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ABSTRACT

Sustainable and efficient energy storage devices are crucial to meet the soaring global
energy demand. In this context, Na-ion batteries (SIBs) have emerged as forerunner
technologies in the energy storage sector, attributed to the abundant resources, wide
availability, and cost-effectiveness of required raw materials. In recent years, a lot of
research is being conducted on the development of sodium-based electrode materials
and electrolytes, considering the similar intercalation chemistry and structural proper-
ties with lithium battery technology. However, the exploration of high energy density
electrodes with long cycle life and excellent rate performance remains censorious, owing
to the larger ionic radius (1.02 A for Na vs. 0.76 A for Li). Therefore, the large-scale
production of SIBs seeks attention to bring them into the commercial layout for practi-
cal where the structural and electrochemical stability of cathode materials play a crucial
role for high energy density. Recently, polyanionic compounds have been explored as
potential candidates owing to their great thermal and chemical stability, high redox
potential and rich structural diversity. The main focus of this thesis is the comprehen-
sive investigation of the physical and electrochemical properties of the phosphate based

polyanionic cathodes for SIBs.

In this line, NagVa(POy)s, also known as Na-ion Superlonic CONductor (NASICON)
based polyanionics are widely explored as the pertinent cathode materials in sodium-ion
batteries due to their 3D open framework, which can accommodate a wide range of Na
content and can offer high ionic conductivity with great structural stability. However,
owing to the inferior electronic conductivity, these materials suffer from unappealing rate
capability and cyclic stability for practical applications. Therefore, the investigation of
the effect of Co substitution at V site on the electrochemical performance and diffusion
kinetics of NagVy_;Co,(PO4)3/C (z = 0-0.15) cathodes has been conducted. All the
samples are characterized through Rietveld refinement of the x-ray diffraction patterns,
Raman spectroscopy, transmission electron microscopy, etc. The improved electrochem-

L at

ical performance for the z = 0.05 electrode with reversible capacity of 105 mAh g~
0.1 C has been observed. Interestingly, the specific capacity of 80 mAh g~! is achieved at
10 C with retention of about 92% after 500 cycles and 79.5% after 1500 cycles and hav-
ing nearly 100% Coulombic efficiency. The extracted diffusion coefficient values through
galvanostatic intermittent titration technique (GITT) and cyclic voltammetry (CV) are
found to be in the range of 107°-107'" em? s~!. The postmortem studies show the

excellent structural and morphological stability after testing for 500 cycles at 10 C.

Furthermore, one PO43~ group has been replaced by three F~ ions in NazVy(POy)3
to raise the operating potential, originating from the inductive effect. The storage

mechanism and diffusion kinetics of NagVa_;Ni,(PO4)2F3/C (z = 0-0.07) cathodes
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are investigated through electrochemical impedance spectroscopy (EIS), GITT and CV
measurements. All the samples are prepared through the facile pH-assisted sol-gel route
and crystallize in the P45 /mnm symmetry. The optimal doping of Ni (z = 0.05) exhibits

L'at 0.1 C and 10 C rates, respectively,

superior specific capacities of 119 and 100 mAh g~
along the excellent capacity retention of 78% after 2000 cycles at 10 C rate with nearly
100% Coulombic efficiency. The apparent diffusion coefficient values are found to be
in the range of 107°-1071% ¢cm? s~! through detailed analysis of CV and GITT. More-
over, we report the reversible structural evolution and morphological changes during
charging and discharging under non-equilibrium conditions through the operando X-ray
diffraction and the in-situ synchrotron-based transmission X-ray microscopy, respec-
tively. Further, to understand the stability mechanism and obtain precise polarization
values, we performed the distribution of relaxation times (DRT) analysis using the EIS

data. The structure and morphology are found to be stable after long cycling.

Furthermore, cellulose-based paper separators are employed in SIBs as a viable and eco-
nomical substitute for conventional separators, owing to their sustainability, scalability,
safety and cost-effectiveness. These paper-based multilayer separators provide desirable
characteristics such as excellent electrolyte wettability, thermal stability, and ionic con-
ductivity, which are essential for the efficient operation of SIBs. In this investigation,
the cellulose separator is coated by a layer of polyvinylidene fluoride polymer, followed
by a second layer of BaTiO3 particles impregnated in styrene butadiene rubber polymer.
The final lamination is performed by the styrene butadiene rubber in varying concen-
trations (0.05, 0.75, and 1.0 w/v%). The incorporated polymer matrices improve the
flexibility, adhesion and dispersion of the nanoparticles and affinity of the electrolyte to
the electrode. The BaTiOj is a ferroelectric filler improves the conduction mechanism of
Na™ ions, which is also confirmed by the bulk ionic conductivity measurements. Herein,
x-ray diffraction and Fourier transform infrared spectroscopy are employed to verify the
structure of the paper separators. The morphology of the paper separators is observed
through a field emission scanning electron microscope, which shows the uniform inter-
connected fibers with the porous structure. The galvanostatic charge-discharge profiles
show improved electrochemical performance with the NazVa(POy)s and hard carbon
electrodes for 0.75 w/v% SBR. content, during full cell cycling. The designed separators
with 0.75 w/v% content of styrene butadiene rubber exhibit good capacity retentions
of 62 % with nearly 100 % coulombic efficiency when cycled for 200 cycles at 0.5 C
rate, compared to the other two separators. Furthermore, these separators demonstrate
enhanced ionic conductivity as temperatures increase, providing additional evidence of
their excellent thermal stability. Pre- and post-electrochemical impedance spectroscopy
measurements show decreased interfacial resistances at 0.75 w/v% styrene butadiene

