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ABSTRACT

This thesis focuses on advancing the performance, stability, and safety of room-temperature
sodium-sulfur (RT Na-S) batteries, addressing critical challenges related to the sodium metal
anode, particularly dendrite formation, volume expansion during cycling, and the instability of
the solid electrolyte interphase (SEI). The research employs a multi-faceted approach involving
innovative material design, electrolyte optimization, and advanced characterization techniques

to achieve significant improvements in battery performance.

The first objective aims to mitigate dendrite formation and manage volume changes in sodium
metal anodes by developing a robust 3D host structure. A micro-architecture carbon nanotube
(MACNT) framework design and integrate into the sodium metal anode to serve as a scaffold
for sodium plating and stripping. This MACNT@SS anode demonstrates a substantial
enhancement in cycling stability, achieving a Coulombic efficiency of over 98% across 300
cycles at a current density of 1 mA cm™2. The 3D structure effectively accommodates the large
volume changes associated with sodium metal, preventing the formation of harmful dendrites,
which are a major cause of short circuits and capacity degradation in sodium metal batteries.

The second objective focuses on further stabilizing the sodium metal anode by enhancing the
uniformity of sodium deposition. To achieve this, a patterned polypropylene interlayer (PPIL)
introduces between the sodium metal anode and the separator. The PPIL features alternating
dense and sparse fiber regions that effectively regulate sodium ion flux during cycling. This
innovative interlayer design results in a significant improvement in the uniformity of sodium
deposition, suppressing dendrite growth and thereby enhancing the battery’s cycling stability.
Symmetric cells with the PPIL demonstrate stable operation for over 1000 hours at a high
current density of 5 mA cm2, with no evidence of short-circuiting, indicating the interlayer’s

effectiveness in preventing dendrite penetration and ensuring consistent anode performance.

The third objective targets to improve the SEI’s mechanical integrity and ionic conductivity,
which are critical for the long-term stability of sodium metal anodes. To address this, a novel
organic molecule, 9F, employs as an electrolyte additive. The 9F additive facilitates the
formation of a stable and robust SEI, composed of a mixture of organic and inorganic species,
that effectively protects the sodium metal surface. Electrochemical tests reveal that cells with

the 9F-modified electrolyte exhibit a Coulombic efficiency of approximately 99% and
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maintained stable cycling performance for over 400 cycles at a current density of I mA cm™.
The enhanced SEI suppresses dendrite formation and reduces the interfacial resistance,

contributing to improve battery efficiency and longevity.

The fourth objective aims at controlling dendrite growth by altering the sodium-ion solvation
environment within the electrolyte. This achieves by introducing a Bilz additive, which
modifies the solvation structure of sodium ions, thereby reducing the occurrence of side
reactions and promoting a more uniform sodium deposition. The introduction of Bils into the
electrolyte significantly improved the homogeneity of the SEI and reduces the likelihood of
dendrite formation. Cells utilizing the Bils additive demonstrates a Coulombic efficiency of
98.5% and stable cycling for over 500 hours at a current density of 3 mA c¢cm™. This result
highlights the effectiveness of solvation environment manipulation in enhancing the

electrochemical stability of sodium metal anodes.

The final objective focuses on developing a multiphasic SEI that could provide both high
mechanical stiffness and a low ionic diffusion barrier, ensuring long-term stability for RT Na-
S batteries. Methylammonium iodide (CHsNHzsl) introduces as a novel electrolyte additive,
resulting in the formation of an SEI composed of NaF, Nal, and NaNH.. The multiphasic nature
of this SEI allows for a unique combination of properties: NaF provides high mechanical
stiffness (~75 GPa), Nal contributes to enhance ionic conductivity, and NaNH offeres the
necessary ductility to accommodate volume changes. The SEI exhibits a remarkably low
sodium 1on diffusion barrier of 9.37 kJ mol™, facilitating efficient and reversible sodium
plating and stripping. Symmetric cells equipped with this SEI maintain stability for over 3200
hours at a current density of 1 mA cm™2. Additionally, in full-cell Na-S batteries, this SEI
enables consistent operation over 500 cycles, with an initial discharge capacity of
approximately 700 mA h g!, demonstrating its effectiveness in improving both capacity

retention and cycling stability.

