testing for 350 cycles. lonic liquid electrolyte (IL) based full cell results
outperformed the standard organic electrolyte at room temperature and showed better
cycling performance. The superior stability of the cells in the IL-based electrolyte in
conjunction with its non- flammability results in a more reliable and higher safety
sodium ion battery. The low cost and high-performance hard carbon material from the
almond shell therefore appears promising for the development of high energy density,

high rate capability, and eco-friendly sodium-ion batteries.

96



7.2 Characterization of Bioderived Hard carbon and NVP@C materials:
(a) (b)
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Figure 7. 1. Characterization of bio-derived hard carbon: (a) Powder XRD pattern and (b)
Raman spectrum.

Figure 7.1a shows the XRD pattern of almond-derived hard carbon anode material, with two
broad peaks at 23° and 44°, corresponding to the (002) diffraction of the graphitic layer
structures and the (101) diffraction of graphite, respectively. The diffraction pattern of the as
prepared bio-derived hard carbon is in good agreement with previous reports '2°. Moreover, the
Raman spectrum exhibits two broad bands: the defect-induced band at 1335 cm™ (D-band) and

crystalline graphite band at 1587 cm™ (G-band) (Figure 7.1b)'

(b)

WD = 32mm Mag= 50.00KX Time :12:34:56

Figure 7. 2: Bio-derived hard carbon anode material morphology and structural information:
(a) SEM, and (b) TEM images.

The morphology of the hard carbon derived from almond shell is displayed in Figure 7.2. The
SEM image of hard carbon material shows agglomeration of particles with broad particle-size
distribution from 100nm to 400nm (Figure 7.2a).The HR-TEM image confirms the amorphous
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structure of this new hard carbon, which is consistent with previous studies on other hard

carbons derived from different carbonaceous precursors( Figure 7.2b)!% 218,
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Figure 7. 3:Electrochemical performance of bio derived hard carbon with ionic liquid
electrolyte (a) Cyclic voltammetry performed at a scan rate of 0.1 mVs-1, (b) The charge-
discharge cycling performance of hard carbon at different current rates in the potential range
of 0.01 to 2V vs Na/Na+.

Figure 7.3 shows the electrochemical measurements for the HC/IL/Na using the ionic
liquid-based electrolyte. The cyclic voltammetry of almond shell-derived hard carbon
was performed at 0.1 mVs-1 scan rate in the potential interval of 0.01 to 3 V vs. Na/Na+
(Figure 7.3a). The bio derived hard carbon anode material shows peaks at 0.5 V and
0.01 V vs. Na/Na+, which are related to the insertion and adsorption mechanism of
sodium in the host carbon, respectively.'* 121121 Thijs electrode material was then
subjected to charge-discharge cycling at different rates and showed discharge capacity
values of 258, 220, 180, 150 and 50 mAhg-1 at C/10, C/5, C/2, 1C, and 10C rates,
respectively (Figure 7.3b). The material showed excellent rate capability and good

capacity retention of 99% with the ionic liquid-based electrolyte as compared to other
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reported works in the literature for sodium ion battery. % 218 224, 226
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Figure 7. 4:(a) Potential versus Capacity plot of hard carbon anode material for first and 1000th
cycles, (b) Charge-discharge cycling performance of hard carbon for 1000 cycles at 1C rate in
the potential range of 0.01 to 2V vs Na/Na+.

Figure 7.4a and 7.4b show the charge-discharge cycling performance of almond-shell
derived hard carbon with sodium metal at1C rate for 1000 cycles in the potential range
of 0.01 to 2 V vs. Na/Na+. The potential versus capacity plot shows that the first charge
capacity value is lower than the first discharge capacity value, this is likely due to the
formation of a solid electrolyte interface (SEI) on the surface of the carbon material
(Figure 7.4a).1% 18 20 During the subsequent cycles, the capacity values are stabilized and
remained stable around 150mAhg-1 for up to 1000 cycles with 99% coulombic

efficiency (Figure 7.4b).
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Figure 7. 5:: NVP@C cathode material structural and morphology analysis by: (a) XRD, (b)
SEM, and (c) TEM.

Figure 7.5a shows the XRD pattern of the as-prepared NVP@C material by simple sonication
method. The diffraction pattern matches well with the NASICON-framework NVP with R-3C
space group ( ICSDS data card no-248410), which is in good agreement with previous reports
187 In figure 7.5b the SEM image of the as-prepared NVP@C powder is displayed, the cathode
material shows micron-sized particles while the TEM image in Figure 7.5¢ shows that the

NVP@C particles are fully covered with amorphous carbon
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Figure 7. 6:Electrochemical characterization of NVP@C cathode material with ionic liquid
electrolyte (a) Cyclic voltammetry performed at a scan rate of 0.05 mVs-1, (b) Potential vs.
Specific capacity curves obtained at different current density rates for NVP@C/IL/ Na cell,
and(c) Charge-discharge cycling performance at different current density rates (1C, 2C and 5C)
for 350 cycles.