rubber compared to other concentrations.
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Further, the electrolyte leakage and flammability poses serious safety concerns in
battery industry. Interestingly, Solid-state sodium-ion batteries are promising alter-
natives for safe, high voltage and high-density batteries. In this direction, the liquid
electrolytes are replaced by the composite polymer solid electrolytes, also known as
quasi-solid electrolytes. Here, the polymer matrix comprises of poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP) and polypropylene carbonate (PPC) bipolymers
(8:2), which possess high dielectric constant, prominent mechanical strength, high
thermal stability and the great flexibility. The Na-ions move across the polymer matri-
ces, while ceramic particles (Najy,ZroPs—,Si,O12 (x=2 for NZSP)) are impregnated
to improve the polymer—ceramic interactions and electrode/electrolyte interface to
withstand the volume changes upon cycling. The high-temperature sintering at 1100°C
prepares NZSP inorganic material to have sufficient conductivity for ion transport.
Furthermore, to provide additional Na® ion pathways and enhance ionic conductivity,
ionic liquids (N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide, N-propyl-
N-methylpyrrolidinium  bis(trifluoromethanesulfonyl),  1-Ethyl-1-methylimidazolium
bis(fluorosulfonyl)imide) and organic solvent (Succininotrile) are employed as plasti-
cizers in above polymer-ceramic complex. The effect of the plasticizers on the NVPF
cathode in half-cell configurations is studied using X-ray diffraction, infrared spec-
troscopy, cross section field emission scanning electron microscopy and electrochemical
measurements. Interestingly, these composite polymer electrolytes are stable up to
4.5 V, as confirmed from the linear sweep voltammetry measurements. It was found
that 1-Ethyl-1-methylimidazolium bis(fluorosulfonyl)imide ionic liquid showed the best
performance in comparison to other plasticizers, owing to its high ionic conductivity

and excellent stability and capacity retention after 100 cycles at 0.5 C.

Overall, a systematic investigation of the polyanionic cathodes, paper separators and
composite solid electrolytes has been conducted in the present thesis. The design and
optimization of the structural properties of the proposed materials in combination with
the physical and electrochemical property correlation in sodium-ion cells has led to
the identification of novel high voltage cathode materials with superior electrochemical
performance. The development of solid state electrolytes with the polyanionic cathodes
is expected to provide a pathway for the safe, low cost, long cycle life and high energy
density batteries for large-scale stationary applications. Notably, the comprehensive
study of cathodes, separators and electrolytes can be employed to further engineer and
grab a better understanding of the physical and electrochemical properties for efficient

battery performance.



ARTLT

Heid 3R FHAA Foll HSRUT 3USOT docll dRaeh Foll AT Hl Q@ A & ToIw 3cdd
3maege €1 39 Hedl H, WISTH 3 JCRAT (SIBs) Foil HSRUT 819 & Uk GHW dehellh
& & H 3§, TGR AT TS FHTd AT T, S STl AR fhbradr
JRIT A ST gl g & ast &7 fww S godle & A idfaaer wRea 3k
AIACHS IO B LA H @A U, AIA-IMURA Sels TAEIA AR gelagiensed &
T WX T er fRAT ST T B gTelifoh, 3TT Foll Uelcd alel SolFeisd $I @iel, St olel
T SNdel R IcFSC &I &TAAT Jald R, AT S g3 §, Al AT I
3mafas B (1.02 A) ff@# (0.76 A) T g 7 3T Q1T 1 37d: SIBs & a3 YA W
3cUICA 3og SAAATAS 3UANRT H ol & v 3maeds §, 9H 3Tg Foll "eicd Ut el
e $UTs AHATIT & TaeeAs 3R faega-tarafaes Furdr v sfAer e g1 gt
& #, 9g HomalAs DR F GAIGT Ahedl & TT H GQET0T HAT IAT § Fifh gere
3Td A Td qarEfAe R, 3T Refeq fasa 3R gy wxaercas fafaudr faggeas
g1 JEdd NS HT ATT 3687 SIBs & AT ®iehe IMRT |, 9g Fomafas Hsa &
Hifder 3R faegd Tarfas yedie &1 faegd S & g