Throughout the thesis, advanced characterization techniques such as Field Emission Scanning
Electron Microscopy (FESEM), X-ray Photoelectron Spectroscopy (XPS), Raman
spectroscopy, and X-ray Diffraction (XRD) extensively utilizes to analyze the morphological,
compositional, and structural changes in the SEI and electrode materials. These techniques
provided critical insights into the mechanisms underpinning the improved performance,
including the uniformity of sodium deposition, the chemical stability of the SEI, and the

interaction between the electrolyte and electrode materials.
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In conclusion, this thesis successfully meets its objectives by addressing the key challenges in
RT Na-S battery technology. The development of innovative 3D host structures, patterned
interlayers, electrolyte additives, and multiphasic SEI layers has led to significant
advancements in cycling stability, Coulombic efficiency, and the safety of sodium-based
batteries. These findings contribute valuable knowledge to the field of energy storage and offer
promising pathways for the development of more efficient, reliable, and commercially viable
RT Na-S batteries.
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T JiR FHR & ITIHM R NISTH-Te®R (RT Na-S) el & UaRH, fRURdT 3R JReaf
DI T TgH W Hiad 7, S NSTH Aed TS J Yefid Heaqu! g, fady &g 3§
eI 64, URfAAT & TR dilegd fawR 3R 319 Sadciase Sexthd (SEI) I
SRR T AT BT B | ST Th Sg3MTATH TP B0 T JUTNT BTl & ForgH Sedt
& TR ¥ Ag@yul gUR U B o e g It fSoms, sadgianse s
3R IFd TAEUT G qhri1e QM & |

T dl 3520 Uh ASIgd 3D BRE TR fawmRid #rd QifSaH Aed TS H# Sg18e T3 &l
HH BT 3R dicgd IRacH! BT Y4 AT ¢1 T HISehI-3ffheder BT A-leqd
(MACNT) i fSoe SR Tifead wifeT 3R fRefthn & forg vem & ®u & &1 A
& forg Wifsaw Aed T § Thidd $Rdl &1 3D IRaT AIfSaH od I IS a7 3HadH
ORG B THTE & TERIT Bl 8, o giReRS S35y & fAafur &1 AT o
Tl 7, S ST o1 sest & Wic Ffhe 3R &mar § fRTae &1 16 U9 SR 5|

IR IR NETH THG B! Theudl B dgIax STy Tg TAIS B 3R 31w RR
B R Had g1 3T U HRA & o8, FifgaH 41 TS iR fueiss & ofe U Ue-igad
UieliuTuTS el SexamR (PPIL) UXT fopam 81 PPIL H TRY-aRT 9 T1 3R favd wreer 851 8l
€ o UTRfaaT & SR WfeTd S yarg & uudt 1 ¥ Fifid ovd §1 39 siftFa
SO fEoza & uRumesy Hifsay SHE &t ThEual § Tg@yul JuUR 8l 3,
383C g &I Tl § 3R 3T a8 ded] ! WigfaaT fRRdT &1 S IdT g1 PPIL & I1Y
THHT I 5 mA cm & I YRT T TR 1000 He I e THT dh R FaTeH Uarid
R 8, o 2e-afHhiE &1 H1g ggd T81 81d1 3, S S8 YA Bl Adh 3R AR
TS TR R v H SerdTR Bt UHTaRiedT B g=idT 8 |

FRT IE=T SEI Y T SRdSdr 3R A Tdmar H GUR HRAT 8, ST QISTH 1
TS & S Rl & It He@yuf §1 39 WS oA & oY, T 1 HleHd
30, 9F, IqdCIdSe e & ¥4 | HIH HRAl gl 9F AINIH HIeHD MR AHPBEHdH
TorTerd! o fHor ¥ &1 Ueh fRIR SiR AoTgd SEI & 6 &1 YA <l 8, S AIfSaH urg o
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e BT THTE &1 J RIS a1 8| SATIBIHDHd UIEUT F Ul Iaid ¢ b oF-F=nfer
SAGCIATSE aTal T TTHIT 99% BT HATID G&fdl UG BRI § 3R 1 mA cm & aaHM
T TR 400 ¥ HfYF Tehi & g FRR TS UeRH §HIE X9 & | 967 §3T SEl SgI8¢
6 @ TaldT § 3R SRWBRITT UfRIY B HH BT 7, R 9t &1 gerdr 3R drafg o
JUR BT g

YT IR Sadeanze & Hiark NSTH-IHTT Fied < dTdTaRUl &l AR S S13¢ gl DI
f3d &A1 81 T8 U Bil; Ao &1 UK dXh UK [T STl 8, S ST -1 b
=M TR B TRNTIT Bl §, o Arg € NUaRM $I ge1 &4 g1 971l § 3R 31w
A I STH SHIG ! dgral fHadT 81 Iadeiase d Bils &1 Y[ESMTd A SEI B TS
o I GUR T $iR S18e 164 &1 GHIaHT &I HH faa| Bil; Tfefed &1 3uam
FRA TR DDA A 3 mA em B A T TR 98.5% B HAtadh Gefdm 3R 500 €
¥ 31fee IHg a fRUR ASHIeHT &1 e fhar| g8 uikome wfeay urg T &1 fagga
TR fRRA &l g H faau= ggierur g7 ot UHIIRIT B SRR HRal g |