The cyclic voltammetry of NVP@C cathode material in 1M NaFSI/CzmpyrFSI
electrolyte showed reversible oxidation and reduction of V3+/VV4+ at 3.53 V (oxidation)
and 3.21 V (reduction) vs. Na/Na+ at a scan rate of 0.05 mVs-1 (Figure 7.6a). Figure
7.6b shows the charge-discharge profiles, obtained at different rates in a NVP@C |IL
electrolyte| Na half-cell configuration. The discharge capacity values were 92, 88, 85,
83, 81, 78 and 50 mAhg-1 at C/20, C/10, C/5, C/2, 1C, 2C, and 10C, respectively. The
cell capacity values are smaller than expected, this is mainly ascribed to high values of
charge-transfer resistance between the ionic liquid electrolyte and sodium metal (IL| Na
metal) in half-cell (Cathode |IL |[Na metal) configurations with some of the cathode
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materials during charge-discharge cycling performance in sodium battery at room
temperature!!’. The NVP@C |IL |Na foil-cell system was subjected to extend cycling
for a total of 350 cycles: at rates of 1C (for 100 cycles), 2C (for 100 cycles), and 5C (for
150 cycles). This material displayed excellent reversibility and consistent capacity

values, with an impressive 99% coulombic efficiency, even after 350 cycles (Figure

7.6¢C).

7.3 Electrochemical characterization of NVP@C|IL|HC full cell sodium ion

battery:
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Figure 7. 7: Electrochemical characterization of NVP@C/IL/HC cell (a) Charge-discharge
cycling performance at the 0.5C rate for 350 cycles, and (b) Potential vs. specific capacity

curves at second and 350th cycles, at the 0.5C-rate.

To assemble the full cell sodium-ion battery, the as-prepared hard carbon was used as
anode and NVP@C was applied as cathode material. These electrodes are balanced
against each with areal capacities before cycling performance of the full cell sodium ion
battery. Figure 7.7a shows the charge-discharge cycling performance and coulombic
efficiency of the full Na-ion cell (HC|1M NaFSI / CampyrFSIINVP@C), cycled at a rate

of C/2. The cell shows a capacity retention value of 96% (from 20" cycle to 350" cycle),
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and a coulombic efficiency of 99% up to 350 cycles. The discharge capacity values
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Figure 7. 8: Potential vs Specific capacity curve for (HC|IM NaFSI in C3mpyrFSIINVP@C)
cell at first cycle with 0.5 C current rate.

(Based on the active material of both electrodes) are 55mAh.g* and 39mAh.g* at the
2nd and at the 350th cycle, respectively. The potential versus capacity plot shows a
small polarization effect as the cycle number increased (Figure 7.7), this effect is
possibly due to the greater SEI layer formation and the irreversible sodium insertion
during the first cycles on the hard carbon electrode (Figure 7.8). This behaviour has also

been observed in other full cell sodium ion batteries. 135 190,203, 221
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Figure 7. 9: Cycling performance of (HC|1M NaFSI in C3mpyrFSIINVP@C) cell with organic
and ionic liquid electrolyte for 100 cycles at 0.5C rate.

In order to assess the reliability of the ionic liquid-based electrolyte used in this work,
we also compared the performance of our full cells by assembling cells with traditional
carbonate-based electrolytes (1M NaClO4 in EC :PC (1:1)v/v + 5wt% FEC. As shown
in Figure 7.9 (cycling at 0.5C-rate for 100 cycles), the IL-based electrolyte shows a
superior performance at room temperature when compared to the organic one.
Moreover, the IL-based electrolyte is non-flammable, this feature reinforces the
superiority of the sodium ion battery presented here, leading to a safe energy storage
device.

Both bio-derived hard carbon anode material and a simple sonication-derived
NVP@C cathode material showed an excellent electrochemical performance with the

ionic liquid-based electrolyte, ensuring a cost-effective full cell sodium-ion battery
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which can be used in practical energy-storage applications, including large-scale grid

storages.

7.4 Summary:

Almond shell-bio-derived hard carbon material was successfully synthesized and
applied as an anode material for sodium-ion batteries. This anode material showed a
stable reversible capacity of 150mAhg™ for 1000 cycles and retained 99% of capacity
at 1C-rate by using a non-flammable ionic liquid-based electrolyte. As a cathode
material to further assemble a full sodium-ion battery, NVP@C was synthesized by a
facile and straight forward sonication method. In a half cell configuration, the NVP@C
cathode material exhibited a stable and reliable electrochemical performance, with
capacity values of 90 mAhg-1, 85mAhg-1, and 70 mAhg-1 for 1C, 2C and 5C rates,
respectively. The full cell NVP@C |IL |bio-derived-HC displayed a good reversible
capacity value of 39 mAhg-1 for 350th cycle at C/2 rate with the ionic liquid-based
electrolyte. Almond-shell based bio-derived hard carbon anode material may enable a

commercial low-cost sodium-ion battery for practical applications.
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Chapter 8
Concluding remarks and Future scope

8.1 Concluding Remarks:

Sodium source is available in abundance, and cost-effective with alternative sustainable
material as compared to lithium. Sodium ion batteries are required low-cost electrode materials
and high thermal stable electrolytes for large-scale energy storage applications. a lot of Na
source cathode material studies are being done in sodium ion battery literatures; For our
electrolyte optimization studies, we have chosen a NASICON type sodium vanadium
phosphate cathode material because it has a high potential plateau (3.4 V), high rate cycling
performance with good rate capability to act as a both anode and cathode material based on
their operating potential window versus sodium in sodium ion batteries.