3O TG H, NasVo(PO.);, T AIfSaat 3maet omAifeid &saey (NASICON) & &9 a1 &f
ST ST 8, 3TemRe dieh Uiz Tt s @fsas-3mae deRat 7 3ugad His qHa
& 9 H 96 § F GIST IT g1 SHHN HROUT SHEA [3-ATATHT 3aTied BT 5, S AiSTH
AT T Toh faEga WATH FAMGT HY Tehedl & 3R T4 31Tk ATeTehcl o ATY-TTY
3cpsC HIGATCHS TERIXAT YeTel &l g1 gTelifeh, HHSIN [aegdehofar arerehar & $ROT, AT
AT 3R T FRRAT & gfSehior & cAEEIRE el 3 HAGAR JAOT gl &1 $fa,
Na;V5.,Cox(P04)3/C (ST8T x =0-0.15) TS ATHI H V EATH W Co FAEUTT T fdegd-Tar =i
el 3T 3MATaThI aIfehl U T WTa USdT &, SHeRT 3eAA foRaT I B wel e v
trg-Y faads ufawa #r Jedes aRsawur, T faadsr auisfad, cafana seegie
HATSHITHIUT 3T dhellehl ¥ FITATCHS T ST TS| feeraed & &, 10 C &¥7 9T 80 mAh g!
1 RS etadr st i 715, ST 500 THT & STe; AT 92% &THAT FTALIROT 3] 1500 <TshT
%SG 79.5% &THAT FFAUROT IgT, 3R T STHIT 100% Fellieaeh GaTdTeh 1 gred g3l
Fedaeeiesd SeXfAce TI8eed daal (GITT) 3R TsfFasd dlecrddl (CV) & ATEIH &
fvepTer 97T fAEROT JOTH & AT 10°-10" FHY/AhS AT HAT H AT IT| JRI-TLET0T e
¥ Ig 9aT Tl foh 10 C URT Gefcd T 500 Tohi o aTg T el & T 3R IR &
3cpse TERar sl &l &

g AR, NasVa(POs); H T PO, HH I dlel F 3T & Siaeaniad forar arr § arfer
UTeleT ool ol §3faed W8T & HRUT FTAT ST Toh | NasVa,Ni(PO4)F/C (x = 0-0.07) hasd




shr $TSROT Tfsham 3R faaRor arfcrehr Y faegd Tamafae srdisa TeeehId (EIS), GITT, 3R
CV A9 & HAIEIH & Sirar a7 g| @l Al 1 @l pH-3TAERS Fiel-oiel AR @ o an
feram arar 3R A P4o/mnm fhEeel TXTATH FHICHIHT U1 x=0.05% Tochel (Ni) T 3Hefehel
TiEFHoTS AU 0.1 C3HR 10 C & 9 HAW: 119 3 100 mAh g 7 3= fAf«se ev7ard
gred §§I g% 3fARad, 10 C&X 9 2000 TRl & §1G 78% &THAT ITTUROT iR ST 100%
Felliah &I Ied g1 CV AR GITT & faEqd fareyor & Fase faawor qonsh & e 107-
1010 Gy ARz 1 WAT H 91T AU A &, gHA AN vFa-Y faade AR g-fag Aespiei-
IRT T EfAAT TaEY ARHIEH & ATeIH § Aiferer IR RBEnfeer F ke @
TATCHS Ud &UTcHS IRads] I 3eadel fhar| sq& 3rfaRerd, ferar & sifafr &t
A TUT YAl & e AT Tied el &, EIS ST & MR R fasifa @ faawor
(DRT)a:r%aﬁwﬁmT?raﬂs?rmﬁmm?ﬁﬁa‘s’mgmﬁsaia‘aaﬁéswafrxrmv,f‘r
A AT AR AR F ERar S war g