3ifeH IERT TP Fg-TRUNY SEI fadhRid H1 W Higd § S S TiAd HARaT 3R HH
AT TR aRIY G UG &R Tabdl §, o™ RT Na-S defdl & e dewiiers
fRRAr gfEa gt 3 1 RIS s SisEs (CHsNHsl) T T 3adciarse Ufsfea &
w0 § U forar T g, o TRUIMRGRY NaF, Nal 3R NaNH, ¥ &1 SEI §9dT 81 39
SEI ! 9g-aRullg Upfd 01 & e Sifgaia Ao &t AN <ol 8: NaF 3= Jifds
HERAT (~ 75 GPa) U T 5, Nal TS ITddhdl &1 9gM H AT di g, 3R NaNH;
3T URad=l &1 THEIRNT #5313 & ol STa<aed aiiara UeH &Rdl g1 SEl 9.37 kI
mol™ BT IV U F HH WSTH 3 YR 3Ry TefRid oHar §, S $3d iR
gfcad! Sfead @i 3R R &1 gfaen UeH oxal 5| 39 SEI I Yuieid Said 9d 1
mA cm > % GaH BT IR 3200 ©¢ I TS TG doh fRRAT SHE T € | 39 SifaRa,
quf-Ja Na-S defal #, 98 SEI AT 700 mA h g & YRS fSTarst &Hd & I1 500
1 P TH AAR YT DI F&H T &, S & HfTUROT 3R ATgehienT FRRURT
G DI IR T H 39D gHTERIAd I TefRid HRarg|
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TR MY Ty T, Hics THRM T gade- ARZHRGIT! (FESEM), TR HieigadeH
TWFRBIUT (XPS), T WA BT, 3R TaG-X fage (XRD) St SHd A&/ aUi dh1eh!
B UG FU I ITANT haT 71 5 | T3S 3R Saidels AHE H U, RN
3R IRFTHS GRT! 1 [IRAW0T fo5am 71 €| 39 dah-iiah! = dgaR UaRH &I X@ifod
FRA a1t A B Agayul Sided UaH &, ford AifSad oG & Theudr, TIRSs &I
A FRRAT 3R Sadeiarse 3R Sadeis il & ok IRER fohar nfid 8|

sy &, g8 R RT Na-S 9t da-iies & T AN & GaITId B U4 Il
DI THAAYad R Hl g1 T 3D BRe TRa-sHl, Te ard! Seady, Sade e
ufefes SR ACIBiNd SEl URdl & fadmm o Aefaa fRRdl, HIaias gemr iR
AfeT-anumid St &t JRam § Hgayul Wid &t g1 ¥ fsp Sl YeRu & &7 |
eIdH M BT ANTEH $d § 3R 31 oo, fyga 3R areaiie &9 § wraged
RT Na-S ot & fadm & o RIS AN UeH &xd g |
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micro-architectures of CNTs

Schematic representation of synthesis and fabrication of Na-
MACNT@SS composite anode (a) growth of MACNT on ss mesh by
chemical vapor deposition (b) bare ss mesh and mesh grown with
MACNT, further confirmed by FESEM image (c) fabrication process
of Na-MACNT@SS composite by cling approach
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Figure-3.5

Figure-3.6

Figure-3.7

Figure-3.8

(@) Optical image of MACNT@SS without sodium (b) SEM
micrographs of Na-MACNT@SS metal anode at 500 um (c-d)
corresponding X-ray mapping of the elements. (e-f) high magnification
FESEM images of MACNT@SS electrode (e) before cling (f) after

cling, showing microarchitecture of carbon nanotube in the composite.

Digital micrographs of the (a) MACNT@SS that can be moulded into
any shape and size, and (b) Na-MACNT@SS composite with excellent

flexibility without any noticeable fracture.

Galvanostatic test of the half-cell (Na//Cu) with and without the 3D
host (a) Coulombic efficiency vs cycle life, and (b-c) stripping/plating
of sodium and the respective overpotential for Na-MACNT@SS/Cu
half cell (d) Nucleation overpotential in Na-Cu half cells at 1 mA cm
current density, with MACNT@SS and reference sodium (e) SEM
image of Na-MACNT @SS electrode used in Na-Cu half cell studies.

Galvanostatic stripping/plating of the Na-MACNT@SS and Na
symmetric cells at a current density of (a) 1 mA cm, where (b)
represents the selected region of Fig. a, (c) 3 mA cm, where (d)
represents the selected region of Fig. c, () Nyquist plots of the Na-
MACNT@SS and Na symmetric cells after various stripping/plating
cycles. The controlled cell, i.e., Na-SS/Na-SS, was tested for

comparison (inset equivelent circuit model)
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Figure-3.9

Figure-3.10

Figure-3.11

Chapter-4

Figure No.