To further research on the highly safer electrolytes, we have chosen ionic liquid as the main
solvent in sodium electrolytes. Firstly this ionic liquid is introduced as an additive to the
conventional electrolyte and the optimization studies are being conducted, by varying the
concentration of IL content from 0-12%. These additive optimization studies are performed
with the NVP/C cathode Material based on cathode material cycling performance.

The results show that 5 wt% of IL additive electrolyte is one of the best of all the compositions
in the conventional electrolyte. To further validate our findings SEI characterization studies are
performed by post mortem analysis of HR-TEM, Raman, SEM, EDX, XPS analysis and in-situ
impedance are conducted on the surface of NVP@C electrodes in sodium ion battery. SEI
characterization studies are also supported that Swt% IL electrolyte forms a stable passivation
layer as compared to the conventional electrolyte (without IL). The objective is to achieve the
excellent cycling performance and the high thermal stability of electrolyte, due to the smaller
concentration of 5 wt% IL no significant thermal stability changes observed in additive

electrolytes. Hence, we needed to conduct a more studies towards to optimize the composition
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which could get higher thermal stability electrolytes and cycling performance for sodium ion
batteries.

Further studies towards to achieve the high thermal stability electrolyte and excellent cycling
performance of sodium ion batteries. We introduced a hybrid electrolyte as electrolytes for
sodium ion batteries. Hybrid electrolyte is a mixture of organic solvents ((EC-PC) 1:1 v/v ratio)
and ionic liquid with dissolved of 1 molar NaFSI salt. Hybrid electrolyte optimization studies
are performed based on physical and electrochemical characterization in sodium ion batteries.
Our results showed that Hybrid-2 (50volume% of IL) electrolyte composition is the best
composition with NVP@C material in sodium ion batteries. Hybrid electrolytes showed a
good thermal stability as compared to the conventional electrolyte. However, Hybrid
electrolytes have not surpassed the thermal stability capability with pure ionic liquid
electrolytes.

Further our thesis work is focused on pure ionic liquid electrolyte for sodium ion battery.
However, pure ionic liquid has underlying issue of high charge transfer resistance with Na
metal at room temperature. This has been addressed in many sodium -ion battery literatures.
To overcome such issues, we have replaced the Na metal with commercial hard carbon as anode
in sodium ion battery. Our full cell results showed that excellent cycling performance with
good rate capability as compared to the conventional electrolyte at room temperature. From
our studies, we concluded that pure ionic liquid electrolyte to be the suitable one to achieve the
highly safe sodium ion battery in the large -scale energy storage applications.

Thermal decomposition studies are being performed to analysis the decomposition reactions
and traces of electrolytes for all organic, hybrid and pure ionic liquid electrolytes. SEI layer
composition studies on NVP@C material & hard carbon is evaluated, to further validate we
extended our SEI characterization studies on Na metal surface by FTIR, SEM, EDX studies.

From our results, we found that pure ionic liquid electrolyte formed a thick and rough
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passivation film on the surface of Na metal as compared to other conventional and hybrid
electrolyte. This result is in good agreement with sodium ion battery literature.

After obtaining the suitable electrolyte and electrodes for sodium -ion battery. We focused on
cost optimization of sodium ion battery for commercialization solutions. As a part of it, we
pursued the bio waste materials derived the hard carbon from the almond shell. Finally, a full
cell is built by using the bio derived hard carbon as anode, NVP@C as cathode along with pure
ionic liquid electrolyte. These results are found to be impressive and outperformed the other
sodium systems. Our full cell system is not having the high cost additives in electrolytes such
as FEC, PS, and VC and showed the low cost with good cycling performance as compared to
other sodium electrolytes. Our proto type could be considered as highly safe sodium ion battery

for commercialization direction in the future.

8.2 Future scope:

Following on from this investigation into hybrid and IL-based electrolytes with NVP@C and
hard carbon electrodes in sodium ion batteries, suggested future work includes:

- More additives studies need to pursue for high energy density full cell sodium ion
batteries with an ionic liquid and hybrid electrolytes for stabilization of the cycling
performances.

- Investigation of a gel polymer electrolyte to enhance the energy density of sodium metal
batteries with NVP@C cathode material.

Attempting to prepare a hard carbon that also contains sodium, to decrease the irreversible loss

in the initial cycle of a sodium ion battery.
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