g8 AR, AIISA-3MRT IR AR HT 3UANT SIBs H IRURS AW & Teh
AR 3R Feradr Jeed & 0 & A 31 @1 81 53 AWy & addr, AT,
GR&T AR A N S 0T faegAT gid €, Sl 3o Foil #SRUT & U 3uged &=1d &
¥ AR-3MRT TERA AR 3cPTC FolFSIeNge ITRMTUT AT, 3za iy RFerar 3R
SR ATAF dTeTehcl YeTd Fd §, Sl SIBs & FHel HdTeled & HMaTH & HeqIA &
3T, Aefellel AT HT Telg W HGH Tgel e dfAfoISled FlR1$s (PVDF) &l W Tels
3, foras TeaTd Tesle-sgeEe TR (SBR) UeiFR # AT BaTios ®OlT T ga@d wd
TS TS| A AR Tergd-sgerdat T A At Figan3it (0.05%, 0.75%, 3R 1.0%
wiv) ® T T $H SgRA WA F IROTATIRT R H FgeR erdiends, faoerra
&THAT, AAThUTT T TFIH TIROT JAT SFeIase & Ufd Soldels HT 3HYUT 67| BaTiOs,
Teh BIgalfaeeh 1T & &9 H, Na' Al & GaTg dF  FAFd Bl g, forqehr qive Al
HafAEw ATRaT AGAT GaRT $H M| Xoray f[dade (XRD) 3R BRI HBA R3S
TIFCIERIT (FTIR) & ATEIH & AR A AT T YIS &I 975, SAdfch Blos THANT
THiT Solaelad ATSHITHIUT (FESEM) ¥ IJg AT g3 & g7 ANA H THAAET TJoTel
3R Beged GeuaT faegale ¢ deaaredfes arel-fSears glieioi # 0.75% SBR @&l aret
AR & NasVo(POw); 3R §TE FHIel Solarcisd & A1 qUI-Hel AISTFelal & GNTT A
SoFCIhAhd Yl fG@METl 30 TS o 0.5 CeI I 200 Thi & IAT 62% &THT
JTIUROT 3R ST 100% Fell#eieh &I Fe N I, S 3 aledl Qe T Jolell & A5
T @Y &, AT A gefd &A1Y o7 AR AT I Alelehal A o UR <@r T,
S gAhr ITg T [EeRar a1 [y &ar g Elséwgs‘ratrﬁrqfraﬂvﬁﬁagmgaﬂ
f& 0.75% SBR ARl TR RIS UfelkieT =7+ gl &




B ZATaEAT dTell SIBs 320 dlecsl 3R Oefcd & 1Y Ush AT fAdhed vere #ch 81 39
feem &, R soaciaEed & T I FAT-Alfds AT HIEdifole Tleldl I Solagidsed
T 39T faRar R &1 39 dieieR Aftad 7 diei(faesiode FaRgs-al-saFaraR Sl
(PVDF-HFP) 3R dielisifelier @refaie (PPC) (8:2 3qurd #) |iFAfad €, S 3=a safacs
FEeRies, A& gadT, ady RERdr 3R J&iaae Jae &d &1 Na® el & §aRoT 38
Ol TXTAT & ALY I AT §, STefh NajmZnSixPsOn (x = 2, NZSP) 3 faRfAe &t &t
IFATT Y diela R -RAS 1 IREaRe 3 R soacis/sdacianse HeRYSS H §36
frar a3 &, o Tl & eI 3cUeet 3Made IRade S TgaT fhar ST Il 1100°C TR
e ufshar garT NZzsp &1 f@#ToT ¢ 30 3mafae d=ror & fov g2ied rerhdr wed
T G| Na' AT & dehfoden HEN HT U TAT ATiehal H i g 3MIfeleh ool
gereff &1 canffeaser & ® H 3T fhar T, ST N-Narsd-N-Ausaursifafsi@as
ST (FaRITehI A3 SS), N-TNasd-N-AABaaERI s NaEsraRsdaaenid), 1-
TUEA-1-AUBasFsEfomd  SO(FaRAehIfe)sAEs), dar e &efae G-
afrafaese afFafad &1 celfEcargsl & NVPF Hals W YHIG &1 Hediche XRD, FTIR,
FESEM a1 fdegd-trrafass qdieivil & Aregs & fohar | [l €19 dlecAd garT I8
qnﬁagsﬂﬁ:ﬁmﬁaqﬁmsaﬁm4.saﬁwwﬁagamﬁwmﬁl
Ay FT &, 1-TUSA-1- AT AT o fSa(FaRITenfae) sASs 7 Taats Yeel har,
Fifeh SH el H 3= AT ATciehell, Schse ALdeAcH ERAT, TUT 100 sl & IURIT
0.5 CHI ax W fAfIse &7dar 1 gerdr wideamuTest fhar am=m|

AT T W, 50 MG H ag-HOAAF HAs, Aelelor IR IR AR J21 TN
B SAFICNSTH I gl T cgafedsd qator R aram| seda |Aft & sxaecnd
FRET & B T 3efmee AR 3a% #ifds 7 dega-taras IO & adedt @
ﬁ?ﬁwwﬁymﬁmmmmaﬁwaﬁ?@ﬁmﬁwsﬁa@éﬁw
Yelel &THAT §| 31 GaTaTT aTel SoiaeiogeH & TTY 3o hgd T FAIer, Ay &7 &
R 35T a3t g, GRiaId, TEch, Ereshifereh AR 3T Foll Eeled dlell SRt &
fahre & U HemaeRiiel HET URET AT &l T§ THA HEATA Sl oot H
AR, Iefeheled TUT IONcHAS FUR & T 3 39l [Feer g Fohar Bl
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