Figure-4.1

Post-mortem analysis of the metal anode surface after 50
stripping/plating cycles at a current density of 5 mA cm for (a-d)
reference cell, (e-g) Na-MACNT@SS symmetric cell, (h) FESEM
micrograph shows a uniform sodium deposition on the MACNT@SS
wire. FESEM micrograph of the Na metal surface (i-j) stripping and
plating at 10 mA cm? and (k, I) stripping and plating at 20 mA cm™,
The areal capacity was fixed to 1 mAh cm2, (m) Schematic illustration

of the sodium stripping/plating process

The high-resolution XPS spectrum of Nals, C1s, O1ls, and F1s for (a)
Na, and (b) Na-MACNT@SS electrodes. The spectra are recorded

during the stripped condition of the electrodes

Galvanostatic charge/discharge curves of (a) reference cell (Na//FeS>),
(b) Na-MACNT@SS full cell, and (c) Specific capacity and
Coulombic efficiency of Na-MACNT@SS full cell, (d) rate capability
test of Na//FeSz and Na-MACNT@SS full cell

Figure caption

(@) Schematic illustration of the (a) sodium symmetric cell with sodium
dendrite growth, (b) sodium symmetric cell with interfacial layer, i.e.,
PPIL, over the sodium metal anode and its effect on the sodium
dendrite growth, (c, d) FESEM surface micrographs of PPIL showing
a uniform patterned microstructure (e) FESEM cross-sectional
micrographs of PPIL (f) FESEM micrograph of a single microfibre of
PPIL
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Figure-4.2

Figure-4.3

Figure-4.4

Figure-4.5

(a) Different types of polypropylene fibers used in the textile industry
and PPE kits (b) PPIL without dense sites (c) PPIL with the patterned
structure of dense sites and spare sites (d) PPIL with highly dense sites
(e) sodium ion migration mechanism from patterned PPIL (f)
electrolyte drop over PPIL (g) electrolyte drop over dense sites

showing electrophobicity.

(a, b) Micro-structure of PPIL fibre, cross-sectional image of as
received PPIL after treatment (c) Thickness of PPIL fibre after
applying maximum pressure to compress (d) Celgard (PP-PE-PP) and
PPIL fibre in dry condition (e) Celgard and PPIL fibre after putting 20
ul of electrolyte (f) original PPIL fibre without loading (g) PPIL fibre
in tensile test with a mass of 70 gm (h) puncture test on PPIL fibre. All
these tests are in dry condition of PPIL fibre (i) original PPIL fibre
without loading (j) PPIL fibre in tensile test with a mass of 70 gm (k)
puncture test on PPIL fibre. These all tests are in a wet condition of
PPIL fibre.

(a) FTIR spectrum of PPIL fibre (b) XRD of PPIL fibre

(@) Schematic illustration of Na//Na symmetric cells without and with
PPIL, (b) Galvanostatic stripping/plating of sodium with multilayers of
PPIL at 1 mA cm current density and 1 mA h cm2 capacity, (c)
Galvanostatic stripping/plating of sodium with a single layer of PPIL
at 1 mA cm? current density and 1 mA h cm? capacity. The

Galvanostatic tests were conducted in sodium-symmetric cells.
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Figure-4.6

Figure-4.7

Figure-4.8

Figure-4.9

Chapter-5

Figure No.

Morphological analysis of Na metal surface with PPIL after running
10 cycles at 5 mA cm current density and 1 mA h cm capacity (a)
Na metal surface with PPIL after cycling (b) EDX elemental map of
the surface with C and (c) with Na (d) EIS of Na//Na symmetric cell in
a reference system (e) EIS of Na//Na symmetric cell in PPIL protected

system.

Schematic illustration of sodium deposition on the sodium metal anode
(a) without, and (c) with the PPIL. The post-cycle FESEM micrographs
of sodium deposition (b) without, and (d) with the PPIL. The FESEM
micrographs are captured during the plating condition at the 5" and 50"
cycles of the plating/stripping process. The stripping/plating was
conducted at a current density of 5 mA cm and a capacity of 1 mA h
cm2. (e) overpotential vs capacity for Na//Na symmetric cell with and
without PPIL (f) diffusion coefficient as a function of scan rate for full

cells.

XPS high-resolution spectrum of Nals, C1s, O1s, and F1s for (a) Na-
PPIL, and (b) controlled Na electrodes. The spectra are recorded during
the stripped condition of the electrodes.

(a) Galvanostatic charge and discharge curves for the first cycle and
first discharge with PPIL. (b) rate capability for the cells showing from
300 mA g to 1200 mA g rate. (c) Cyclic performance of Na//SPAN
full cell with PPIL protective layer (d) Cyclic performance of
Na//SPAN cell with and without PPIL at 300 mA g current density.

Figure caption
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Figure-5.1

Figure-5.2

Figure-5.3

Figure-5.4

The protection mechanism of sodium metal anode by 9-Fluorenone
additive (a) Formation of typical SEI on Na metal anode cycled in a
conventional SEI forming additive-based electrolyte, which drives
uneven interfacial ion transfer, which may lead to uneven deposition.
(b) uniform sodium deposition by deposition regulating additive, i.e.,
9-Fluorenone additive system (1 M NaOTf + Diglyme + 9-
Fluorenone), leading to a uniform plating—striping and dendrite-free

morphology.

Half-cell electrochemical performance for reference and 9-
Fluorenone-based system (a) Coulombic efficiency for Na/Cu half-cell
at 1 mA cm? current density for both the cells (b-c) Cyclic
voltammetry (CV) profiles and plating-stripping profiles for reference
cell, (d-e) 9-Fluorenone based cell, all the measurements were carried
out using a 3-electrodes cell at a scan rate of 5 mV s with Cu as the

working electrode and Na as the reference and counter electrode.

SEM images of deposited Cu electrode after 50 cycles (a, b) for
reference system (c, d) for 9-Fluorenone based system showing
uniform and dense deposition. () Time-voltage curve for Na//Cu half-
cell with 9-Fluorenone additive 1 mA cm current density. (f) enlarge
view of Fig (e). (g) nucleation overpotential curve for Na//Cu half cells
with (blue) and without additive (red).

Optical cell testing for Na//SS cell (a) Locally assembled transparent
optical cell for in situ optical images for Na//SS half-cell to investigate
the dynamic evaluation of surface including dendrites and gas
evolution, if any (b) in the reference system (c) in 9-Fluorenone based
system. The assembly contains stainless steel current collectors, a

capillary glass tube of 0.5 cm diameter, and Teflon sealing.
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Figure-5.5

Figure-5.6

Figure-5.7

Figure-5.8

DFT calculations for electrolytes. The reductive decomposition 113

pathways of dimer complexes are investigated in the gas phase. The
Gibbs free energies are calculated at P = 1 atm and T = 298 K for the
unreduced state (DDo and DFo). The molecules marked as DD and DF
represent the dimer complexes as combinations of Diglyme and 9-
fluorenone. Here, (a) shows the reduction decomposition pathways of
the bi-Diglyme solvation shell, and (b) the effect of additives on the
decomposition of the Diglyme in a solvation shell. (c) FTIR spectra for

reference and 9-Fluorenone-based electrolyte.

DFT calculations (a) Reaction pathways of reduction decomposition of
DG-Na*" were investigated with the PCM-B3PW91/6-311++G(p,d)
method. Here DA and DB represent two possible reduction states. The
Gibbs free energies are calculated at T = 298 K and P = 1 atm for
unreduced structure (Do) (b) Reaction pathways of reduction
decomposition of 9-Fluorenone-Na* investigated with the PCM-
B3PW91/6-311++G(p,d) method. The Gibbs free energies are
calculated at T = 298 K and P =1 atm for unreduced structure (Fo).

Galvanostatic cyclic performance of Na//Na symmetric cell in
additive-based electrolyte for different additive concentrations ranging
from 20 mM to 500 mM. 20 to 100 mM electrolyte additive
concentration was stable with much less overpotential. Higher to this,
the additive was soluble, but overpotential was increased may be
because of the increased viscosity of the electrolyte. (b) Linear sweep
voltammetry for Na//SS cell at 5 mV/s scan rate for 9F based

electrolyte.
SEM images of the Na metal surface after 20 cycles at 5 mA cm™

current density for different concentrations of electrolyte additive (a-c)
200 mM (d-f) 300 mM (g-i) 100 mM (j-1) 50 mM. (9F: 9-Fluorenone).
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Figure-5.9

Figure-5.10

Figure-5.11

Figure-5.12

Galvanostatic cyclic performance for Na//Na symmetric cell in both
the electrolyte systems. (a) at 1 mA cm current density and 1 mA h
cm2 capacity (b) 10 mA cm current density and 1 mA h cm capacity
(c) 20 mA cm current density and 1 mA h cm capacity. Righthand
side images show the enlarged view of the selected region of voltage

profiles.

FESEM images for the Na surface after 10 cycles in Na//Na symmetric
cell at 5 mA cm current density and 1 mA h cm™ capacity with and
without additive. (a, b) cross-sectional images of Na surface showing
sharp dendrite generation in reference cell (c) Na surface after non-
uniform deposition in the reference cell, showing cracks and porous
surface (d, e) cross-sectional images of Na surface showing smooth and
uniform deposition without any noticeable dendrites in additive based
electrolyte system (f) showing uniform and dense Na surface in the
additive electrolyte (g-h) Nyquist plot for reference and additive based

symmetric cell after a certain number of cycles.

Galvanostatic stripping/plating of Na//Na with (a) 2 M NaOTf +
Diglyme + 9-Fluorenone (b) 1 M NaPFs + EC/DMC + FEC + 9-

Fluorenone.

XPS high-resolution spectra of C1s, Nals, and F1s for (a) reference
and (b) additive-based system. Atomic concentration vs. sputtering
time for the reference (c) and additive-based system (d). Showing
uniform solid electrolyte interphase with minimal SEI thickness with
an additive-based system. The etch rate was fixed at 10 nm min

throughout the depth profiling.
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Figure-5.13

Figure-5.14

Figure-5.15

Chapter-6

Figure No.

Figure-6.1

XPS high-resolution spectra of (a) C1s (b) Nals and (c) F1s recorded
at various etch times of the sodium electrode with 9-Fluorenone-based
electrolyte. The electrodes were retrieved after 10 cycles of strip/plate
test conducted in symmetric cell configuration. The electrodes were

etched by Ar* ions with an etch rate of ~ 10 nm min™,

XPS high-resolution spectra (a) C1s (b) Nals and (c) F1s recorded at
various etch times of the sodium electrode without additive (in the
blank electrolyte, reference system). The electrodes were retrieved
after 10 cycles of strip/plate test conducted in symmetric cell
configuration. The electrodes were etched by Ar* ions with an etch rate

of ~ 10 nm min.

Electrochemical testing of Na//FeS, battery consisting of 9-
Fluorenone-based electrolyte and reference cell without additive. The
Galvanostatic charging-discharging of Na//FeS; cells operated in a
potential range of 0.6 to 2.6 V vs. Na/Na" at 80 mA g (a) specific
capacity and Coulombic efficiency of cells concerning cycle number.
(b, ¢) voltage profile of the cells at 80 mA g* showing first discharge
and first and second cycle for (b) reference cell and (c) 9-Fluorenone
based cell (d) Rate performance analysis for Na//FeS; full cells. Where
1-7 corresponding to 80 mA g, 120 mA g, 200 mA g1, 280 mA g,
400 mA g1, 600 mA g1, 800 mA g current density respectively.

Figure caption

Raman spectra of solvation shell (a) reference electrolyte and (b) with
additive ions, (c-d) Model structure of the population of different ion

pairs in solvation shell of the electrolyte without additive and with
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Figure-6.2

Figure-6.3

Figure-6.4

Figure-6.5

Figure-6.6

additive, and (e) calculated relative distribution of different ion pairs
in the electrolyte with and without additive. The model structure of the

solvation shell consists of one diglyme molecule and a Na* ion.

'H NMR spectra of (a) pure diglyme solvent, (b) diglyme with sodium
salt (NaCFsSOz), (c) diglyme with sodium salt (NaCFsSOz) and
additives (Bilz). Deuterated DMSO is used as a reference solvent for
all three tests.

(@) X-ray diffraction of sodium metal anode with and without
electrolyte additive. The inset shows digital micrographs of sodium
metal with and without electrolyte additive (b) top view and (c) cross-
sectional view after reaction with Bils-added ether electrolyte. (d and
e) cross-sectional EDX mapping images of Bils-treated Na metal with
(d) Na and (e) Bi elemental signals. High-resolution XPS (f) Bi 4f, (g)
Na 1s spectra of Bils-treated Na metal.

Additive concentration optimization in Na//Na symmetric cell at 1 mA

cm current density. Concentration is varying from 50 to 200 mM

(@) Coulombic efficiency of Na//Cu half cells with and without additive
at 1 mA cm current density and 1 mA h cm capacity (b) Stripping
plating cycling performance of Na//Na symmetric cell at 1 mA cm
current density and 1 mA h cm? capacity, and the cyclic
voltammogram of Na//Na symmetric cell (¢) with and (d) without
additive. The CV scans were conducted at a sweep rate of 5 mV s,

FESEM images of Cu working electrode from half cells after 50
striping/plating cycles at 1 mA cm current density and 1 mAh cm
capacity, while stripped to 1 V. (a, b) without additive (d, e) with
additive. Voltage vs time plots for Na//Cu half cells (c) without
additive and (f) with additive at 1 mA cm current density, 1 mA h cm’

! specific capacity, and stripping up to 1 V.
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Figure-6.7

Figure-6.8

Figure-6.9

Figure-6.10

Figure-6.11

Schematic representation illustrating the horizontal and vertical plating
mechanisms of Na on (a) bulk Na-metal and (b) NasBi surfaces. The
graphs below show the variation in energy difference between vertical
and horizontal plating in response to varying Na deposition

concentrations for (c) bulk Na-metal and (d) NaszBi surfaces.

In-situ optical testing for visualizing dendrite growth pattern over
sodium metal anode (a) In conventional electrolyte without additive
with mossy dendrites and bubble formation (b) In additive-based

electrolyte after a different time at 5 mA cm current density.

FESEM images of sodium metal surface after 50 plating/stripping
cycles in symmetric cell configuration (a) without additive (b) with
additive

High-resolution XPS spectra of Na metal cycled in 100 mM Bils-added
electrolyte for 20 cycles. (a) C 1s, (b) O 1s, (c) Na 1s, (d) I 3d, (e) Bi
4f — S 2P and (f) F 1s spectra.

The Galvanostatic charging/discharging of Na//SPAN cell operated in
a potential window of 0.6 to 2.6 V vs. Na/Na* at 160 mA g (a) first
discharge with additive and without additive (b, c) voltage profile of
the cells at 160 mA g* showing 1% and 100" cycle with additive and
without additive (d) Rate performance analysis for Na//SPAN full
cells. Where 1-5 corresponds to 160 mA g2, 320 mA g%, 640 mA g*,
800 mA g, and 1000 mA g? current density, respectively. (e) the
specific capacity and Coulombic efficiency of cells concerning cycle

number.

XXVilii

145

146

147

148

150



Chapter-7

Figure No.

Figure-7.1

Figure-7.2

Figure-7.3

Figure caption

Schematic illustration of the interphases on the sodium electrode,
showing the dendrite growth owing to organic-rich traditional SEI. In
other cases suppression of large dendrite formation (due to stiff NaF
interphase), allowing fast ion transfer owing to ion-conducting Nal SEI
and accommodation of large volumetric expansion owing to ductile

NaNH: interphase during sodium deposition.

(a) Linear sweep voltammetry of the Na//SS cell with and without Ml
additives. Chronoamperometry of sodium symmetric cell (b) without
and (c) with MI additives. A polarization voltage of 10 mV was used.
The inset figure shows the Nyquist plots of symmetric cells before and
after polarization. (d, €) Raman spectra for solvation shell for both the

electrolyte systems.

Electrochemical evaluation of Na//Cu Half Cells (a) Coulombic
efficiency of the cell with additive and without additive at 1 mA cm
(b-c) Overpotential analysis of the cell with and without additive, (d-
e) Corresponding FESEM micrographs of Na deposition on the Cu
electrode after 20 cycles.
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Figure-7.4

Figure-7.5

Figure-7.6

Galvanostatic stripping/plating of Na//Na symmetric cell (a) with
varying concentrations of the additives, i.e., 50 mM to 150 mM, (b, c)
Stripping/plating of the cell with and without additive (i.e., 100 mM).
The performance is evaluated under various conditions: (b) Operating
at a current density of 1 mA cm and a capacity of 1 mA h cm™ (c)
Operating at a higher current density of 5 mA cm2 with a capacity of
1 mA h cm?. (d) Overpotential as a function of cycle number at
different current densities with and without additive. (e) Galvanostatic
stripping/plating of Na//Na symmetric cell with varying concentrations
of the additives, i.e., 50 mM to 150 mM upto 300 cycles

(a) Raman spectrum of sodium metal anode after 20 plating/stripping
cycles in a symmetric cell configuration, theoretically predicted (b)
Stress vs Strain curve for different components of the SEI, (c)
Diffusion barriers in NaF, Nal, and NaNH: (d, e, and f) Polyhedral
models of Nal, NaF, and NaNH: crystal lattices, respectively. The
arrows in the model structures represent thermodynamically favorable

diffusion paths predicted by DFT calculations.

In-situ optical cell testing of sodium metal anode in both the electrolyte
systems. (a and e, without additive) at the starting stage of deposition
(b and f) after nucleation from 0 to 3 min of deposition (c and Q)
nucleation to growth region (d and h) sodium dendrite growth region
up to 10 min. (i-m, with additive) at the starting stage of deposition (]
and n) after nucleation from 0 to 3 min of deposition, no indication of
nucleation (k and o) deposition region (I and p) deposition region up to

10 min.
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Figure-7.7

Figure-7.8

Figure-7.9

FESEM images of the sodium surface after 20 plating/stripping cycles
in a Na//Na symmetric cell at 1 mA cm current density. (a, b) Na
surface cycled in Ml-based electrolyte (c-f) corresponding EDX
mapping of sodium anode comprising N, F, Na, and I in the deposited
layer. (g, h) Na surface in the reference electrolyte cell (i, j) EDX

mapping of sodium anode comprising Na and F in the deposited layer.

XPS high-resolution spectra of Na metal anode after the 20
stripping/plating cycles at 1 m A cm2 with additive (a) N 1s, (b) Na 1s,
(c) F 1s, and (d) 1 3d. The presence of Na-N and N-H bonds reveals the
formation of NaNH>, other components like Na-F and Na-I are visible.
(g) percentage of compounds present in the SEI for additive-based

systems.

Nyquist plots at different temperatures (T in °C): (a) The cell with the
additive. (b) The reference cell without additive. The data has been
subjected to fitting procedures. Equivelent circuit model for the EIS of
Na//Na symmetric cell is shown in inset. (c) a bar graph showcases the
fitted values of the charge transfer resistance (R) for both the
electrolyte with additives and the reference cell, providing a
comparative view at different temperatures. (d) A linearly fitted graph
illustrates the relationship between the natural logarithm of (R™1) and
the reciprocal of temperature (T1). (e) Nyquist plots for the Na//Na
symmetric cells containing additive (f) the reference Na//Na symmetric

cells, at varying cycle numbers.
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Figure-7.10  Electrochemical evaluation of Na//SPAN batteries incorporating MI-

Chapter-8

Figure No.

Figure-8.1

Figure-8.2

based electrolyte, along with a reference cell without additive. The
galvanostatic charging and discharging tests were carried out within a
potential window of 0.6 to 2.6 V vs. Na/Na" at a current density of 160
mA g?. (a) The specific capacity and Coulombic efficiency of the
Na//SPAN cells are tracked across cycles. (b, ¢) Voltage profiles of the
cells are depicted at 80 mA g-1, showcasing the first discharge as well
as the 1%t and 100" cycle for both the reference cell (b) and the MI-
based cell (c). (d) An analysis of rate performance is presented for the
Na//SPAN full cells, with performance evaluated at different current
densities ranging from 160 mA g, 240 mA g, 400 mA g?, 540 mA
gt, 800 mA gt and 1600 mA g, labeled as 1-6 respectively.

Figure caption

Highlights of the strategies explored in the present thesis

Schematic illustrations of the SEI stabilizing buffer interphases
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Table-1.1

Table-1.2

Chapter-3

Table-3.1

Chapter-5

Table No.

Table-5.1

Table-5.2

Chapter-6

Table No.

Table-6.1

A comparative assensment of all potential methods/ approaches/

technologies to stabilize the Na metal anode (Literature review)

Fundamental comparison for sodium metal anode advantages

Comparison of electrochemical performance of symmetric cell
comprising Na-MACNT @SS electrode with other reported literature
based on carbon host for sodium metal anode.

Performance comparison of the Na//Na symmetric cell in additive-

List of Tables

Table caption

Table caption

based systems for Na-based batteries.

Performance comparison of Na//FeS, full-cell with reported

literature.

XPS data is tabulated in the form of elements, peak position, peak

Table caption

assignment, and possible species.
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Acronyms
AFM
AIMD
AIP
ALD
BCC

Bl

CE

CEl
CIP
CNT
CVv
CvD
DEC
DFT
DME
DMSO
E/S

EC
EDS
EIS

EV
FEC
FESEM
GAA
HCE
HOMO
HT Na-S

List of Acronyms

Atomic force microscopy

Ab initio molecular dynamics
Aggregate ion pairs

Atomic layer deposition
Body-centered cubic
Bismuth iodide

Coulombic efficiency
Cathode electrolyte interphase
Contact ion pair

Carbon nanotubes

Cyclic voltammetry
Chemical vapor deposition
Diethyl carbonate

Density functional theory
Dimethyl ether

Dimethyl sulfoxide
Electrolyte to sulfur ratio

Ethylene carbonate

Full name

Energy dispersive X-ray spectroscopy

Electrochemical impedance sp
Electric vehicle

Fluoroethylene carbonate

Field emission scanning electron microscopy

ectroscopy

Generalized gradient approximation

High concentration electrolyte

Highest occupied molecular orbital

High-temperature sodium-sulf

XXXIV

ur battery



IPA
IRC

LHCE
LIB
LUMO
MACNT
Mg

Ml
Na20
NaF
NaFSlI
NaOTf
NaPFe
NMR
PAW
PCM

PE

PP

PPIL
PVDF
RT Na-S
SEI
SEM
SHE
SMB
SME
SPAN
SS
TEGDME
TEM
VASP

Iso-propylene alcohol

Intrinsic reaction coordinate
Potassium

Localized high-concentration electrolyte
Lithium-ion battery

The lowest unoccupied molecular orbital
Microarchitecture of carbon nanotubes
Magnesium

Methylammonium iodide

Sodium oxide

Sodium fluoride

Sodium Bis(fluorosulfonyl)imide
Sodium triflate

Sodium hexafluorophosphate

Nuclear magnetic resonance spectroscopy
Projector-augmented wave

Polarizable continuum model
Polyethylene

Polypropylene

Polypropylene interlayer
Polyvinylidene fluoride

Room temperature sodium sulfur
Solid electrolyte interphase

Scanning electron microscopy
Standard hydrogen electrode

Sodium metal battery

Sodium metal electrode

Sulfurized polyacrylonitrile

Stainless steel

Tetraethyl glycol dimethyl ether
Transmission electron microscopy

Vienna ab initio simulation program
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Vdw Van der wall

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
9-F 9 Fluorenone
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